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ABSTRACT 

Forest land general ly produces considerable woody material o ther  than t h a t  which i s  
harvested as timber, needed for recycling of nu t r ien ts  t o  the soil , or f o r  she l te r ing  
w i ld l i f e  and young f o r e s t  seedlings.  
often subject  t o  treatment t o  reduce f i r e  hazard, t o  el iminate obstruct ion t o  use and 
protect ion of the f o r e s t ,  and t o  remove unsightly accumulations of residue remaining 
a f t e r  logging, road construct ion,  or  land c lear ing ,  or from thinning and pruning. 
e f f ec t s  of these residues and of t h e i r  treatment a re  frequently important , general ly 
unmeasured, and a r e  only poorly known. In t h i s  compendium, 27 research s c i e n t i s t s  have 
summarized the present s t a t e  of knowledge of the e f f ec t s  of f o r e s t  residues and residue 
treatments on the components of the fo r e s t  environment: s o i l ,  water, a i r ,  f i r e ,  scenery, 
plant  and fo r e s t  growth, animal hab i t a t ,  i n sec t s ,  and d isease .  In addi t ion ,  they have 
questioned some cur ren t  prac t ices  and have ident i f ied  areas fo r  research a t ten t ion  where 
current  knowledge is  lacking.  

Excess f o r e s t  residues,  both l i v ing  and dead, ' a r e  

The 

Keywords: Environmental e f f ec t s ;  f o r e s t  residues--brush, s l a sh ;  f o r e s t  residue 
treatment--mechanical , prescribed burning; s i l v i c u l t u r e ;  coni f e r ae ;  
Pac i f ic  Northwest; recommended research;  fuel management. 
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This Compendium i s  about  the many important influences of natural and 
manmade forest  residues on the*fores t s  of the Northwest. The creation of 
residues i s  a normal pa r t  of harvest cutting, thinning, right-of-way clearing, 
and other cultural ac t iv i t ies .  Whether we call  i t  brush o r  forest  fuel or 
slash i s  of l i t t l e  consequence. By any name i t  presents bo th  a challenge and 
an opportunity t o  l a n d  managers. Forest residues may simultaneously represent 
a major conflagration potential , an esthetics problem, an important source of 
soil nutrient,  a factor in the habitat of forest regeneration as well as wild- 
l i f e ,  and a source of  raw materials f o r  forest  industries. 
now primarily as the fores te r ' s  solid waste disposal and potential a i r  pollution 
problem, residues management affects  many facets of forestry.  

Considered u p  t o  

I t  i s  time t o  take an integrated approach t o  both  research and management 
of forest  residues. 
ledge on which the research and development work of our Forest Residues Reduction 
Program, already s tar ted,  will continue t o  build. 
profi t  from decisionmaking aids currently being developed from th is  knowledge 
base; for example, guidelines for residue management in the forest  environments 
of the Pacific Northwest are being compiled for publication in a separate 
document. 

I n  th i s  Compendium we present a founda t ion  of current know- 

And forest  managers will 

The effects  of forest  residues and their  treatments should influence how 
the forest  manager provides for forest  regeneration and growth while maintaining 
the other biological , physical , and es thet ic  components of the environment. The 
current knowledge of these effects  i s  covered in some detail  in the chapters of 
this  volume. 

ROBERT E. BUCKMAN,  Di rector 
Pacific Northwest Forest and Range 

Port1 and ,  Oregon 
Experi men t S t a t  i on 
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PREFACE 

Forest residues are increasingly important t o  the forest  manager. They 
play a complex role as a source of soil nutrient,  a f i r e  hazard,  an  eyesore, 
an obstruction, a source of shade and shel ter ,  a potential source of forest  
insect pests and possibly disease as well as a i r  pollution o r  additional f iber .  
Natural forest  residues have accumulated during the period of organized f i r e  
suppression resulting in increased conflagration potential in many areas. 
Public sensi t ivi ty  t o  the esthetics of timber harvesting residue has become 
acute as has the general pressure t o  evaluate the impact on the whole environ- 
ment of any manipulation of a por t ion  of the environment. 

T h i s  summary of present knowledge of environmental impacts of residues 
and the various treatments of residues will provide a basis for :  

7. Guiding forest  resource managers in their  selection of residue t rea t-  
ment alternatives.  

2.  P l a n n i n g  an intensive, broad research and development program on 
effects  of  residue and residue treatments. 

3 .  Designing equipment for treating forest  residue. 

Forest management policy, hence, residue management policy, i s  established ' 
on the basis of sc ien t i f ic ,  legal , social , and economic considerations. This 
Compendium will help provide a source of sc ien t i f ic  information for  considera- 
tion by lawmakers and policymakers. I t  might be considered a base for  forest  
environmental qual i ty "cr i te r ia .  I' 

Emphasis i s  on the effects of various kinds and treatments of forest  
residues on the environment; i .e. , their  physi'cal and biological influences. 
Specifically n o t  emphasized are value judgments related t o  off ic ial  policy, law, 
custom, o r  social value. Al'so avoided are: 

1. Effects of cutting area layout o r  l o g g i n g  method. 

2. Utilization practice and potential. 

3 .  Economics of e i ther  th-e residues o r  the i r  treatments. 

Both the concept and knowledge of the effects  of forest  residues are in 
a s t a t e  of development. 
during the formulation of the research and development program sponsoring this  
Compendium. A t  f i r s t ,  the definition included only slash; now i t  encompasses 
b o t h  living and dead, mostly unwanted, woody materials t h a t  accumulate 
naturally on the forest  floor o r  are l e f t  a f te r  timber harvesting. Li t t le  
research has been conducted t o  determine the optimum amount of residue needed 
t o  maintain or improve soil  conditions for best regeneration survival and 
growth or t o  presenka "natural" appearance. 
t h a t  comprise a maximum tolerable f i r e  hazard have n o t  been determined. The 
effects of a1 ternative residue treatments on the component forest  resources such 
as soil  and trees are only partly known. 

The very definition of forest  residues has changed 

The amounts and kinds of residue 



Residues represent bo th  negative and positive environmental values and, t o  
management, may be both  an  impediment and an environmental variable t h a t  can be 
manipulated t o  advantage. A heterogeneous association of  residues may comprise: 
( 1 )  a fuel complex which could sustain conflagrations; ( 2 )  an in t r i ca te  arrange- 
ment of materials which s tabi l izes  soil and sustains continuing growing capacity; 
( 3 )  a composite of  dead and living material which furnishes the habitat n o t  only 
for game animals and f i sh  b u t  even for  the microflora and microfauna so essential 
t o  the forest  ecosystem. 

Environmental management of fores t  residues involves much more than disposal 
To adequately specify and meet environmental management require- or uti1 ization. 

ments, we must organize present knowledge in a workable decision frameyork. 
Specific elements of knowledge needed for such a framework are  assembled herein. 
Although no attempt i s  made t o  quantify cost and benefit values, o r  more 
important, t o  evaluate the trade-off compromises that  must often be made, the 
authors have t r ied t o  identify the residue conditions and effects t h a t  clearly 
are environmental l y  unacceptable. 

The reader will encounter apparent contradictions between authors. This i s  
t o  be expected since individual contributors address themselves t o  different 
environmental components and t o  different management goals and constraints. In 
some cases, there may appear t o  be no really acceptable alternative.  T h i s  i s  t o  
be expected when goals are  unrealist ic or knowledge i s  lacking. 

To prepare th i s  Compendium, the authors, specia l is ts  in many disciplines,  
have p u t  aside their  immediate duties t o  explore the pertinent l i t e ra tu re ,  t o  
summarize their  personal knowledge, t o  appraise present practices, and t o  
suggest research aimed a t  resolving unanswered questions. They have been 
thorough in identifying voids and disparity while recording documented knowledge 
and expert opinion in many f ie lds .  To these a u t h o r  sc ient is ts  we are greatly 
indebted. 

We gratefully recognize the assistance of the San Dimas Equipment Develop- 
ment Center engineers who, in seeking th i s  type of reference source fo r  design 
considerations, have funded p a r t  of the cost and assisted with the d i f f i cu l t  
task of cri t ique.  

Special acknowledgment i s  due other scient 
the technical accuracy and applicabil i ty of th i s  
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PESTICIDE PRECAUTIONARY STATEMENT 

Pesticides used improperly can be injurious to man, animals, and plants. 
Follow the directions and heed all precautions on the labels. 

Store pesticides in original containers under lock and key--out of the reach 
of children and animals--and away from food and feed. 

Apply pesticides so that they do not endanger humans, livestock, crops, 
beneficial insects, fish, and wildlife. Do not apply pesticides when there is 
danger of drift, when honey bees or  other pollinating insects are visiting plants, 
or  in ways that may contaminate water or  leave illegal residues. 

Avoid prolonged inhalation of pesticide sprays or  dusts; wear protective 
clothing and equipment if specified on the container. 

If your hands become contazninated with a pesticide, do not eat o r  drink 
until you have washed. In case a pesticide is swallowed or gets in the eyes, 
follow the first-aid treatment given on the label, and get prompt medical attention. 
If a pesticide is spilled on your skin or clothing, remove clothing immediately 
and wash skin thoroughly. 

Do not clean spray equipment or dump excess spray material near ponds, 
streams, or wells. Because it is difficult to remove all traces of herbicides 
from equipment, do not use the same equipment for insecticides or fungicides 
that you use for herbicides. 

Dispose of empty pesticide containers promptly. Have them buried at a 
sanitary land-fill dump, or crush and bury them in a level, isolated place. 

NOTE: Some States have restrictions on the use of certain pesticides. Check 
your State and local regulations. Also, because registrations of pesticides are 
under constant review by the Federal Environmental Protection Agency, consult 
your county agricultural agent or  State extension specialist to be sure the intended 
use is still registered. 

X 
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MANAGEMENT AND RESEARCH IMPLICATIONS 

G . M .  Jemisonl/ and Merle S. Lowden/ 

ABSTRACT 

This articZe introduces 18 state-of-kno~ledge papers 
that  foZZow on speci f ic  components of the fores t  environment. 
T h  quaZity of  the fores t  environment i s  cZoseZy t i ed  t o  the 
presence, kind, distuibution, and amount of residue, hence, 
t o  residue management. The unwanted woody material, l iv ing 
o r  dead, that  accwmtZates on fores t  Zand i s  scrutinized from 
the standpoints of i t s  biological,  physical, and sociaZZy 
oriented impacts on the environment. 
residue treatments m e  simi Z a r l y  reviewed. 
considerations of economics, u t i  Zization, Zogging, and 
roadbuilding are specificaZ Zy omitted. 
must become an integra2 p a r t  of the totaZ resource management 
program, and suggestions are presented for u t i  Zixing present 
knowZedge of residues and treatments t o  achieve t h i s  goal in 
resource management decisionmaking. 
residue management guide Zines is described. These guide Zines, 
with the knowledge s m a r i z e d  in the 18 papers, should heZp 
experieneed public and private f o res t  managers soZve criticaZ 
residue probZems. The high-priority research and deve Zopment 
needed t o  provide an expanding foundation for intensi fying 
residue management are also highlighted. 

Ef fects  of fores t  
ReZated important 

Residue management 

Preparation of fores t  

I Keywords: Environmental ef fects ;  forest  residues--brush, 
slash; forest  residue treatment--mechanical, 
prescribed burning; s i lv icul ture ;  coniferae; 
Paci f i c Northwest ; recommended research ; fuel 
management. 

INTRO DU CTlO N 

A typical forest  environment contains a complex of living and dead vegeta- 
t i o n  created by natural forces and often modified by man. 
plants grow and die ,  thei r  lifespans sometimes affected by w i n d ,  f i r e s ,  insects, 
diseases, o r  other events. 

Trees and lesser 

Man harvests t rees ,  builds roads and t r a i l s ,  

I /  - Professor of Forestry, Oregon State University, Corvall i s  , Oregon; 
formerly Deputy Chief for  Research, USDA Forest Service, Washington, D.C .  

2’ Consultant in Forestry,- Portland, Oregon; formerly Director, Division 
o f  Forest Fire Control, USDA Forest Service, Washington, D.C .  



powerlines, ski runs, and other improvements necessary t o  develop, manage, and 
use the forests .  Some forest  areas become occupied by unwanted brush o r  t ree 
species. All of these natural and man-generated events create forest  residues-- 
the unwanted, mostly woody material bo th  living and dead t h a t  accumulates in 
the forest .  

A l t h o u g h  forest  residues sometimes benefit the development a n d  use of the 
multiple resources of the fores t ,  they also can impede attainment of an indi- 
vidual 's ,  a group's, or society 's  objectives. 
stand how residues and the i r  treatment influence the environment. 
able t o  choose wisely among management a1 ternatives- affecting residues and t o  
select  the course of action t h a t  most nearly brings them closest t o  the i r  
objectives f o r  a l l  components of the environment. 

Resource managers need t o  under- 
They must be 

In t h i s  beginning chapter, we shall develop an overview of what i s  known 
abou t  the forest residue problem and the management implications of man's 
attempts t o  do something a b o u t  i t .  We are especially concerned with environ- 
mental impacts and  how an understanding of the interplay of environmental 
components can be used t o  improve forest  management programs and even t o  form 
a basis f o r  balanced environmental laws and regulations. 

The documentation on which th i s  Compendium rests  i s  limited t o  environmental 
influences of residues. 
economic and ut i l izat ion gspects of residue management which we recognize t o  be 
essential elements in solving residue management problems. 
the importance of economic considerations t o  the decisionmaker and on ut i l izat ion 
as a means of lessening residue problems, a full  discussion of these factors i s  
beyond the established scope of th i s  Compendium. 

I t  specifically does no t  include discussions of the 

Al though  we touch on 

The body of t h i s  volume contains 18 technical papers, each of which summar- 
izes current knowledge of one component of the environment as i t  i s  affected by 
residue and residue management. We cannot condense in th i s  chapter a l l  the 
information contained in the 18 papers. The reader i s  urged t o  search th i s  
Compendium for  detailed treatment o f  what i s  known and no t  known a b o u t  each 
aspect of the residue problem. 

I n  t h i s  chapter we discuss the following specific subjects: 

Character of the residue problem--its importance as an element in 
mai ntai ni ng an acceptabl e envi ronment . 
Knowledge available concerning the biological , physical, and socially 
oriented impacts.of residue occurrence and treatment on the environment-- 
a high1 ight summary. 

0 Applications of current knowledge t o  help the resource manager in 
deci s i  onma ki ng.  

High prior i ty  research and development needs fo r  making residue management 
more effective. 

T h r o u g h o u t  t h i s  chapter we will n o t  c i t e  the source o f  technical statements 
or generalizations on residue problems and residue management. 
from the 18 supporting papers or from personal experience of the authors.  

These a l l  come 
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THE FOREST RESIDUE SITUATION 

Residue i s  a natural product of the forest  t h a t  may be added t o ,  rearranged, 
o r  reduced by man's management. 
residue in i t s  own way. 
shaded o u t  and dies.  Insects and diseases add the i r  
t o l l  t o  natural accumulations of residue. Needles, leaves, and twigs build up  
on the forest  floor.  
t r ibute  t o  the soil  formation process. Other na tura l  forces, such as lightning- 
caused f i r e s ,  destroy residue and also bring about changes in the forest  complex. 

Since the beginning of time, nature has handled 
Tree limbs die and drop t o  the ground. Undergrowth i s  

Windstorms uproot  trees.  

All such organic materials gradually decompose t o  con- 

As nearly as can be deduced from the accounts of early explorers, from 
stump ring counts t h a t  date f i r e  scars,  and from the patterns of forest  ages, 
f i r e  was no stranger t o  Northwest forests.  
lightning apparently started f i r e s  t h a t  every few years burned off  the forest  
f loo r  as soon as there was suff ic ient  residue t o  sustain spread. 
was comparatively l igh t  f i r e s  t h a t  removed residue and l e f t  open forest  and 
grassland with l i t t l e  brush or excessive reproduction. 
these f i r e s ,  l ive and dead residues have accumulated and even the forest  composi- 
tion has changed. 
faced with extensive problems of thinning and invasion by less desirable species. 
There may be some lessons for  ponderosa pine culture i n  the natural periodic 
underburns of the past. 

Particularly east  of the Cascades, 

The resul t  

Since man has  extinguished 

Wildfires have become more severe, and forest  management i s  

West of the Cascades lightning was less frequent, b u t  the American Indians 
annually burned much of the f l a t  valley areas as p a r t .  of their  harvesting of 
wild foods and apparently also t o  improve v i s ib i l i t y  for hunting and detecting 
possible enemies. These f i r e s  occasionally spread into forests of the Coast 
and Cascade Ranges where residue accumulation was often great,  much as i t  i s  now. 
The resul t  was destructive wildfire t h a t  killed the forest  and s e t  u p  conditions 
for regeneration of  a new even-aged fores t . .  

When the West was developed, forest  products were needed in vast quantities 
for homes, schools, ra i l  roads, and other s t ruc tures .  Extensive forest  areas were 
cut over. 
often followed. B u t  logg ing  slash has gradual ly  been recognized as only part o f  
the problem. 

Slash created by logging was largely ignored, and disastrous f i r e s  

WHY A PROBLEM EXISTS 

In recent years forest  residue has come sharply t o  the attention of the 
general public and has become a concern t o  many people. 
brush, slash, o r  trash has suddenly become an eyesore, a source o f  water pol lu-  
tion, and the set t ing for  damaging forest  f i r e s  t h a t  cause smoke and haze or 
other undesirable effects  on the environment. 
associated w i t h  residue bewilder and alarm many individuals. Informed organiza- 
tions such as t r a i l  o r  h i k i n g  clubs, wildlife groups, the Sierra Club, the 
Wilderness Society, and others interested in the out-of-doors, are concerned. 
Combatting the adverse effects  of forest  residues, particularly those associated 
with logging, i s  an important p a r t  of their  programs. 

What was once j u s t  

The many undesirable impacts 

Many demands have been made on legislators--national , State,  and local--to 
prevent or cure the environmental problems t h a t  people fear.  From the many 
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pressures and drives a t  the national level have come the Council for Environ-  
mental Quality and Environmental Protection Agency. A t  the State and local 
levels there are various counterparts i n  the form of environmental quality 
agencies. Such control or management agencies have many laws and regulations t o  
enforce in an endeavor t o  cure the environmental problems by law. Regular o r  
old-line agencies a t  the various governmentlevels also have a host of new rules 
or laws t o  enforce on environmental quality. Relatively few of these legal 
restr ic t ions are direct ly  concerned with forest residue, b u t  the number i s  
increasing. 

Forest resource managers recognize t h a t  the most commonly expressed environ- 
mental concerns of the people re la te  t o  the quality of a i r ,  water, and scenery. 
B u t  the managers also know t h a t  less  understood impacts of residue on s o i l ,  water, 
f ish a n d  wildlife habitat ,  and even long-term timber production capabi l i t ies  are 
important. They real ize t h a t  single purpose residue treatments will n o t  always 
accomplish balanced environmental needs. 

Smoke from residue disposal by burning i s  a small p a r t  of the emissions from 
man's ac t iv i t i e s  t h a t  degrade a i r  quality with gases and particulates.  Forest 
residue smoke has attained more than normal attention i n  the Northwest because 
of the large logging slash burning program concentrated in a short period of  the 
year. I n  Oregon, the concern has been accentuated by the l a r g e ,  f i e ld  b u r n i n g  
program on grass seed-producing farms in the Willamette valley, This annual 
program has b r o u g h t  a b o u t  res t r ic t ive  State rules culminating i n  an absolute 
prohibition of open f ie ld  burning se t  for 1975. 

Under the pressure of public concern and the possibili ty of a similar pro- 
hibition on b u r n i n g  logging residue, f i r e  protective agencies developed smoke 
mangement programs in cooperation with the State environmental qual i t y  agencies 
in Oregon and Washington. These programs provide f o r  b u r n i n g  forest  residues 
only under combinations of times, places, weather, and amounts t h a t  keep smoke 
away from p o p u l a t i o n  concentrations, as i n  the larger c i t i e s .  Under such plans, 
owners o r  operators bu rn  only when they are notified t h a t  current weather s i tu-  
ations meet prescribed conditions. 

\ 

All smoke from forest  residue burning i s  no t  from logging slash disposal, 
b u t  th i s  i s  by far the greatest  source. Formerly, much sawmill waste was 
burned in "wigwam" burners which have generally been outlawed. Much of the saw- 
dust, chips, and slabs formerly wasted i s  now used for p u l p  manufacturing; b u t  
some merely accumulates as solid waste. The waste disposal problem a t  mil ls i tes  
can be aggravated by programs t h a t  stimulate the logging and transport of 
excessive cull material when alternatives for  disposal of unusable material are 
1 imi ted. 

Burning continues t o  be a chief means of disposal of residue from clearing 
of roads, power rights-of-way, reservoirs, farms, and many other areas. Usually, 
these ac t iv i t i e s  are n o t  as concentrated a t  one period of the year as i s  logging 
slash burning, b u t  they s t i l l  contribute t o  the total  problem and are regulated. 
Advanced a i r  pollution control programs s t r ive  for as complete combustion as 
possible. 
discussed l a t e r  in th i s  chapter. 

Such objectives influence the plans for methods of burning as 

Most vis i tors  t o  forest  areas want naturalness, and residue accumulations 
are often considered an unwelcome deviation from the na tu ra l  scene. Generally, 
manmade residue i s  considered worse than  t h a t  from natural or natural-appearing 
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causes. 
an esthet ic  standpoint. 
many factors,  such as how closely they view debris, how keen they are as observers, 
and how much they know abou t  forest  management. Unquestionably, untreated logging 
residue a long  highways o r  heavily traveled roads has been one of the chief factors 

Logging slash i s  thus considered by many as particularly offensive from 
People's esthetic reactions t o  residue are affected by 

. causing people t o  c r i t i c i ze  a l l  logging and especially clearcutting. 

Most people are particularly c r i t i ca l  o f  what they believe i s  waste. They 
object i f  logs or larger materials are l e f t  in the woods even t h o u g h  they may 
n o t  be sound o r  of suff ic ient  value t o  pay the cost of removing and processing 
them. Such concern for  waste i s  growing because of the increasing scarcity of 
wood products, the i r  higher costs,  and decreasing commercial timberland base. 
In the face of these problems, people ask why more of the material in forests i s  
not being used. Such questions provide mounting challenges fo r  forest  managers. 

. CHARACTERISTICS OF RESIDUE 

In th i s  Compendium, forest  residue i s  defined as the unwanted, generally 
unutilized accumulation in the forest  of woody material , including l i t t e r  on 
the forest  f loor ,  t h a t  originates from ac t iv i t ies  of man such as timber harvest- 
ing, land clearing, and cultural practices, or from natural processes. Unwanted 
living brush and weed-tree species are also considered residue i f  their  presence 
prevents growing more useful species. Residue may be an intolerable obstruction 
t o  management, a f i r e  hazard,  or an eyesore. 
stands due t o  excessive accumulation from self-pruning and mortality of trees or 
from catastrophic events. 

Residue problems exis t  i n  na tu r a l  

Harvesting operations produce large amounts of residue, b u t  so do many' 
cultural operations. In precommercial thinning, small t rees ,  t ree limbs and 
tops are l e f t  j u s t  as limbs are l e f t  a f te r  pruning. 
uti  1 i ty  1 ines, reservoirs , agricul ture ,  improvements, and for other purposes 
also resul ts  in residues. 

Clearing for roads, t r a i l s ,  

Natural residues resu l t  when trees or other vegetation a x  killed by insects,  
diseases, f i r e ,  lightning, w ind ,  freezing, d r o u g h t ,  o r  other weather conditions. 
The na tura l  dying of lower limbs and the kill ing of trees through overcrowding 
produce residue. Residue may occur in many isolated locations as single insect- 
killed t rees ,  or i t  may be in large continuous areas as those burned by f i r e s ,  
struck by disease epidemics l ike chestnut blight,  or devastated by an insect 
such as tussock m o t h .  

Residue from logging gets the most attention because of the large volume, 
the vast area covered, and i t s  v i s ib i l i t y  to many people. 
received major attention in the Northwest for  many years because of i t s  effect  
on the f i r e  problem. 
spread in slash areas. This applies particularly t o  the Douglas-fir region on 
the west side o f  Oregon and Washington where clearcutting produces volumes of 
residue ranging from 40 t o  227 tons/acre (90 t o  508 metric tons/ha) according 
t o  1971 measurements. 

Logging slash has 

Many of the most damaging f i r e s  i n  the region s t a r t  or 

A1 t h o u g h  precise s t a t i s t i c s  are n o t  available, some approximations wi l l  
indicate the magnitude of the logging residue disposal e f for t  in Oregon and 
Washington. I n  the 1962-64 period, clearcut logging slash on a l l  ownerships 
in the two States was broadcast burned on 128,000 acres (51,800 ha)  annually 
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and piled and burned on 126,000 acres (50,991 ha) a-nnually. 
broadcast burning on National Forests has decreased 40 percent, and pi le  and 
burn acreage has increased 50 percent. 
from clearcuttin t o  partial  cutting on the National Forests. I n  1970, 59,660 
acres (24,144 ha3 were clearcut,  440,935 acres (178,443 ha)  were part ia l ly  cut ,  
and 53,254-acres (21,552 ha)  were precommercially thinned. Currently, 2,377,448 
acres (962,140 ha) of slash i s  carried over from previous years for treatment or 
extra protection, and th i s  t o t a l  i s  growing. 

Since then, 

Par t  of this  change i s  due to a s h i f t  

For various reasons, mostly legal ,  logging residue i s  n o t  being abated--it 
i s  accumulating; and t h i s  i s  true of a l l  ownerships. On National Forests, 
though ut i l izat ion may be improving, only 15 percent of the acreage of slash 
created i s  actually treated. This i s  of  particular concern t o  f i r e  people 
because untreated clearcut areas require from 15 t o  20 years before f i r e  hazard 
approximates fuels on similar b u t  freshly broadcast-burned areas. In the dr ie r  
climate east of the Cascades, deterioration i s  much slower. 

Several current trends are affecting the amount of residue in the forests .  
Increased values of forest  products and the great demand for timber are bringing 
a b o u t  better ut i l izat ion.  Better roads, new and improved harvesting equipment, 
and forest  product ut i l izat ion research have stimulated residue removal. Many 
private owners now harvest small-size and l o w  quality material generally con- 
sidered unusable in the past. 
ground.  
a long  roads a 
called " Y U M , " I y  large material i s  yarded into piles near or on roads. When thus 
made accessible, more o f  i t  i s  being used though most YUM piles are s t i l l  burned. 
On the other hand,  environmental constraints have reduced the amount of slash 
burning; therefore, more slash i s  l e f t  in many places. 

This practice reduces the residue l e f t  on the 
The public has demanded better deanup from an esthet ic  standpoint 

in viewed areas. T h r o u g h  a system of yarding unutilized material, 

A1 t h o u g h  natural processes regularly produce residues , the major residue- 
producing catastrophes get the attention and cause the greatest  problems. 
f i re-ki l led stands, i f  no t  salvaged are a management problem f o r  many years. 
Snags are a major f i r e  worry because i f  ignited, they spread f i r e  readily. 
Establishment of new forests in snag areas carr ies  a high r isk.  
mortality caused by insects or diseases present similar problems, b u t  these have 
n o t  occurred so often nor are they widespread. An exception i s  the vast ki l l  by 
tussock moth in northeast Oregon. 

Large 

Large areas of 

A l though  improved f i r e  protection in recent years has reduced the acreage 
burned, a t  the same time i t  has caused a steady accumulation of n a t u r a l  residue 
th roughou t  Northwest forests .  
f i r e  management officers and  has led t o  t r i a l s  in prescribed burning and t o  the 
practice o f  l e t t ing  wildfires spread under surveillance in some areas under 
limited conditions. 

This residue i s  becoming of much concern t o  

Various combinations of events such as repeated forest  f i r e s  t h a t  eliminated 
seed sources of desirable forest  t ree species have resulted in occupation,of some 
4-1/2 million acres (1.82 million ha) of commercial forest  land in 'the Pacific 
Northwest by brushfields or weed t rees .  Much of th i s  vast acreage i s  needed for  

'' Hereafter in th i s  chapter we shall refer t o  th i s  practice as " Y U M "  o r  
"YUM i ng . I' 
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forest  production. 
removal of the l iving residue in such a way as t o  provide soi l  and habitat  condi- 
tions t h a t  will favor establishment of  conifers. 

The conversion process i s  primarily residue management-- 

The above paragraphs emphasize the undesirable aspects of natural and manmade 
-residues. However, one should also understand the importance of forest  residues 
in maintaining a healthy and balanced environment. 
and incorporates mineral nutrients and nitrogen from the s o i l ,  i t  returns these 
elements for  recycling through death, 1 i t t e r  fa l l  , and decay processes, acceler- 
ated by logging and other ac t iv i t ies  of man. Residue performs many functions in 
the environment beneficial t o  wildl i fe ,  water supplies, and t ree growth; these 
benefits are discussed ful ly  in other Compendium papers. 

As forest  vegetation picks u p  

METHODS FOR DEALING WITH RESIDUE 

Many methods of treating forest  residue, particularly those resulting from 
timber harvesting, have been applied in the Pacific Northwest. 
purpose has usually been t o  lessen the f i r e  hazard, a1 t h o u g h  seed bed prepara- 
tion, removal of obstacles t o  planting, cleanup from a scenic standpoint, 
rehabili tation of stream channels, and other reasons are important. 
material may be reduced by ut i l izat ion for a salable product. 
be disposed of or changed in physical form by mechanical means. 

The principal 

Large residue 
Residue may also 

Finally, i t  may be l e f t  w i t h o u t  treatment and subject only t o  the natural 
decomposition processes. Varying environmental conditions and objectives indicate 
different  treatments. Some have long been standard practice, b u t  others are s t i l l  
developmental. Each treatment has i t s  own characteristics.  

BURNING 

The chief means of treatment has been with f i r e  e i ther  over an en t i re  
cutting area o r  in selected locations with o r  without some ef for t  a t  concentra- 
t i o n  o f  the residue. B u r n i n g  has n o t  been practiced on a l l  ownerships nor on 
a l l  areas of the same owners. Some owners have been categorically against any 
burning of cutover areas. Others who generally favor burning will sometimes 
forgo the use of f i r e  because of a stand'of advance reproduction, high burning 
costs,  s l igh t  fuel loading, unfavorable burning conditions, o r  other reasons. 

I 

Several residue disposal methods involving burning are used. 
the use of f i r e  i s  "prescribed," involving careful planning and determination of 
specific weather and fuel conditions to  create a predetermined effect .  
"prescribed f i r e s "  are confined in area, regulated in intensi ty ,  and otherwise 
control led to  achieve the environmental consequences desired. Prescriptions must 
be based on a sound knowledge of f i r e  behavior as related t o  weather, fue l ,  
topography, smoke emission, and other factors.  

In most cases, 

Thus, 

In this  chapter, we recognize t h a t  several forms of prescribed burning should 
be identified. T h u s ,  we deal separately with (1) area slash burning, ( 2 )  piling 
and burning, and ( 3 )  l igh t  underburning. 

A- 7 



Area Slash Burning 

By f a r  the largest  amount of logging slash has been treated by area burning. 
Often called "broadcast burning," i t  i s  used t o  remove residue from clearcut 
areas west of the Cascade Range. Occasionally the method i s  used t o  bu rn  debris 
l e f t  on some selectively cut areas in the Northwest. 

Pub1 i c  f i r e  protection agencies and private protection groups have encour- 
aged area slash burning in west-side Douglas-fir cutovers. 
of the Cascades where residue amounts are less ,  the common practice has been 
t o  pi le  the residue by hand or machine in selected locations and bu rn  the 
concentrated materials. 

I n  pine areas east  

Slash burning i s  a carefully planned operation. 
side, the practice i s  t o  build a f i r e l i ne  by bulldozer around the perimeter t o  
confine burning t o  the prescribed area. On areas too  steep for  a t rac tor ,  the 
l ine i s  bui l t  by hand .  Snags close t o  this  l ine are fel led t o  lessen danger of 
f i r e  escapes. 
c r i t i ca l  perimeter locations where water can. be applied, often several hours in 
advance of burning. Prelocated pumps and hose systems, ground tankers, and re- 
serve f i ref ight ing crews may be used. 
other precautions may also be taken. 
often completed soon a f te r  the logging. 

I n  area burning on the west 

Other burning safeguards used include sprinkler systems on 

Retardant spraying on outside areas and 
Fireline construction and snag fe l l ing  are 

Burning i s  usually done in the f a l l .  In recent years, a n  increasing amount 
i s  scheduled f o r  spring, when conditions for burning f i l l  the prescribed con- 
ditions.  
areas, there are limited periods when weather conditions are  good f o r  burning 
and when a i r  quality requirements can be met. 
in recent years has greatly reduced the times when effective burning can be 
done, and further reductions are l ikely.  
and Washington, worked o u t  by the protection agencies with environmental quality 
authori t ies ,  i s  being applied with generally good success. 

Some burning a long  the coast i s  done t h r o u g h o u t  the summer. In  most 

Concern over pollution by smoke 

A smoke management program in Oregon 

Preparation measures have been intensified t o  extend burning into portions 
of the f i r e  season previously considered too  c r i t i ca l  for  prescribed burning. 
In such periods, the burned areas must be completely mopped up t o  prevent 
"escape" f i r e s .  These measures may increase the total  cost of treatment b u t  are 
necessary i f  the'burning i s  t o  be completed safely. Because of the many con- 
s t ra in ts  on burning, an agency o r  an  owner will often n o t  get a l l  b u r n i n g  
accomplished in the year planned. 
often used in which only log  landings or concentrations of greatest  residue or 
''jackpots" are burned. 

A modification of the area burning system i s  

Selection cuttings usually get special measures. Slash-may be hand piled 
in the larger openings for  burning. 
away from the bases of crop trees o r  crushed by special machines. 
burning i s  done, mostly along roads o r  in other limited locations. Here, the 
purpose may be t o  remove f i r e  hazard o r  t o  prepare a firebreak or fuel break as 
a place t o  stop a spreading wildfire.  Roads as well as prepared lines are used 
as boundaries f o r  th i s  burning. 
and improved as firebreaks. A f i r e l i ne  made by chemical retardants has been 
considered a good means of controlling or demarking f i r e s  i n  these areas b u t  i t s  
use has been limited. 

Concentrations of debris may be pulled 
Some area 

Sometimes existing skidding t r a i l s  are  connected 
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Piling and Burning 

Concentrating residues for  burning has long been the practice i n  pine areas 
b u t  i s  increasing in Douglas-fir forests .  A few private owners and the Bureau 
of Indian Affairs 20 years ago piled and burned the i r  ent i re  pine residues. 
There i s  apparently less of this  now, although i t  i s  the goal of the Bureau of 
Indian Affairs,  U.S. Department of the Interior.  DisposaJ of residue in mixed 
conifer forests  east  of the Cascade Crest ca l l s  for a variety of treatments. 
In some cases the slash i s  bunched in pi les ,  and in others i t  i s  windrowed by 
bulldozer into more or less regularly arranged rows. Special "brush" blades 
with teeth are f i t t ed  t o  the dozers t o  keep soil  from getting into the pi les;  
soil  in piles makes burning and good cleanup of piles a greater problem as well 
as adding t o  the r isks  of holdover f i r e s  and chance of escape. 

Large materials, such as  logs and chunks, cannot be hand piled, and machines 
must be used. 
material may be placed. 
waterproof paper or p las t ic ,  permitting burning af te r  snowfall o r  heavy rain when 
hazards of burning are less  and a i r  pollution problems are n o t  so  great. 
practice of YUMing which produces very large piles t h a t  are frequently burned i s  
discussed below. 

Often the large material i s  skidded into piles on which the smaller 
Both  hand and machine piles are often kept dry with 

The 

An older practice of "swamper" burning was frequently used in cutting areas 
b u t  now i s  generally restr ic ted t o  road clearing operations. 
s tar t ing a small f i r e  and adding material, usually green, on to  i t  as cut .  
modern version uses the open p i t ,  direct-fed incinerator. 
versions--the dug p i t  and the portable bin--both equipped t o  c i rculate  a stream 
of a i r  over and onto the combustion area. After petroleum o r  other burning aid 
i s  ignited, the airstream creates a s t rong recirculation action for  more complete 
combustion. 
completely consumed rather quickly with l i t t l e  visible a i r  pollution. 
from forced-air p i t  burners h,ave n o t  been ful ly  researched. 

I t  consisted of  
A 

There are two 

Heat gets intense in such pi ts  and even large chunks of wood are 
Emissions 

Many mechanical methods have been used and are s t i l l  being developed t o  get 
residue into the p i t  or bin. 
hauled and dumped into the p i t .  
e i ther  towed o r  pushed. 
ways t o  burn debris picked up on the sides. Various "cherrypickers" or 
skidders have been used t o  concentrate the material fo r  the incinerators. One 
trailer-mounted bin i s  equipped t o  do short skidding as we71 as loading. 
methods are effective b u t  expensive. 
b u t  generally are considered too great for widespread appl ication to  logging 
areas. These devices seem well adapted t o  roadsides, road rights-of-way, 
clearings, reservoir s i t e s ,  and other places where a complete cleanup j o b  i s  
demanded. 

The material may be pushed i n  by a bulldozer or 
Bins o r  burning chambers can be portable and 

Barges have been used t o  move p i t  burners a l o n g  water- 

These 
Costs per ton of residue are not available 

Light Underburning 

the Southern States under the i r  program of periodic l igh t  underburning. 
a practice has been used l i t t l e  i n  the Pacific Northwest t o  remove natural debris 
under the canopy of uncut forest  stands, t hough  i t  has been suggested for  
ponderosa pine. More attention has been given t o  the practice in the Northwest 
i n  recent years, although t e s t s  of l igh t  underburning for  residue removal are 
really just s tar t ing in th i s  area. 

About 2 million acres (809,000 ha)  of uncut forest  are burned annually in 
Such 

Similar effects  are being obtained by allowing 
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wildfires t o  spread under prescribed conditions in wilderness areas--an 
experimental practice t h a t  i s  l ikely t o  increase. 

Stump scars indicate 1 ight underburning occurred in east-side ponderosa pine 
forests a t  irregular intervals before the days o f  forest  f i r e  control. Started 
by lightning or Indians, these natural periodic underburns may have been 
instrumental in development and perpetuation of some of our fores t  types. 

Brushfield Conversion 

Brush o r  other undesirable growth can be treated by prescribed burning t o  
prepare the ground fo r  a more desirable form of vegetation. I f  the material i s  
living and green, i t  will burn  only under weather conditions t h a t  require exten- 
sive preparation and precautions t o  prevent f i r e s  from burning unplanned areas. 
Of course, th is  form of brush removal i s  no t  practical unless ultimate use of 
the treated area will jus t i fy  the costs. 
cover have been crushed o r  sprayed with herbicide or desiccants in advance of 
burning. After a proper kil l ing and drying period, such areas bu rn  well. 
Unwanted brush i s  sometimes bulldozed into piles fo r  l a t e r  burning o r  removal 
where complete cleanup i s  desired. Windrowing with a grader or similar machine 
has also been t r ied b u t  n o t  widely used. In some s i tuat ions ,  removal i s  n o t  
necessary and the brush may be merely treated with herbicide t o  provide release 
of desired species. 

Such areas as sagebrush or snowbrush 

RESIDUE REMOVAL A N D  DISPOSAL 

Removing large residues from cutovers by YUMing has been practiced since 
a b o u t  1970 in west-side National Forests and even ea r l i e r  elsewhere. This 
operation usually follows removal of most of the merchantable material before 
the logging equipment i s  moved from the -area.  Yarding the residue with the 
merchantable logs may be cheaper, b u t  the excessive debris may get in the way 
of the logging operation. Thus, most YUMing follows regular yarding. Y U M  pi les 
a t  landings b u r n  readily even in wet weather a f te r  they have gone t h r o u g h  a 
summer drying period. Such burning i s  better from an a i r  pollution standpoint, 
and there i s  l i t t l e  danger of f i r e s  escaping t o  adjacent timberlands. After 
YUMing, most of the f ine  fuels are s t i l l  on the g round ,  so the practice does 
no t  necessarily lessen f i r e  spread b u t  i t  makes f i re l ine  construction much 
easier in a cutover. 
a more esthetic appearance, and conditions more favorable fo r  future cultural 
work. 

Other advantages of the practice include easier planting, 

Except for many Y U M  piles t h a t  are now burned completely, the practice 
creates opportunities for  salvage. Special products such as pulpwood, fuel 
wood, cedar products l ike  posts and shakes, and similar items often can be 
obtained from the piles.  
on a road ;  for example, Y U M  pi les provide a ready source of fuelwood for  
individuals. 

Much material can be used once i t  has been accumulated 

R E A R R A N G I N G  RESIDUE 

If the volume and size are favorable, residue may be rearranged or mechan- 
ical ly  treated and l e f t .  
m i g h t  be problems and where the maximum amount of organic material i s  impor tan t  
f o r  soil protection and nutrients. 

Such procedures are favored where f i r e  and obstruction 
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In  some parts of the United States,  rearrangement of logging debris has 
been widely practiced b u t  has only recently gained major attention in the North- 
west. Reducing residue with a mechanical chipper has been suggested as a method 
o f  making residues more sightly and less  of a f i r e  hazard. However, chipping 
has disadvantages. Because of high costs,  lack of equipment t o  handle large- 
s ize material, and the great volumes of logging slash, the practice has never 
expanded greatly except fo r  cleanup in recreation areas and a l o n g  some roads. 
The areas in which chipping i s  practiced l ook  good, b u t  some f i r e  o f f i c i a l s  
believe chips add t o  the risk of f i r e  s t a r t s  as they have a l o n g  railroad rights-  
of-way, particularly i f  the chipped material i s  no t  widely scattered. In  
addition, a chip mulch makes demands on available nitrogen, i s  no t  a good seed 
bed, and in excess of 1 inch (2.54 cm) may be a detriment t o  a r t i f i c i a l  
ref ores t a  t i on. 

Other means of breaking up or crushing residue are gaining attention. Some 
machines use a f l a i l  and some a crusher system t o  "beat" u p  o r  break slash and 
in the process mix much of i t  with t o p  layers o f  the so i l .  These machines are 
used on slash produced in thinnings and sometimes on residue resulting from 
final harvest cuts. Once over with a crusher i s  of some benefit, and two t r ips  
over an area usually makes the residue tolerable from a f i r e  haza rd  standpoint. 
Crushers or ro l le rs  are widely used in lodgepole pine. If used on heavy so i l s  
or in very wet conditions, however, they cause damaging soil compaction. In 
medium volumes of residue and less precipitous topography, these machines are 
par t ia l ly  effective b u t  they have n o t  proved satisfactory for the large s ize 
material common t o  old-growth Douglas-fir harvest areas. 

Complete burying i s  sometimes used t o  dispose of residue from road clearings 
and from other areas t o  be completely cleaned. 
logging areas i s  no t  considered feasible.  Besides requiring deep soil  and no 
more than gentle slopes, the radical disturbance of the soil i s  believed t o  be 
damaging t o  soil  processes and growth potential. 

Use of this  method in most 

Residue produced in thinning operations i s  sometimes treated by lopping and 
scattering. 
large amount of residue usually present, t h o u g h  i t  may be used where slope, so i l ,  
or advance reproduction are such t h a t  other treatment i s  precluded. Normally, a 
maximum length of material t h a t  may be l e f t  i s  specified. This method puts more 
fuel in contact with the ground where i t  will decay more rapidly while causing 
less obstruction. On steep slopes o r  areas subject t o  erosion, residue i s  often 
placed in skid t r a i l s  o r  depressions to slow waterflow and catch water-carried 
soil  and debris. 

This method i s  seldom used when stands are clearcut because o f  the 

NO RESIDUE TREATMENT 

A common practice i s  t o  leave the residue a f t e r  logging and provide supple- 
mental f i r e  protection t o  compensate for the increased hazard. The amount of 
such supplemental protection varies widely depending on the degree of hazard,  
desires or economic concerns of the owner, and t o  some extent the requirements 
of the protection agency. The measures taken include increased ground and a i r  
detection, closure to use, more men available for  patrols and f i ref ight ing,  
quicker transportation,. specially trained f i ref ighters  such as helitack men or 
smokejumpers, and more readily available equipment such as ground and  a i r  
tankers, bulldozers, and plow units.  
under c r i t i ca l  weather conditions, however, i t  can easily become a major confla- 
gration despite supplemental protection. 

If a f i r e  escapes in untreated slash 
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Logging slash may be l e f t  untreated f o r  reasons of environmental benefits 
actually achieved, because of the expense of p r o v i d i n g  the needed treatment, 
because o f  physical inaccessibili ty of the s i t e ,  or because of legally defined 
environmental requirements. 

Environmentally, leaving logging slash untreated may be the leas t  destruc- 
tive practice and may actually provide benefits in some situations.  
i t s  potential benefits t o  s o i l ,  advance reproduction, and wildlife h a b i t a t  are 
often of fse t  by intolerable f i r e  hazard,  persisting obstruction t o  regeneration 
and management ac t iv i t ies  and missed opportunities t o  remove competing vegeta- 
t i o n  and influence species composition of the regenerating forest .  Wherever no 
treatment of residue i s  the al ternat ive prescribed, important problems of pro-  
tection, regeneration, and possibly others must be solved in advance by other 
provisions of the timber management operation. These might include road and 
harvest-area layout w i t h  fuel breaks, harvest techniques such as fel l ing and 
bucking rules t o  reduce breakage and waste minimum wood, and skidding o r  yarding 
requirements t o  remove the maximum amount of wood. 
ments of soil  and watershed protection and regeneration of a new forest  would 
a l so  have to be met. Where no treatment of slash i s  selected because of e i ther  
inaccessibili ty or inabi l i ty  of the environment t o  withstand any treatment, a 
c r i t i ca l  look i s  needed a t  requirements f o r  forest  regeneration and protection. 
Without these the land, in e f fec t ,  is taken o u t  o f  production. Where provisions 
assuring establishment and protection of a new crop will n o t  be met, there i s  a 
strong imp1 ication t h a t  harvest should be postponed until techniques are developed 
t h a t  are suff ic ient ly compatible with continued forest  production. 

However, 

The environmental require- 

EFFECTS OF FOREST RESIDUES AND RESIDUE TREATMENTS ON 
THE FOREST ENVIRONMENT AND ITS MANAGEMENT-- 

A HIGHLIGHT SUMMARY 

Forest residue management becomes an integral p a r t  of the management of the 
various resources and influences t h a t  comprise the forest  environment. The 18 
technical papers of th i s  Compendium discuss thoroughly what i s  known a b o u t  the 
environmental effects  of forest  residues and the i r  treatments. Here we present 
abbreviated h i g h 1  ights of these effects  as they influence forest  management 
ac t iv i t ies .  Only environmental influences are considered; economic aspects are 
not  discussed. 

FOREST PROTECTION 

Fire Prevention and Control 

The presence of dead residue in amount and distributioh t h a t  precludes 
effective protect on from f i r e  constitutes the greatest  threat t o  forests  and 
their  management. This situation occurs primarily in the form of slash from 
the clearcut logg ng of old-growth timber, which often leaves 50 t o  100 o r  more 
tons of flammable debris per acre (112 t o  224 metric tons/ha). Fuel of th i s  
magnitude, especially in h i g h  r isk areas, constitutes a c r i t i ca l  protection 
problem. 
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Special treatment may be jus t i f ied  t o  lessen this  f i r e  hazard. 
f i r e s  s tar t ing from lightning cannot yet  be controlled although some evidence 
suggests t h a t  weather modification may be part ia l ly  successful. Greater access 
t o  the forest  and increased use continues t o  make man-caused f i r e s  more likely. 
The most effective residue treatment t o  reduce the danger of f i r e s  s tar t ing and 
spreading i s  t o  remove the fine fuels;  t h a t  i s ,  those pieces under 3 inches (7.6 
cm) in diameter. 
Yarding unmerchantable material a f t e r  logging will , by removing large material , 

. greatly reduce the d i f f icu l ty  of control of f i r e  b u t  ordinarily will n o t  remove 
the likelihood of f i r e s  s tar t ing and spreading rapidly. Piling or bunching and 
burning fine and coarse debris i s  an effective f i r e  prevention method. Chipping 
of residue, especially along roads, will increase man-caused f i r e s  b u t  reduce 
rate  of spread and d i f f icu l ty  of control of f i res  t h a t  do s tar t .  

The risk of 

This can be done effectively by some form of area burning. 

Natural residues a l s o  occur or accumulate in proportions tha t  are serious 
f i r e  hazards. 
dead standing trees o r  snags by providing aerial sources of windblown embers, 
constitute a threat of burns and reburns as  long as they remain standing. 
Cutting i s  the usual treatment. 
quantit ies of residue from shed branches t o  the individual trees t h a t  succumb 
from various causes and competing understory growth. Excess residue can be 
removed o r  prevented from accumulating where periodic l igh t  ground f i r e s  can be 
used. 
periodic l igh t  underburning simulates the natural f i res  t h a t  old f i r e  scars 
indicate occurred in such forests as ponderosa pine and g i a n t  sequoia. 

Dead residues created by wildfire,  insect epidemics, or disease- 

The living forest  i t s e l f  produces problem 

Under rigid specifications t o  prevent excessive damage t o  the stand, this  

Various residue situations require various treatments. The most effective 
long-range approach t o  the residue-related f i r e  problem i s  a program of fuels 
management introduced into a1 1 forestry plans and operations. plus greatly improved 
wood uti l izat ion ac t iv i t ies .  

Protection from Insects 

Undisposed residue a t t r ac t s  many variet ies  of insects t h a t  hasten i t s  decom- 
Few of these constitute a hazard t o  the forest.  However, some serious position. 

epidemics of bark  beetles have been generated by blown down, f i r e  damaged, or 
mechanically injured t rees  t h a t  became infection centers. Residues from partial  
cutting in ponderosa pine can induce insect damage t o  residual t rees ,  especially 
those injured by logging o r  weakened by drough t .  If the amount of residue i s  
relatively small and the beetle population large, insects may readily spread t o  
living trees from the residue. Other insects associated with residue can cause 
damage t o  spruce, hemlock, cedar, and other species under special conditions as ,  
for  example, following blowdown. 
removal or modification t o  a condition less a t t rac t ive  t o  the damaging insects. 

Preventive action would be in the form of 

Protection from Diseases 

Generally, disease problems are n o t  greatly affected by residue or residue 
treatment. 
Larger buried residue and ,  of course, stumps and roots tend to perpetuate the 
presence of r o o t  disease inoculum in the forest .  
roots or stems of residual trees by residue treatments may lead t o  decay problems. 
Other decay organisms effectively hasten the reduction of residue in many 
situations.  
temperatures are high and so i l s  are moist. 

B u t  some effects  have been noted t h a t  should n o t  be aggravated. 

Any mechanical injury to the 

Decay i s  slowed by waterlogging b u t  i s  generally fas te r  where 
Decay rate  i s  impeded by burning as 
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charred wood seems t o  be decay res is tant .  However, f i r e s  tend t o  stimulate the 
development of  the fungus Rhiz in i  mduZata t h a t  has killed conifer seedlings in 
some Pacific Northwest forests.  

Protection from Mammals and Birds 

Residue has varied influence on wildlife.  In general, living and dead 
residues improve the habitat fo r  birds and small animals. Fol lowing buildups 
in populations of small animals, most residue treatment, by increasing exposure, 
will lead t o  damage of  seed and seedlings by rodents and birds. Fine debris 
tends t o  deter birds from foraging fo r  seed. Brush piles increase the potential 
for damage t o  seedlings by brush rabbits and snowshoe hares. Untreated logging 
slash often protects seedlings from browsing by big game animals. Browsing by 
deer and elk,  f o r  example, i s  much greater on burned than on unburned cutovers. 

REGENERATION A N D  STAND DEVELOPMENT 

Stand Establishment 

Any form of residue removal that  disturbs the surface and exposes mineral 
soi l  aids germination of seeds spread naturally o r  a r t i f i c i a l l y .  Some residue 
l e f t  t o  provide dead shade- benefits establishment of natural or planted 
seedlings, especially on dry ,  ho t  s i t e s .  Moderate amounts of untreated residue 
favor ponderosa pine reproduction on many s i t es  east  of the Cascade summit. 
Reduction of  heavy volumes of dead o r  living residues favors seral coniferous 
species. 

Reproduction problems may be associated with residues. Heavy, volumes of 
chipped o r  other f ine  residues form a physical barrier t o  seed germination and 
also t i e  u p  available nitrogen t o  the detriment of seedling establishment. 
Reclamation of  heavy brushfields by mechanical type conversion methods may 
leave u p  t o  40 tons of residue per acre (90 metric tons/ha) t o  be disposed of 
before regeneration can be successful . 
f i r e s ,  soil productivity in the area immediately involved may be damaged, 
seed1 i n g  establishment may be inhibited, and growth potential may be reduced. 
Any residue treatment that  destroys advance regeneration may retard stand 
establ ishment, b u t  regeneration infected w i t h  insects o r  mistletoe may have 
t o  be destroyed as a sanitation measure. Generally, residue reduction t reat-  
ments improve accessibi l i ty  fo r  tree p l a n t i n g  crews while increasing exposure 
of seedlings t o  heat, d r o u g h t ,  and animal damage. 

Where residue burning produces intense 

Stand Devel oprnent 

Conditions favorable t o  t ree  growth are enhanced i f  residues are l e f t  on 
the s i t e  t o  decay and release nutrients,  t h o u g h  most c r i t i c a l  nutrient i s  
stored in the foliage and l i t t l e  in wood. Especially fine residues afford soil 
protection, enhance in f i l t r a t ion  of moisture, reduce evaporation, and maintain 
a vigorous soil microbiological activity--all  factors that  benefit t ree  growth. 
Living residues such as unmerchantable alders,  maple, oak, or brush compete 
with more desirable species, occupy growing space, and reduce yields b u t  some- 
times serve as nurse crops fo r  young conifers. Residue treatments that  compact 
the soil will resul t  in reduced growth  of trees on o r  close t o  compacted areas 
f o r  extended periods, often as long as a rotation. 
depletion of the soil  also tend t o  reduce forest  growth.  

Treatments that  resul t  i n  
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sort. AND WATER 

Soil Conditions 

Effects of burning vary w i t h  the f i r e  intensity,  bu t  a l l  burning t o  reduce 
residues leads t o  some loss of  nitrogen, boron,  sulfur,  and phosphorus from the 
s i t e .  Availability of other nutrients will be temporarily increased. Burning 
tends t o  decrease wettabili ty of so i l s  usually in proportion t o  intensity of 
the b u r n .  Hot f i r e s  reduce inf i l t ra t ion  capacity of the so i l .  Microbial ac t iv i ty  
in the important upper soil layers i s  impaired by-compaction, encrustation on soi l  
surface, and ho t  f i res .  Burns t h a t  remove the duff cover from clearcut slopes 
over 60 percent may cause dry ravel erosion during the summer until vegetation 
i s  established. 

The largest proportions of the essential elements are contained in foliage. 
Thus, nutrient return t o  the forest  f l o o r  i s  largely th rough  l i t t e r  f a l l .  
Destruction o f  living residue will temporarily interrupt nutrient cycling which 
will resume as new vegetation becomes established on the treated area. Also, the - 

destruction of surface organic layers will have a significant impact on nutrient 
capital and avai labi l i ty .  Treatments t h a t  destroy root  systems on steep slopes 
may lead t o  loss of thin so i l s .  Residue treatment would n o t  normally increase 
mass soil  movement unless heavy equipment undercut sensitive slopes or over- 
loaded them with debris. I f  heavy ground equipment i s  used t o  handle residues 
when so i l s  are wet, serious soil  compaction will usually resu l t ,  greatly reducing 
inf i l t ra t ion  and aeration and seriously reducing soil productivity for many 
years. 
or chipped material into the soil  will improve aeration, i n f i l t r a t i on ,  and 
moisture retention properties while causing a temporary nitrogen de f i c i t .  

B u t  residue treatments t h a t  incorporate rotted wood, leaves, and crushed 

Water Quantity and Qual i ty 

residue treatments, b u t  some influences may be important in certain situations.  
The destruction of dense living residue would increase ground water temporarily 
by the amount of transpiration eliminated. Residue treatments t h a t  channel water 
or reduce inf i l t ra t ion  rates  t o  speed surface runoff can affect  the timing of 
peak flows in streams. The burning of residues i s  l ikely t o  release large 
quantit ies of chemical ions t h a t  are l o s t  from the surface soil  and may reach 
streams and impair water quality. Severe burns t h a t  remove a l l  organic soil  
cover can increase susceptibili ty t o  surface erosion for  1 or 2 years until 
vegetation returns. If f ine residues get into streams, biochemical oxygen demand 
will increase and influence stream biology. Removal of living streamside brush 
may resul t  in increased water temperatures. Any treatment t h a t  drast ical ly  
disturbs the l i t t e r  and surface soil  may lead to surface erosion and stream 
sedimentation, b u t  t h i s  may be somewhat counteracted by leaving some logging 
slash t o  protect against erosion. Residue t h a t  gets into stream channels may 
change- stream behavior and resul t  in bank cutting and sedimentation problems 
or trigger flush-outs o f  debris dams in steep-walled channels. 

Water yields are n o t  usually affected t o  a significant degree by proper 
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FISH AND WILDLIFE 

Fish Habitat 

The residue conditions and treatments t h a t  af fect  water quality also affect  
f ish  habitat. In addition, removal of natural o r  man-caused residue from streams 
i f  done improperly can affect  stream hydraulics and bed and bank s t ab i l i t y  t o  the 
detriment of f i sh  h a b i t a t .  
essential t o  maintaining desirable water temperatures and food supplies necessary 
for f ish production. 
dissolved oxygen levels in surface water and by interfering with the circulation 
of intragravel water i n  spawning beds. 
near stream channels can produce chemical and physical changes t h a t  will be toxic 
t o  f ish.  Large residues l e f t  in streams can interfere with movements of migrat- 
ing f i sh ,  t hough  occasional s t ra tegical ly  placed logs will create pools. 

Shade provided by living and dead residue may be 

Fine residues in streams affect  f ish  habitat by reducing 

Burning of heavy slash concentrations 

Wild1 i f e  Habitat 

Large volumes of debris depress forage production--the greatest  single 
Most residue treatments t h a t  

Uniform distribution of logging 

effect  of nonliving residues on game habitat. 
a l t e r  b u t  do n o t  eliminate e i ther  living or dead residues ultimately enhance 
the habitat ,  especially for large animals. 
residues r e s t r i c t s  the use of  cutover areas by elk and deer more than a 
patchy distribution.  
for elk in most fores t  types. 
lat ions of seed and seedling foragers by providing good food and cover. 
ing rodents may be attracted t o  areas where residues are buried. 
residues provide some food b u t  chiefly cover fo r  most animals. 
provides escape cover for  small mammals and birds vulnerable t o  predation by 
hawks, owl s , weasels , and coyotes. 

Area burning o f  logging residue improves forage production 

Burrow- 
Living residues mostly favor increases in popu- 

Nonliving 
Logging slash 

RECREATION AND ESTHETICS 

Residue and residue treatments strongly affect  landscape amenity. 
t h a t  preserve naturalness, harmony in shapes, horizontal and vertical order, 
uniformity in texture of the fo res t ,  and avoid the appearance of waste may each 
or in combination contribute t o  es thet ic  values. Undisturbed residue in precom- 
mercially thinned stands i s  es thet ical ly  undesirable. Crushing small amounts of 
logging slash improves the appearance of the treated area. Reduction o f  debris 
usually improves access by fishermen and hunters. 

Practices 

DONE ST I C L I VESTOC K G RAZ I MG 

Untreated residues often hinder the movement and grazing of livestock more 
than wild grazing animals. Patchy residues are less  o f  a detriment t h a n  those 
that  are continuous and uniform. Residue treatments, such as burning, nay have 
a beneficial or harmful effect  on plant succession and grazing values dependinq 
on the vegetative type and the burning prescription. Practices t h a t  cover the 
soil with organic material , -a s  i n  chipping, suffocate small shrubs and herbaceous 
plants that  livestock m i g h t  eat .  
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AIR QUALITY 

Residues have no significant effect  on a i r  pollution although as they decay 
they contribute carbon dioxide, methane and other hydrocarbons, and ammoni a t o  
the atmosphere. Residue reduction by f i r e  i s  the only treatment t h a t  s ignif i-  
cantly affects  a i r  quality. 
accumulation of dead fuels t h r o u g h  years of intensive f i r e  protection can lead 
to wildfires t h a t  resu l t  in more serious a i r  pollution incidents t h a n  a program 
of prescribed burning with smoke management. 

However, the heavy volumes of logging slash and 

Residue f i r e s  produce emissions t h a t  vary widely with fuel character is t ics ,  
arrangement, condition, weather, and other factors.  
by planning a burn to  produce the hottest  f i r e  and minimum smoldering time. 
Area slash burning produces more smoke per unit of fuel t h a n  pi le  burning, 
assuming open, soi l- free pi les .  Head f i r e s  produce more smoke than  backing f i r e s .  
Dry fuels produce less  smoke than damp; and flaming f i r e ,  much less smoke t h a n  
smoldering. Controlling the time, place, and method o f  burning t o  take advan- 
tage of favorable dispersion weather can go a long way toward protecting populated 
areas from smoke. 
conditions t h a t  will produce a strong convective column and smoke dispersal away 
from valley areas or other smoke-sensi t ive situations.  

Emissions can be minimized 

Prescribed f i r e s  should be planned and scheduled t o  burn under 

There i s  l i t t l e  evidence t h a t  combustion of forest  fuels produces emissions 
t h a t  are permanently injurious t o  human health. 
from residue burning can temporarily reduce v i s ib i l i t y  and affect  esthetics.  

In some si tuat ions,  the smoke 

SOLVING RESIDUE PROBLEMS 

Man i s  an important p a r t  of every forest  environment. As long as he chooses 
t o  use the forest  there i s  no way he can avoid recognizing residues as an obstacle 
to some of his ac t iv i t ies  and therefore a problem. 
important functions in the forest  environment and ,  hence, can benefit the forest 
and the goods and services i t  provides. 
must be developed w i t h  consideration o f  a l l  the beneficial as well as detrimental 
factors and circumstances. In th i s  section we shall discuss what can be done t o  
he1 p resource managers deal wi t h  residue problems. 

B u t  residues also serve 

Therefore, residue management programs 

ESTABLISHING RESIDUE MANAGEMENT GOALS AND POLICIES 

The management of fores t  residues i s  closely tied t o  management of the forest  
environment, which i s  made u p  of a number of different  components--soil, water, 
a i r ,  plants, animals, scenery, insects,  diseases, and f i r e .  
objectives need to be s e t  for each component. 
and from place to  place. Certain environmental components may dominate one forest  
and different  components another. 
environmental conditions o r  in land use objectives. 
stated separately may be a condition t h a t  only occasionally may be ful ly  achieved. 
I t  should always be approached as closely as possible with minimum violation of 
the goals for  other components. Thus ,  the resource manager needs t o  be able t o  
select  the residue management a1 ternative t h a t  comes closest t o  satisfying a l l  
his environmental goals without causing unacceptable impacts on any one of the 

Ideally, management 
B u t  forest  situations vary in time 

This may be due t o  differences ei ther  in 
The goal for  each component 
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environmental components. When th is  i s  no t  possible, his composite goal may 
have t o  be based on avoiding any long lasting negative impact. For successful 
and consistent residue management , the resource management agency must have 
carefully defined goals for  each environmental component plus guiding policies 
and .procedures for  determining the best composite course under any combination 
of environmental conditions and forest  management objectives. 

EXAMINING ALTERNATIVES 

Every residue situation and ev ry measure used t o  deal with a residue problem 
have associated benefits and costs./ B u t  what  may be a benefit t o  or an aid in 
achieving one management goal may be a cost t o  another. For example, logging 
residues cannot be burned without some effect  on a i r  quality. 
associated with no t  burning may be in the form of increased r isk of costly acci- 
dental f i r e s  and a potential loss of adjacent timber, and an even more serious 
impact on a i r  quality. 

B u t  the costs 

Different resource management goals require t h a t  d i fferent  policies and  
programs be followed, each with i t s  own se t  of impacts or costs. If the goal 
is  t o  maximize anadromous f ish production in coastal streams, a policy might 
be established to prevent any ac t iv i ty  t h a t  would allow residue o r  residue 
treatments t o  change water quality beyond specified limits.  Such a policy might 
then require t h a t  protective buffer s t r ips  of t rees  be l e f t  a long  streams t o  
maintain favorable water temperatures, t h a t  sediment be minimized in spawning 
areas, and t h a t  chemical degradation of water by residue be kept below specified 
levels. However, i f  the goal i s  t o  maximize b i g  game production, perhaps none 
of these constraints on residue management would be applicable. Others would 
take the i r  place. 

The forest  manager i s  continually faced with choosing among courses of 

Residue management n o t  only has immediate and long-term 
action and program commitments based on the impacts of each on the environment 
and on his budget. 
effects on vegetation, s o i l ,  water, a i r ,  and the i r  uses by man b u t  each manage- 
ment decision usually requires a different  investment when available dollars 
are limited. 

What c r i t e r i a ,  then, should a manager use t o  identify alternatives and 
evaluate the i r  implications? To s t a r t  with, he can usually determine the d i rec t  
cost of a residue treatment. He may know,  for  example, t h a t  a single aerial  
application of an herbicide t o  ki l l  a stand of worthless brush may cost $20 
per acre. 
B u t  what does he "buy" with these investments? 

Or he knows t h a t  YUMing in a given situation may cost $400 per acre. 

I n  some instances, especially i f  a commercial timber crop i s  involved, the 
manager can evaluate a treatment in terms of present worth of a future expected 
income. 
associated with, say, area slash burning t h a t  hastened by'10 years the ful l  
stocking on an  area freed of heavy brush competion with a $75 per acre b u r n  
($785.25/ha). 

For example, i t  would n o t  be d i f f i cu l t  t o  calculate the dol lar  benefits 

Perhaps two $20 aerial  herbicide sprayings spaced 3 years a p a r t  

!/ "Costs" as used here include a l l  the negative requirements and effects  
o f  a residue management program measurable in dollars or  in unquantifiable 
terms. 
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would shorten the regeneration period by 5 years. 
production between the two treatments could be calculated. 
of th i s  kind are compelling considerations and are usually available t o  a 
manager. This Compendium of papers concentrates on environmental factors only 
and barely hints a t  such costs. 

The difference in timber 
Dollar costs 

Unfortunately, the most c r i t i ca l  decisions a residue manager must make 
involve comparisons of impacts t h a t  cannot be evaluated in dollars.  
does he do? A partial  answer l i e s  f i r s t  in identifying and comparing the 
desirable and undesirable effects  of a given residue treatment. 
able impacts of one possible choice are unacceptable, another course of action 
can be considered and i t s  impacts identified. 

What, then, 

If the undesir- 

The 18 papers in th i s  Compendium describe what we know about the biologi- 
cal , physical, and socially oriented impacts of every aspect of forest  residue 
and residue management. These impacts must a l l  -be considered and evaluated by 
the manager in the course of defining his goals, policies,  and programs. Some 
examples may i l l u s t r a t e  how the impacts can be arrayed and compared for a specific 
residue treatment. In these examples, we recognize t h a t  the generalized desirable 
and undesirable impacts we have l i s ted  may n o t  apply t o  every situation. Managers 
must understand and ad jus t  for  such variations i n  impact factors by using the 
detailed background discussions t o  guide their  judgments. 

Example 1:  Environmental impacts of chipping residues ( n o t  l i s ted  in order o f  
pr i or i ty ) 

Desirable impacts: 

1. Lowers rate  of spread of f i r e  and eases d i f f icu l ty  of control. 

2. Reduces soi l  movement and danger of stream sedimentation. 

3 .  Keeps nutrients on s i t e .  

4. Maintains or improves desirable soil  microbiological ac t iv i ty  i f  chips 
are we71 dispersed. 

5. Lessens evaporation of moisture from so i l .  

6. Hastens decomposition of residue. 

7. Reduces insect problems in some situations.  

8. Improves access t o  area for  subsequent ac t iv i t ies .  

9. Is esthet ical ly  acceptable. 

10. Does n o t  degrade a i r  quality. 

Undesirable impacts: 

1. Ilay increase fir,e r isk along roads and other high-use areas. 
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2. Heavy equipment used may compact the soil  in some si tuat ions,  reducing 
s i t e  productivity. 

3. Reduces dissolved oxygen and damages f i sh  habitat i f  chips get into 
streams. 

4. Interferes with n a t u r a l  reseeding of most desirable t ree reproduction. 

5. Hinders e f f ic ien t  t ree planting. 

6. Reduces nitrogen available t o  regeneration unless accompanied by 
f e r t  i 1 i za t i on. 

7 Smothers herbaceous plants and grasses used by livestock and seedlings 
growing on slopes. 

8. Increases vulnerability of reproduction t o  big game animals and 
livestock. 

Example 2: Environmental impacts of prescribed area slash burning of logging 
residue ( n o t  l i s ted  in order of pr ior i ty)  

Desirable impacts : 

1 .  Greatly reduces f i r e  r i sk ,  rate of spread, and d i f f icu l ty  o f  control. 

2. Increases avai 1 abi 1 i ty of most mineral el emen ts . 
3. Increases the amount of mineral soil  seed bed needed by most desirable 

species . 
4. Reduces competition of brush with regeneration. 

5. Removes diseased advance reproduction where present. 

6. Removes threat  t o  new s t a n d  posed by insect-infected advance regeneration 
in some types. 

7. Favors better tree form in saplings. 

8. Provides easy access for  regeneration and cultural operations. 

9. Improves browse and forage for big game animals and livestock in many 
situations.  

10. Improves access t o  recreat ionis ts ,  hunters, and fishermen. 

Undesirable impacts: 

1. Often k i l l s  marginal timber, and "escape" f i r e s  can further damage 
neighboring resources. 

2. Intense f i r e s  can cause soil  erosion on immature s o i l s ,  lessening s i t e  
productivity and leading t o  sedimentation of streams. 
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3 .  Lowers s i t e  quality in areas of extremely h o t  burns. 

4. Lowers in f i l t ra t ion  capacity by creating a "nonwettable" condition on 
some so i l s .  

5. Results in short-term losses of nitrogen and phosphorus which may be of 
special significance on low- or medium-quality s i t e s .  

6. Temporarily interrupts nutrient cycling. 

7. Sets the stage for a flush of mineral nutrients into nearby streams where 
they may damage aquatic habitats. 

8. Destroys tree seed and desirable advance regeneration. 

9. Increases vulnerability of tree seeds t o  birds and of seedlings t o  
browsing by big game and livestock. 

10. On steep slopes may trigger downslope movement of s o i l ,  gravel, or 
debris t h a t  will bury or uproot  seedlings. 

11. Creates less favorable microclimate for seed1 ings , especially on adverse 
si  tes .  

12 .  Puts smoke into the a i r .  

13. Is esthetically unattractive for several years. 

Example 3 :  Environmental impacts of yarding -unutil ized material (YUM) af te r  
clearcutting ( n o t  l i s ted  in order o f  prior i ty)  

Desi rabl e impacts : 

1 .  Greatly reduces diff icul ty  t o  control f i r e s .  

2. Aerial system o f  removal leaves fine residues i n  place and maintains 
organic cover, thus providing for protection against erosion. 

3.  Keeps major amount of nutrients on s i t e .  

4. Maintains soil  microbiological act ivi ty .  

5. Lessens probable damage t o  reproduction by rodents. 

6. Stimulates more complete residue ut i l izat ion for,wood products. 

7.  Improves access for reforestation and subsequent cultural operations. 

8. Improves production of and accessibil i ty t o  forage for grazing animals. 

9. Improves access for recreationists,  hunters , and fishermen. 

10. Is esthetically acceptable. 

11. Provides f l ex ib i l i t y  t o  burn (the YUFl pi le )  when a i r  quality can best 
be maintained. 
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Undesirable impacts: 

1 .  Usually does n o t  reduce danger of  f i r e s  s tar t ing and spreading. 

2. Can lead t o  soi l  compaction and reduced t ree growth i f  ground equipment 
i s  used when so i l s  are wet. 

3. Intense heat may damage soil excessively i f  residue piles are burned. 

4. Creates less favorable microclimate for seedlings, especially on 
adverse s i t e s .  

5. Is n o t  effective for control of brush competition a f t e r  logging. 

6 .  Increases vu1 nerabi 1 i ty of seedl ings t o  browsing by animals. 

Example 4:  Environmental impacts of chemically treating living residues ( n o t  
1 isted in order of pr ior i ty)  

Desirable impacts: 

1 .  Adds t o  dead fuel volumes and aids spread of f i r e s  in prescribed area- 
burning. 

2. 

3. 

Is the most effective method for ki l l ing most sprouting brush species. 

Can-be used on steep slopes where mechanical equipment cannot operate 
or where soil  compaction would resu l t .  

4. Creates an acceptable balance between rodent populations and regeneration. 

5. Reduces competition from unwanted vegetation for moisture, nutrients,  
l i gh t ,  and space, thereby aiding establishment of desired species. 

Undesirable impacts: 

T. Increases f l  ammabi 1 i ty , addi ng t o  f i r e  control probl ems unless accompani ed 
by burning. 

2. Herbicides used may get into streams and upset aquatic biology. 

3 .  Interrupts nutrient cycling. 

4. Releases chemical resis tant  plants t o  grow more vigorously. 

5. Short-  term resul t s  are n o t  esthetical ly  pl easi ng , especi a1 l y  near urban 
and recreational centers. 

MAKING THE DECISION 

Once the desirable and undesirable impacts o f  a1 ternative residue treatments 
have been identified as i l lustrated by the above examples, the manager must 
determine which trade offs  are most acceptable when a l l  variables are considered. 
‘He wi 11 realize t h a t  environmental impacts vary with s i t e ,  topography, geography, 
resource values, and other factors.  For example, an unsightly residue situation 
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does n o t  impinge negatively on esthetic values i f  no one now or in the future 
i s  l ikely t o  see i t .  Improvement of forage due t o  residue treatment i s  not  a 
benefit i f  game o r  livestock are n o t  present t o  u t i l i ze  i t .  A modest loss of 
soil  nutrients may be of great concern on an adverse s i t e  b u t  of mi-nor conse- 
quence on a s i t e  rich in nutrients. A manager must understand and adjust for 
such variations in impact factors. The detailed papers of this  Compendium may 
be used t o  guide his judgment. His decision will a l s o  be influenced by the 
funds he has available and competitive demands on these funds. 

On the basis of the contrasting impacts shown in the examples, a residue 
manager might conclude t h a t  he would use the chipping method (example 1) along 
a heavily used recreation road where esthetic values were high, where burning 
was n o t  feasible,  and where f i r e  patrol was frequent. He might avoid use of 
chipping in areas where so i l s  compacted easi ly ,  where soil protection by 
organic material was .no t  needed, and ,  of course, when cheaper methods were 
feasi bl e.  

Area slash burning has many desirable impacts as example 2 indicates. 
residue manager probably would seek another method of treatment, however, i f  he 
had an area covered by well-spaced advance regeneration, a high deer population 
l ikely t o  browse newly planted seedlings, and a nearby population center sensi- 
tive t o  smoke in the a i r .  

A 

Yarding unutilized material (example 3) ,  often a costly residue treatment, 
might be most useful in areas where future ground access was highly important, 
grazing values were high, general removal of l i t t e r  and vegetation was n o t  
desired, and disposal of residue by burning was restricted t o  f a l l  and winter 
seasons. I n  a location where numerous operators were interested in ut i l iz ing 
residue for energy or products,.YUM might be favored. 

Thus , for each s i tuat ion,  a thorough consideration of a1 ternatives and the 
costs and benefits will guide the judgment of the residue manager. 
may have suff ic ient  knowledge abou t  environmental impacts and operational costs 
t o  provide the manager with a model by which he can maximize .the net benefits 
among a range of treatment alternatives.  
impacts as s e t  forth in this  Compendium will be a useful substitute.  

Someday we 

Right now, a thorough knowledge of 

INTEGRATING RESIDUE CONSIDERATIONS WITH MANAGEMENT ACTIVITIES 

Residue i s  something l ike a forest  f i r e . (  If i t  can be prevented there is  
no problem. 
as a cure, b u t  much can be done t o  make this  statement true. When future forests 
are harvested, residue should be much less of a problem. 
managed t o  use much of .what now ends up  as residue. As the forests grow, 
cultural measures will prevent unusuable material from accumulating. Frequent 
thinnings can be made t o  capture mortality for use in cellulose products. 
overmature old-growth forests of the Northwest are often decadent and produce 
much unusable residue. Future commercial forests ,  grown on shorter rotations , 
will have l i t t l e  chance t o  deteriorate;  and improved ut i l izat ion opportunities 
will keep harvest related residues within tolerable l imits.  

The prevention approach may seem l ike proposing utopian conditions 

Forests will be better 

Today's 

Weed plants and trees have 
current stands. In the future,  
spacing t h a t  will fu l ly  u t i l i ze  
space will be l e f t  for unusable 
can produce many such resul ts .  

been allowed t o  grow promiscuously in most 
crop trees will be planted and thinned t o  a 
the s i t e  for  greatest tree growth. L i t t l e  
material . Improvements in current practices 

A-23 



Better protection of forests means less residue. There will be less  residue 
i f  there i s  less  mortality from f i r e ,  insects,  disease, and weather extremes. 

Stabi l i ty  of l a n d  use will reduce the residue problem. Changes in land 
use--for exampl e ,  from forest  t o  agri cul ture--produce resi due problems. Wi t h  
roads, u t i l i t i e s ,  and similar uses in a common corridor there i s  less  residue. 
In an ideally managed forest  of the future, we can expect roads on permanent 
locations, u t i l i t i e s  probably underground, o r  some a i r  transmission system will 
be common. Other service f a c i l i t i e s  will be shifted less frequently. Stabiliz-  
i n g  land use produces many other advantages, as well as lessening residue 
problems. 

Much can be done in timber harvesting t o  reduce residue volumes. Subsidiz- 
ing removal and use of wood residue concurrently may be more economical in a 
t o t a l  management program t h a n  t o  take only the better material and leave much 
residue with i t s  attendant problems. 
might be allowed a lower stumpage price t o  remove lower grade material rather 
t h a n  require him t o  pi le  and b u r n  o r  otherwise dispose of a large volume o f  
logging slash. Improvement of practices associated with YUFl should be developed. 
Integrated operations especial ly  keyed t o  the assembl ing, sorting , and processing 
of residue should be stimulated. Incentive programs t o  get th i s  type o f  harvest- 
ing established should be explored. Such programs are in effect  in some places 
now and point t o  new approaches t o  residue management via contractual provision. 
The resul t  can be economically favorable while providing esthet ic  and other 
environmental benefits. 

In a government timber sa le ,  an operator 

A recent study concluded t h a t  the use of residue for  power production was 
no t  economically feasible a t  1973 prices and in competition with conventional 
power. However, i t  might be better for society t o  subsidize such use for the 
general overall good. There are several ways t o  do t h i s ,  such as th rough  shar- 
ing in capital plant investment t h r o u g h  a nonrepayable g r a n t ,  special provisions 
for accelerated depreciation for income t ax  purposes, and indirectly th rough  a 
general price increase for  e lec t r ic  power from a l l  sources. 

Finally, we believe i t  essential t h a t  each forest  manager view the residue 
problem as an integral ,  n o t  separate, p a r t  o f  his t o t a l  resource management pro- 
gram. Can I avoid debris 
problems in streams i f  I prescribe a different  timber fa l l ing  method? How can 
I locate th i s  road network t o  enhance residue ut i l izat ion and s t i l l  serve other 
resource management needs? What cutting unit layout will lead t o  the most 

n o t  b u r n  th i s  slash area, will I seriously reduce browse available t o  big game? 

tie should constantly ask himself such questions as:  

. economical operation and the greatest  ut i l izat ion of marginal l o g s ?  If I do 

The development and use of every resource touch on residue management. 
Consideration of the residue problem should enter into a l l  planning and manag- 
ment ac t iv i t ies  from the beginning. 
can we get t o  the soundest treatment of each residue s i tuat ion.  

Only throuah close integration of ac t iv i t i e s  
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A PROGRAM FOR DEVELOPING POLICIES A N D  GUIDE LINES^/ 
A recent concerted e f for t  t o  formulate residue management guidelines i s  worth 

reporting here t o  i l l u s t r a t e  one approach for util izing the mass of technical 
information as guidance f o r  resource management decisionmaking. Region S i x  and 
the Pacific Northwest Forest and Range Experiment Station, Forest Service, U.S. 
Department of Agriculture, recently convened panels of sc ien t i s t s  and  managers 
t o  prepare technically sound guidelines t h a t  were administratively attainable.  

Top research sc ien t i s t s  and administrative s taff  special is ts  f a m i l i a r  w i t h  
Northwest resource conditions were formed into nine technical panels covering the 
following environmental components: ( I )  forest so i l s ,  ( 2 )  s i lvicul ture ,  
(3) te r res t r ia l  habitat ,  ( 4 )  f i r e  management, (5) forest  insects,  ( 6 )  forest  
diseases, ( 7 )  water quality and aquatic habitat ,  (8) a i r  quality,  and (9 )  forest  
recreation. These technical experts were provided three requirements for the 
guidelines they were t o  formulate. F i r s t ,  guidelines had t o  be based on . 
the best available sc ien t i f ic  information. 
t o  a particular geographic region had t o  be restr ic ted t o  t h a t  region w i t h i n  
the guideline i t s e l f .  And f ina l ly ,  no conflict  among guidelines would be 
tolerated. Any confl ic ts  arising during formulation were t o  be resolved, i f  
possible, by requiring different methods of performing residue treatment for  
different  situations.  I f  th i s  could no t  be worked o u t ,  then an administrative 
decision favoring a selected environmental component would be made. 

Second, guidelines applicable only 

The requirement for  sc ien t i f ic  soundness was t o  be accomplished by using 
the information in the 18 Compendium manuscripts and th rough  the knowledge and 
experience of the panel members. Their j o b  was aided by prepared ci ta t ions of 
specific residue and treatment effects assembled from the manuscripts. 
tions were used as the basis for computerized cross referencing and re t r ieva l ,  
documentation f o r  the resulting guidelines. 
t o  draw upon and document additional pertinent references. 

The ci ta-  

Panel members were also encouraged 

Each panel produced a se t  of statements, backed by ci table  authority, 
specifying the degree of residue removal and limitations on treatment method 
required fo r  acceptable management of the particular environmental component. 
When the requirement varied f o r  different  residues o r  geographic areas,  the 
necessary restr ic t ion or  specific exclusion formed .par t  of the statement. 
statements prepared by the technical panels were carefully examined t o  identify 
conflicts e i ther  within or between environmental components. The chairman of 
the nine technical panels then had the job of resolving technological conflicts.  

The 

After the technical conflicts were resolved, two panels of experienced 
forest  administrators were used t o  reconc'ile technical desirabi l i ty  with 
economic and social considerations. One panel adopted the statements f o r  use 
as guidelines t o  be applied t o  public lands; and the other panel those t o  be 
applied t o  private lands. Hence, the guidelines are different  for  private and 
pub1 i c  lands and take into account the complexities and variations among forest  
types,' so i l s ,  climate, geography, and management objectives. 

5/ The publication l i s t ing  the guidelines and presenting de ta i l s  for  the i r  
use i s  being prepared by the Forest Residues Reduction Program o f  the Pacific 
Northwest Forest and Range Experiment S t a t i o n .  
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The guidelines t o  be used as tools t o  aid resource managers confronted with 
residue problems, can be arranged in various formats. 
a dichotomous key. The manager can proceed t h r o u g h  the key t o  identify the qction 
he should take f o r  any specific residue situation by vegetation type, geographic 
area, or other variable with which he may be particularly concerned. 
testing and evaluation may be necessary before the value of t h i s  approach can be 
conf i rmed. 

One will consist of 

Extensive 

These in i t i a l  guidelines could signal a very important forward step in 
environmental management. With a firm foundation in sc ien t i f ic  fac t  and with 
response t o  social and economic r ea l i t i e s ,  the guidelines may ultimately lead 
t o  recommended changes in laws, regulations, and policies.  
i s  currently known of the way the forest  environment operates, these guidelines 
may be considered interim because of the expectation they will be revised as 
new knowledge i s  attained. 

Based on the best t h a t  

FUTURE NEEDS 

Much needs t o  be learned about  residue management before we can be fu l ly  
sat isf ied with the information base from which policies and programs are 
developed. B u t  policies and programs are n o t  based on facts  alone. A whole 
series o f  important organizational , administrative, and pol i t ical  necessities 
are ingredients in the formation of any policy and the major programs for  imple- 
menting i t .  For example, i f  one were t o  conclude t h a t  wood residue had t o  be 
used t o  a l leviate  an energy c r i s i s  because of domestic problems a n d  international 
s i tuat ions,  he might find l i t t l e  value in studying how t o  broadcast bu rn  residue 
more eff ic ient ly.  

The point here i s  t h a t  new knowledge influences policy and programs, b u t  
the selection of research pr ior i t ies  within the constraints of limited research 
resources cannot be made wisely without some attention t o  policy. I t  i s  w i t h  
th i s  philosophy t h a t  we attempt t o  identify- the principal, residue management 
research needs. 

We have adopted some broad assumptions of resource use trends and policy 
changes as a basis for  judging the problems t h a t  should be emphasized in research. 
The main assumptions include: ( 1 )  A continuing upward demand for wood f iber  will 
make greater removal of residues for  productive use economical and place increas- 
ing importance on maximum production from commercial forest  land. ( 2 )  A continu- 
ing increase in b o t h  the demand for  nontimber resources and in the concern for 
environmental values will require residue treatments with greatly reduced nega- 
tive impacts on the environment. (3)  Resource confl ic ts  b r o u g h t  a b o u t  by residue 
problems will increase the cost of forest  management substantially and will bring 
growing pressure on the administrator t o  improve residue management. These 
point t o  a steadily increasing intensity of resource management based on expand- 
ing knowledge--the product of research. 

H I G H  PRIORITY RESEARCH 

Each au thor  who prepared .a section of th i s  Compendium on residues and residue 
management has described the research needed t o  solve problems as he viewed them. 
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Altogether, these research suggestions make a tremendous list--we have t r ied  t o  
identify the principal problem areas in residue management and the research 
necessary t o  achieve and maintain an acceptable forest  environment in a reason- 
able time. We do n o t ,  however, present here a detailed l i s t  of studies t h a t  
need to  be undertaken. Four broad categories of needs are discussed briefly in 
order of pr ior i ty  : 

1. Better information on the nontimber resource values--water, forage, 
recreation and esthet ics ,  f ish and wildlife h a b i t a t ,  and a i r  quality-- 
and the effects  of residue modification measures upon them. 

Predictive models for  comparing the economic, social ,  and environmental 
consequences of and trade offs  between a1 ternative residue management 
sys terns : 

2. 

3 .  Expanded knowledge of impacts of residue treatments on timber produc- 
t ion,  especially the long-term effects  of the principal measures t h a t  
influence s i t e  productivity and net timber yield.  

4. Measures t h a t  will hasten the degradation of residue onsite. 

Effect of  Residue Treatments on Nontimber Resources 

Scientists have struggled with measuring the impact of residue and i t s  
treatment on soil  and water, f ish and wildlife habitat ,  and livestock forage f o r  
several years. 
disposal by f i r e .  A s  environmental concerns have grown, the need for  better 
information on the nontimber resource problems has risen rapidly. Managers must 
now make operational decisions with fu l l  consideration o f  impacts on resources 
t h a t  e a r l i e r  were of limited direct  concern. 
recreation are examples o f  resources t h a t  only a few years ago were n o t  considered 
by managers in many situations.  

Much of t h i s  research has dealt  w i t h  the effect  of residue 

Air pollution, es thet ics ,  and 

Of the research performed on nontimber resource,problems, we probably have 
the best information on impacts of f i r e  on soil  and water. B u t  even th i s  i s  
inadequate today when water quality values loom so large. 
residue management methods are developed and applied, such as YUM followed by 
burning, we must evaluate the i r  impacts on soil and water resources. 

Particularly as new 

Quite often in the rainy Northwest, so i l s  are wet during much of the logging 
season. The use of heavy machines t o  skid, bunch, crush, ch ip , ,o r  otherwise 
t r ea t  residue can lead t o  long lasting soil  damage, erosion, and reduced future 
timber yields.  
mental damage can be minimized i f  heavy machines are necessary in a particular 
operation. 

We need t o  know under what conditions and on w h a t  so i l s  environ- 

We are especially deficient in our knowledge of the esthetic aspects of 
residue problems. 
landscape values and how they are affected by changes, such as residue t rea t-  
ment. 
1 andscape. 

We need t o  learn how t o  identify the way people assign 

We must determine the relat ive importance of conflicting elements in the 

Work on f ish habitat must be expanded t o  enable us t o  re la te  accurately the 
biologically oriented studies (f ish biology) with the physically oriented studies 
(the at t r ibutes  of a h a b i t a t )  so t h a t  the response of an ent i re  aquatic ecosystem 
t o  residue management can be understood. 
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Research on a i r  pollution from forest residue burning i s  in i t s  infancy. 
Much more needs t o  be learned about  the components of forest  f i r e  smoke, the 
atmospheric processes in which these components are involved, and the actual 
toxicity o f  compounds in smoke. Better methods should be developed t o  guide the 
f ie ld forester t o  judge from variables such as fuel composition, fuel condition, 
atmospheric factors ,  topography, and location: ( 1 )  how much smoke from residue 
burning will be produced, ( 2 )  how' smoke will be dispersed, and (3) what changes 
in a i r  quality may be anticipated downwind. 

Evaluation of Trade Offs 

A residue manager i s  constantly faced with decisions involving trade offs.  
He has limited funds and must choose the treatment t h a t  will buy the most in 
achievement of residue programs and avoidance of undesirable environmental 
impacts. This j o b  would be d i f f i cu l t  even i f  we had abundant biological and 
physical information on every environmental consequence of every residue t rea t-  
ment. 
the task i s  especially challenging. 

B u t  when one adds the problem o f  quantifying hard-to-evaluate impacts, 

Help can be made available th rough  research in the f ie ld  of modeling in 
which the best d a t a  and experienced opinions are p u t  together into a matrix 
t h a t  will provide a treatment "answer" t o  each type o f  residue-environment situ- 
ation. Many residue and treatment impacts cannot be expressed in dollars.  Some 
impacts can best be described in terms o f  the Zikdihood t h a t  specific conditions 
or sequences of events will resu l t  from a particular residue treatment. 
presenting the probability of consequences for each treatment will be most help- 
ful t o  an administrator. 
of high priority.  

Models 

Research into the development o f  predictive models i s  

Research on Timber Production 

One obvious resu l t  of environmental concern i s  t h a t  constraints are being 
placed on the cheaper and easier methods of timber production. There are corn- 
pelling reasons for  such actions. However, the situation requires t h a t  we 
accel.erate research on regenerating and culturing timber crops t o  meet present 
and future wood requirements and lessen through improved practices any negative 
environmental impacts t h a t  may once have been accepted as a routine pa r t  of the 
timber production cycle. 

As we move away from burning and begin t o  use other residue disposal methods 
In most more and more, many questions a b o u t  the best regeneration methods ar ise .  

forest  types that  are regularly logged, better information is  needed on the 
establishment, survival, and growth of seedlings. For the millions of acres of 
productive timber s i t e s  occupied by living residue, we need improved conversion 
methods. Silvicides,  herbicides, desiccants, and biological agents t h a t  do n o t  
contaminate the environment and t h a t  are effective on resis tant  residue species 
are needed. 

Much attention has been focused on residue removal and the nutrient cycle. 
Some information i s  available, b u t  for the Northwest we need t o  understand much 
better the effect  of a l l  residue treatment methods on soil  nutrient levels ,  
nutrient cycling, and s i t e  productivity for any managed forest .  
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Dearadati on of Residues 

In spi te  of a l l  the promising methods we have for residue removal o r  modifi- 
cation, large na tu r a l  accumulations and untreated logging slash will continue t o  
build up  as environmental benefits and resource management requirements are 
accepted as legitimate trade offs t o  residue disposal. Because of the tremendous 
f i r e  hazard these untreated residues represent, ways must be found t o  hasten the i r  
deterioration in place. Degradation i s ,  of course, brought  about  by weather, 
decay, insects,  and soil  micro-organisms. 
role of insects,  microbes, and decay organisms in residue decomposition. We 
should determine whether chemical additives or other treatments can direct ly  
stimulate the rate  of breakdown by these agents. Although th is  f ie ld  of research 
i s  complicated and long term, i t  could have significant payoff. 

We need t o  learn much more abou t  the 

Other Research 

By n o t  mentioning an area of research in the foregoing paragraphs,  we do n o t  
imply t h a t  knowledge i s  adequate in t h a t  area. 
Compendium go into further de t a i l ,  and many of the other studies are of high 
pri ori ty . 

The individual papers of th i s  

EQU I PrlENT DEVELOPblEf4T 

The development of machines usually lags significantly behind the need for  
New machines can be eff ic ient ly improved application of a management practice. 

bui l t  by equipment manufacturers providing they know the engineering requirements, 
understand the biological constraints imposed by the resource, and see a favorable 
market for their  product. 
would aid residue management. 

Here we suggest the more obvious developments t h a t  

Improved Techno1 ogy for Residue Hand1 ing 

With the steadily growing restr ic t ions on area burning of logging slash, 
numerous a1 ternative measures a1 ready described are being used t o  assemble, 
remove, or change the form of debris. 
a c t iv i t i e s ,  almost always involve the use of e i ther  heavy machinery, t h a t  can 
severely damage the s o i l ,  o r  of specialized logging systems, t h a t  are expensive 
t o  operate. 
systems designed for  primary removal of timber. The use of the same system for 
residue removal i s  usually costly t o  the operator and consumer because of i t s  
inefficiency with the smaller, more irregular material. Helicopter logging, 
an extremely expensive system, may prove t o  be highly desirable from an environ- 
mental impact point of view in primary logging, for  example, b u t  completely 
unsuitable for the removal of shattered, rotten material from a prime f ish 
producing stream. However, YUMing by any system not  only removes the large 
material b u t  can lead t o  more intensive ut i l izat ion which in i t s e l f  has an 
indirect b u t  far-reaching benefit t o  the environment. 

These measures, adopted from other 

YUH operations, for  example, are primarily carried o u t  by logging 

Research i s  needed t o  develop new concepts for handling small to large 
chunks and fragments o f  unmerchantable wood t o  p u t  i t  in the best form for  the 
chosen disposal method. Engineering systems analyses, s tar t ing from defined 
environmental constraints,  should be able t o  produce concepts of systems t h a t  
would f i t  each residue management situation. Design, construction, arid evalu- 
ation of hardware would follow. 
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ImDroved EauiDment for  Concentrated Burnina 

Bin burning i s  l ikely t o  increase--especially f o r  disposal of residue, in 
heavy-use areas, a1 ong roads,  and near developments such as campgrounds, ski 
runs, or  administrative s i t e s .  
blower systems, made of materials t h a t  will r e s i s t  intense heat, and t h a t  can 
easily be moved are needed. Presently, these burners are no t  easy t o  move and 
bringing slash t o  them i s  costly. Similarly, we need t o  improve machines t h a t  
will eff ic ient ly concentrate, pick up ,  and move residues t o  the burner. 

Better bins or  open incinerators with e f f ic ien t  

Residue Processing 

I f  a technology i s  developed t h a t  will eff ic ient ly concentrate residue on 
a landing a t  roadside, improved methods are needed for sorting the highly 
variable sizes and qual i t ies  of logs and chunks into product quality classes t o  
enhance the likelihood of their  being used. Better systems t o  debark, sor t  fo r  
highest value use, and preprocess residue a t  intermediate points between forest  
and mill are needed. Equipment will be needed t o  f a c i l i t a t e  the disposition of 
rejects from a residue processing point. Bark, rotten wood, branches, needles, 
and other unusuable residue must be handled cheaply and neither interfere  with 
residue processing nor resu l t  in an additional solid waste problem. 

Improvement o f  Fire Retardants 

Establishment of f i re l ines  around cutting units t o  be area burned for 
residue disposal would be greatly enhanced by the development of a f i r e  retardant 
t h a t  could be used a t  the time f i re l ines  are bu i l t ,  usually before the logging 
operation i s  completed. 
of persisting for several months. I t  would thus have t o  remain effective th rough  
perhaps 2 inches (5 cm) of ra infa l l .  A retardant with these capabi l i t ies  would 
make unnecessary many bulldozed f i re l ines  with their  attendant soil  damage and 
es thet ic  impact. 

Such use would require t h a t  the retardant be capable 

COORDINATION OF ALL EFFORTS - A FOREST 
RESIDUES RESEARCH AND DEVELOPMENT PROGRAM 

In  sp i te  of the substantial knowledge brough t  together in th i s  Compendium, 
much more research and development are needed before we can feel confident t h a t  
a sound basis exis ts  for  an effective residues management program. 
need, various research organizations have continuing work underway. Several 
universit ies have substantial studies aimed a t  clarifying residue impacts on 
soi 1 , water, wi Id1 i f e ,  regeneration of t rees ,  and other resource values. 

To meet th i s  

The Forest Service, U.S. Department of Agriculture, has identified i t s  
programs of study in formal projects. 
Range Experiment Stat ion 's  Missoula, Montana, project has a program directed a t  
determining: 
natives ex is t  for  reducing the volume of wood l e f t  as residue a f t e r  timber 
harvesting? ( 2 )  What are the esthet ic  and environmental consequences of a1 te r -  
native timber harvesting and transportation practices, and how can adverse 
practices be reduced? 
expanded markets for the currently unused residue? 

For example, the Intermountain Forest and 

( 1 )  What technically, ecologically, and. economically viable a l te r-  

(3)  What opportunities ex is t  for development of new or  
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The Pacific Northwest Forest and Range Experiment Station recognizes the 
urgency of a residues research program as this Compendium a t t e s t s .  
suggested an approach t h a t  would include research on: ( 1 )  procedures f o r  select-  
ing optimum treatment a1 ternatives for residue situations t o  meet variations in 
environmental factors,  costs,  other constraints,  and differing management goals; 
( 2 )  materials handling and preprocessing possibi l i t ies  t o  make residue ut i l iza-  
tion feasible and more profitable and t o  evaluate innovative marketing procedures 
f o r  timber t o  encourage better ut i l izat ion and land management; and (3) improve- 
ment of our knowledge of the effects of residue and residue treatment on a l l  
resources and. better ways t o  assemble and index what i s  known f o r  easy use by 
the resource manager. The Station also recognizes t h a t  t r i a l s ,  t e s t s ,  and 
demonstrations of practices and the training of managers in the use of the best 
residue practices are essential t o  the success of a broad residue program. 

I t  has 

Other Forest Service units are actively contributing t o  a better understand- 
ing of residue problems. 
Madison, Wisconsin, i s  doing research on ut i l izat ion o f  residues in modified wood 
products such as par t ic le  boards .  
management from prescribed burning are under study a t  the Southern Forest Fire 
Laboratory. 

For example, the U.S. Forest Products Laboratory a t  

Various aspects of smoke production and 

No attempt i s  made here t o  summarize other research underway. 

The complexity of the residue problem makes a t o t a l  environmental effects ,  
economics, and uti1 ization research program imperative. The overall problem 
will n o t  be solved by j u s t  a water, a i r ,  and scenery program; by a s o i l ,  plants, 
and animals program; by a f i r e ,  insect,  and disease influences program; nor 
by attention t o  economic and ut i l izat ion concerns alone. What i s  needed i s  
a t o t a l  program properly coordinated so t h a t  the effor t  available in research, 
development, and application i s  eff ic ient ly used. 

A Forest Residues Research and Development Program, as i t  might be called, 
The new knowledge and techniques developed by the should be carefully planned. 

program need t o  be direct ly  used in the formation of  improved practice guide- 
l ines ,  management policies,  and operating programs. Resource managers wi l l  then 
be able t o  apply the best technical knowledge available t o  the particular s e t  
of environmental and economic considerations encountered in each residue 
situation. 

No simple avenue fo r  achieving a fu l ly  coordinated program can be identi- 
f ied.  In research, many devices have been t r ied ,  including program p l a n n i n g  
conferences, centralized control of research assignments, stimulation of exchange 
of knowledge and plans among researchers, use o f  advisory committees, and 
similar methods. A strong ef for t  of residue research coordination should be 
made t h r o u g h  some type of centralized planning. 
research sc ien t i s t s  and the user i s  essential b o t h  from a policymaking and a 
management p o i n t  of view. And f ina l ly ,  ski l l ful  and well-trained professionals 
are. needed t o  interpret and apply knowledge, policies,  and programs t o  f i t  the 
residue situation each may encounter. We believe th i s  Compendium provides a 
s tar t ing place for  a ful l- scale  and effective forest  residues program. 

Transfer of information between 
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CONCLUSIONS 

After reviewing the state-of-knowledge of forest  residues, and on the basis 
of some years of experience dealing with residue-related problems in forest  
management and in research, we have come t o  several conclusions: 

1. 

2. 

3 .  

4. 

5. 

6. 

7. 

Study of the 18 specialized papers herein reveals t h a t  forest  residues 
deserve the attention now being given t o  them. T h a t  there i s  no t  ful l  
agreement among sc ien t i s t s  of different  special t i e s  on the effects  of  
residues and the i r  treatments supports the argument t h a t  each land area 
i s  best regarded as unique. There are also residue conditions and 
treatments t h a t  appear t o  enhance one resource t o  the detriment of 
others. Research i s  needed t o  provide guidance t o  management for these 
conflicting situations.  

Forest residues have broad influences on the forest  environment, both  
beneficial and detrimental, as do residue treatments. To achieve the 
optimum balance for  any given combination of management objective- 
environment-residue s i tuat ion,  planning for residue management must be 
included in the in i t i a l  phases o f  area use planning. 

Development underway of forest  residue management guidelines, based on 
current knowledge of effects  on environmental components, offers an 
immediate opportunity t o  strengthen an important aspect of forest  
management for  a high level of environmental quality.  

Though  specifically omitted from th is  Compendium, certain subjects have 
a close relation t o  forest  residues and need further research and 
development. These include: 

a .  Handling and ut i l izat ion of residue. 

b. Economics of residue uti1 ization, treatment al ternat ives ,  benefits, 
and detriments. 

c. Forest harvest methods t h a t  produce minimum residue. 

d .  Environmental impacts of harvest and t r a n s p o r t a t i o n  systems. 

Many methods of treating many kinds of residues are discussed. 
of the complex variations in the forest  environment and in the demands 
for  products and services placed thereon, no simple se t  of rules can 
accomplish environmentally sound forest  residue management. 
can be a tremendous help, b u t  f l ex ib i l i t y  within the l imits of technical 
knowledge i s  necessary t o  assure adaptation of management practice t o  
envi ronrnental needs. 

Because 

Guidelines 

Certain forest  residue problems stand o u t  in urgent need of research 
attention. Many individual high pr ior i ty  studies are discussed in 
the Compendium. 

Procedures are needed whereby the forest  manager-pl anner can achieve 
sc ien t i f ica l ly  sound trade offs between benefits in residue situations 
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i f  available treatments do not  offer alternatives t h a t  are optimum for  
every environmental component. 

8. In these days of ever increasing demands for both  a quality and a pro- 
ductive forest  environment, we can no longer afford the luxury of 
assuming t h a t  any forest  residue problem t h a t  may ar i se  can be ignored 
o r  taken care of a f te r  i t  becomes c r i t i ca l  in visual impact, obstruc- 
tion t o  regeneration, intolerable f i r e  hazard, stream and watershed 
impairment, damage t o  f ish and wildlife habitat ,  or impacts on other 
resource values. 

. 

9. Our final conclusion i s  t h a t  the great amount of research capsulized 
i.n the following papers has been organized t o  provide a wealth of 
information t o  the serious forester with an interest  in solving forest  
res i due probl ems. 

A-33 



SOIL MICROBES 

Walter B. Bo1 len 

ABSTRACT 

Interactions be&een soiZ microbes and fo res t  residues 
m e  controZZed by six envirownentaZ factors :' wafier, tempera- 
ture, aeration, pH, food s u p p t y ,  and bioZogicaZ interne Zation- 
ships. A change in one induces change in others. Burning 
drasticaZZy a f f ec t s  aZZ six but is especiaZZy unfavorabZe in 
terms of .nitrogen Zoss and e f f e c t s  on soiZ physicaz proper- 
t i e s .  Microbia2 decomposition of residues, in contrast, 
recycZes the nitrogen and cm resuZt in improved soiZ physicaZ 
properties. 
particZe s i ze  of residues, by providing good contact betueen 
residue fragments and soi t ,  and by  adding nitrogen by f e r t i t i -  
zation or estabZishment of pZants with nitrogen-fixing nodules. 
Petro Zeum products, biocides, o r  f i r e  retardants appear 
unZike2y t o  s igni f icantly  a f f ec t  soiZ microbia2 ac t i v i t y  
or residue decomposition when used a t  recornended rates .  
Forest residues combined with soiZ microbes offer promise 
for disposaZ of sewage waste water a d  decornposab2e garbage. 

MicrobiaZ ac t i v i t y  can be enhanced by reducing 

Keywords: Soil microbes, residue decomposition, nutrient 
cycling, chemical interaction. 

INTRODUCTION 

The forest  soil  i s  a basic industry resource and is  important i n  determining 
sustained yields.  Contributions of forest  residues t o  th i s  resource should be so 
managed t h a t  their  store of nutrients can be effectively recycled and the i r  
desirable physical effects  maintained. Availability, storage, and loss of 
nutrients in forest  so i l s  depend largely upon microbial act ivi ty .  These 
nutrients are derived from both atmosphere and so i l ,  b u t  especially from the 
accumulation of organic residues. Forest residue treatments, therefore, will 
affect  nutrient cycling and loss th rough  their  effects  on e i ther  or b o t h  the 
microbes and forest  f l o o r ,  which provides microbial substrates. For example, as 
will be discussed l a t e r ,  the nitrogen content of slash i s  los t  t o  the atmosphere 
by burning; i f  the slash i s  l e f t  on the ground,  much of th i s  nitrogen will be 
recycled to the soil t h r o u g h  decomposition. 
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The microbiology of forest  soil  involves complex interactions between a 
great diversity of organisms and microhabitats. Forest soil  varies from s i t e  
t o  s i t e ,  of course, and l i t t l e  i s  known about i t  compared with agricultural 
so i l s .  Nonetheless, many of the fundamental factors affecting soil  microbial 
act ivi ty are known and can be expected t o  apply t o  forest  so i l s  and residue 
situations. 

Decomposition of plant and animal remains i s  essential t o  circulation of 
nutrients in nature, thus constituting a mineralization of organic matter. 
Soil micro-organisms are active i n  four  major zones of decomposition: 
debris, turned-under re,sidues , humus , and the rhizosphere-a narrow zone around 
living roots. These zones vary in extent under different  conditions, may be 
adjacent or intermingled in time as well as in space, and vary in intensity.  
Each zone has peculiar significance and contains a variety of morphologically 
and physiologically different  organisms. 
of organisms able t o  rapidly attack the water-soluble constituents,  a f t e r  
which they decline and are  replaced by organisms adapted t o  more resis tant  
substances. As decomposition proceeds t o  humus, other specialized bacteria 
t h a t  can work on the res i s tan t  lignocelluloses and nitrogen complexes take over. 
If no further organic additions occur, the final product i s  an  accumulation 
of dead bacterial ce l l s ,  high in essentially unavailable carbon and nitrogen, 
becoming under suitable geologic conditions a source of peat, coal, or petroleum. 

surface 

Fresh residues support  a wide mixture 

FOREST SOIL AS A CULTURE MEDIUM 

Soil microbes and roots l ive in a colloidal complex of organic and inorganic 
materials more or less saturated with a i r  and water and supported by soil  par t i-  
cles.  This physical-chemical-biological complex i s  in unstable equilibrium with 
vital  phenomena and i s  continually changing with changes in the environment. 
Microbes are particularly important in th i s  medium because they transform poten- 
t i a l  f e r t i l i t y  into active f e r t i l i t y  t h a t  supplies nutrients in available 
forms. 
t h a n  do higher plants. Any food element in limited supply may be so extensively 
used by microbes t h a t  l i t t l e  or none may be immediately available t o  plant 
roots; thus the dictum, "feed the s o i l ,  then the plant." 

To do t h i s ,  they require nutrients,  which they consume more readily 

Inf i l t ra t ion  of  the end products of surface decomposition influences soil  
formation and soil  morphology. Treatments that  incorporate residues and 
f e r t i l i ze r s  into soil  hasten mineralization of organic matter t o  the advantage 
of plant growth.  Humus under natural conditions i s  distributed from the soil  
surface downward in decreasing concentration, proportionately affecting the 
distribution and ac t iv i ty  of  the native microflora. In  soil  s u p p o r t i n g  l iving 
plants,  microbial populations and ac t iv i t ies  are especially concentrated in the 
rhizosphere and extend downward on old dead roots. 

ENVIRONMENTAL FACTORS 

The ent ire  ecosystem i s  in a s t a t e  of dynamic balance with s ix environmental 
factors t h a t  affect  growth and ac t iv i t i e s  of soil microbes: water, temperature, 
aeration, pH, food supply, and biological factors.  These are a l l  interrelated; 
a change in one induces change in others. The production of  forest  residues and 
treatment of those residues can influence each of these factors drast ical ly.  A s  
a resu l t ,  the ent i re  soil  microbiota can s h i f t  in another direction. 
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1 .  Water. The optimum for  microbial act ivi ty  i s  almost 50 percent of soil  
water-holdingcapacity. 
s o i l ,  the organisms become inactive. 
retards microbial metabolism. The kind of forest  residue present on a s i t e  a n d ,  
more important, the way i t  i s  treated can greatly affect  th i s  factor ,  especially 
the rapidity with which the upper soil  layers dry ou t  d u r i n g '  the summer. 
Obviously, the ra te  of drying i s  affected by climate and vegetation as well as 
residue treatments. Residues in wet spots may remain saturated much of the year 
and decompose extremely slowly. Soil moisture loss in summer would have a 
greater impact on microbial act ivi ty  under ponderosa pine (Pinus ponderosa Laws.) 
than  simi 1 a r  1 oss under Sitka spruce (Picea sitchensis (Bong. ) Carr. ). 

As moisture decreases, growth slows un t i l ,  in air-dry 
Excessive moisture reduces a i r  supply and 

2. Tern erature.  Each micro-organism has an optimum temperature for  
growth an + a range outside of which growth ceases; the optima can vary within 
certain l imits ,  depending on other environmental factors.  The population of 
soil  organisms in any given forest  would be comprised primarily of those well 
adapted t o  the prevailing temperature regime. Radical changes of the forest  
soil  temperature regime resulting from clearcutting or residue treatments, such 
as burning, can engender equal ly  radical changes in microbial populations. 
Such effects  are l ikely t o  be most pronounced in the uppermost soi l  layers,  
where temperatures are strongly influenced by solar radiation exchange. 

3 .  Aeration. Free oxygen (0 ) and carbon dioxide (C02) are vital  in 

t o  i n i t i a t e  growth,  the compound i s  also produced as a respiration product 
which, accumulated in excessive amounts in the s o i l ,  can retard microbial 
ac t iv i ty .  Gaseous nitrogen ( N 2 )  i s  used by N2-fixing bacteria and algae; an 
adequate supply of a i r  i n  soi l  i s  important t o  maintenance of soil  f e r t i l i t y .  
Good soil  ventilation i s  required for  satisfactory exchange of these gases with 
the atmosphere. Any residues t h a t  impede aeration and any residue treatments 
t h a t  compact or encrust the soi l  surface will reduce microbial ac t iv i ty ,  n o t  
only by res t r ic t ing  02 supply b u t  also by allowing accumulation of toxic 
concentrations of C02. 

Deep accumulations of duff ,l' u n l  ess compacted or water1 ogged, are unl i kely 
t o  inhibi t  aeration suff ic ient ly to  impede microbial action. Abundant microbial 
development was found in unusually deep duff layers under a virgin Sitka spruce 
stand close t o  the Oregon coast by Bollen and Wright (1961). 
t o  be no l imit  t o  the desirable amount of duff accumulated normally. 
would a layer of slash chips be likely. t o  interfere  with aeration i f  i t  was 
distributed by blowing. 

microbialmetabolism. Although a1 ? bacteria require a t  l eas t  a trace of C02 

There would seem 
Neither 

. Soil microbial act ivi ty  i s  strongly related t o  soil acidity or 
basicity 4 0  f usually expressed as pH value). Forest so i l s  are typically acid, i . e . ,  
have a pH of less  t h a n  7 .  
range, whereas others to1 erate  extremes. The mi cro-organi sms of a forest  soi 1 
will be predominantly those adapted t o  the acidity of t h a t  so i l .  Radical changes 
in soil  acidi ty ,  such as a f t e r  burning of forest  residues, or excessive leaching, 
can resul t  in strong sh i f t s  of microbial populations. 

Some micro-organisms thrive only in a very narrow pH 

Microbes with a narrow pH 

l' The term, "duff," i s  used more or less loosely t o  designate the surface 
accumulation of l i t t e r  and often includes some o f  the immediately underlying 
decomposing material, especially when dry (see f ig .  2 ,  p.  B- 9) .  
components of the forest  floor are designated " l i t t e r , "  "duff , ' I  and "leaf mold." 

In older reports, 

B-3 



tolerance will be largely replaced by those with a wide tolerance plus those 
whose narrow pH range encompasses the new pH of the so i l .  
some changes in physiological ac t iv i t ies .  Functions o f  the replaced organisms 
would, in general, be similar,  i f  n o t  the same, as those taking the i r  place. 

This could cause 

Chemical 
characteristic 

5. Food supply. Microbes require the same essential nutrient elements as 
do higher plants b u t  often in quite different  proportions. 
required, in keeping with the minute s ize  of microbes, are correspondingly small 
per individual except for  relat ively large amounts of energy sources. Bacteria 
are comparatively ineff ic ient  in using energy; they waste much in the form of 
heat and incomplete oxidation. 
microbe under favorable conditions. Forest residues, of course, expand the 
food base for  microbial ac t iv i t ies .  The long-term results--nutrient recycling, 
breakdown of organic matter and i t s  incorporation into the soil--will most often 
be beneficial. Deleterious, short-term effects can also develop, however. 
Although an abundan t  source of carbon i s  desirable,  markedly expanded ac t iv i ty  
by organic matter decomposers can cause a temporary, severe deficiency of 
readily available soi l  nitrogen. The nitrogen i s  used in production of microbial 
ce l l s  and i s  not released fo r  use by higher plants until death and decomposition 
o f  the ce l l s  outpaces new cel l  formation. For optimum ra te  of decomposition the 
ra t io  o f  readily available carbon-to-nitrogen should be about 25:l (Bollen 7969). 
In t ree residues, the ra t io  i s  much wider b u t  most of the carbon i s  in resis tant  
ligno-celluloses ( table  1 )  t h a t  are attacked very slowly and exert only a 

The quantities 

Almost any substance can be attacked by some 

Alfalfa Wheat 
Bark Sapwood Heartwood Needles hay straw 

Table 1 e - -  Proximate analyses of Douglas-fir bark, wood, and needtes oonlpamd w i t h  
alfalfa hay and wheat straw 

(In percent, ovendry basis) 

~~ ~ ~ ~~~~ ~ 

'Not  expressed as percent. 
'Approximate: bused on C = 50 percent. 
'Not typical wood cellulose or lignin. 
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correspondingly slow nitrogen demand t h a t  can 'be supplied by slow release from 
humus and decomposing dead microbes. 
of most residues, except those which are high in nitrogen l ike a l fa l fa  (table l ) ,  
f e r t i l i z e r  nitrogen must be added t o  sa t i s fy  needs of microbes involved. Alfalfa 
contains more than enough nitrogen so t h a t  the excess soon i s  released as 
ammonium. On the other hand ,  humus and so i l s ,  although having a narrow carbon- 
to- n i  trogen rat io  (table 2 ) ,  decompose very slowly because the organic matter 
i s  already highly decomposed and the residue i s  resis tant  t o  further microbial' 
attack. 

This means t h a t  for rapid decomposition 

~ 

Stand 
layer, 
horizon 

Table 2.--ChernicaZ anaZyses of soiZ under red aZder and conifer stands on 
Astoria s i l t y  clay Zoam soiZ (smpZes taken i n  A p r i l )  

Nitrogen To t a  1 C:N 
Water pH Ammo- Ni- Ni- Kjel- carbon ratio 

nium t r i t e  trate dah1 

A1 der stand : 
L -- -- -- -- -- 1.83 51.13 28 
F -  239.1 3.7 190 0.07 283 2.22 40.23 18 
A1 1 162.1 3.5 45 1.20 164 1.48 25.18 17 
A1 2 109.0 3.9 5 .18 91 .76 13.47 18 
B 83.5 4.5 5 .05 19 .35 5.92 17 

Coni fer stand : 
L -- -- -- -- -- 1.30 42.34 33 
F 158.1 5.0 120 1.43 89 1.06 26.31 25 
A1 1 92.0 4.8 30 .39 74 .84 18.39 22 
A1 2 101.5 4.8 8 .19 66 .69 14.92 22 
B 102.0 5.1 5 .05 15 .69 14.26 21 

6. Biological factors .--Interactions between organisms are prominent 
features of the soil  microbial complex. 
i s  continuous and sometimes limits development of certain species. 
above, changes in the soil  microhabitat from timber harvest or residue treatment 
can change competitive relationships. Many soil  organisms produce products t h a t  
inhibit  others; penicill in and streptomycin are classic  examples. 
hand ,  byproducts of one species often provide food for others. 
one micro-organism on another i s  a common phenomenon, e .g . ,  by bacterial viruses 
and predaceous fungi. Residues and residue treatments will exert indirect 
effects  insofar as they influence the establishment of higher plants. For 
example, establishment o f  AZnus or Ceanothus species following burning will 
provide host roots for  symbiotic, nitrogen-fixing organisms. Treatments t h a t  
encourage herbaceous p l a n t s  or brush species such as Acer or Rubus will similarly 
encourage development of roots for rhizosphere -organisms and for  host t issue 
for  endomycorrhizal fungi in the family Endogomceae. Like other root-inhabiting 
fungi their  mycelial extensions into the soil  extend the nutrient absorbing 
power of the i r  host p l a n t  roots. 

Competition for  water and nutrients 
As noted 

On the other 
Parasitism of 
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Any one of the foregoing factors may become inhibiting when varying from 
an optimum range. 
ac t iv i ty  and leaching would be limited by low summer r a in fa l l ;  in winter, when 
temperature i s  low or ground i s  covered with snow, leaching can occur b u t  n i t r i -  
fication i s  inhibited and a l l  micro-organisms are only slowly active. 

For example, n i t r i f ica t ion  as well as general microbial 

Factors 

Cardinal values applicable in general for  the environmental factors are 
shown in table 3 .  

Mi nimum Op t i  mum Maximum 

Table 3.--Factors of environment and their  approximate car ina2 va2ues 
for  genera2 microbia2 act ivi ty  in soi2- f/ 

Moisture 

Temperature 

5 percentll 50 percent- I /  80 percendl 

2" c 28" C 40" C 

I 1 1 

Aera t i on 

pH 

Food supply 

varies a t  50 percentl/ H7O varies 

4 7 10 

varies balanced, C/N = 25/1 varies 

Biological  -- I symbiosis; limited antibiosis 1 -- 
I n h i  bi t i  ng 

1' Of moisture capacity. 

Positive or negative' extremes o f  other factors 

KINDS AND NUMBERS OF MICRO-ORGANISMS IN SOIL 

Almost any kind of microbe may be found in the soil  (Benjamin e t  a l .  1964). 
Flicrobes d i f f e r  widely in s ize  and shape and range from ultramicroscopic viruses 
t o  relatively gigantic fungi with spores easily vis ible  to  the unaided eye. 
variety of these forms often i s  found in the same physiological g roup ,  producing 
similar chemical transformations with character is t ic  end products. 

A 

Bacteria are important components o f  the soil  microflora because they grow 
and transform matter more rapidly than  other soil  organisms. Certain 
actinomycetes are important as the endophytes, or plant-inhabi ting microbes, o f  
nitrogen-fixing roo t  nodules, and many species produce potent ant ibiot ics .  Soil 
molds are prominent in decomposition processes; many species produce ant ibiot ics ,  
and some are important parasites on other fungi. Mycorrhizal fungi are r o o t  
symbionts of higher plants and play vi ta l  roles i n  nutrient absorption by the i r  
hosts. Several molds and higher fungi are roo t  pathogens. 

B- 6 



, 

Live weight per acre 
t o  6-2/34 nch deptfl/ 

These organisms occur in phenomenal numbers i n  the so i l .  Table 4 and 
figure 1 give examples of populations in a s i l t y  clay loam soil  under different  

Re1 ative 
numbers 

Table 4.--Approximate masses of organisms i n  a fertiZe soiZ 

Organi sm 

Bacteria 
Actinomycetes 
Molds 
A1 gae 
Protozoa 

To t a  

Dry we 

Nematodes 
Insects. 
worms 
P l a n t  roots (dry weight) 

Pounds 

1,000 
1,000 
2,000 

100 
200 

Percent 

80-20 
20-70 

1-10 
1 
2 

4,300 

g h t  = 1,000 

50 
100 

1,000 
Y 2 , o o o  

1/ Nominally 2,000,000 pounds. 

g/ Varies widely w i t h  kinds and numbers o f  plants, and soil type. 

stands a t  Cascade Head. The highest populations in forest  so i l s  occur i n  the 
F horizon, the "fermentation layer" where leaves, twigs, and other residues are 
undergoing active microbial decomposition ( L u  e t  a l .  1968) ( f ig .  2 ) .  This hori- 
zon or layer may range from a small fraction o f  an inch to approximately 2 f ee t ,  
varying with forest  stand, soi l  type, and climate. 
and most rapidly acting here. The surface layer of mineral soil  may contain 10 
million t o  100 million bacteria (including actinomycetes) per gram and 1,000 to 
100,000 molds per gram. 
because avai 1 ab1 e methods fai  1 t o  detect many forms present. Numbers decrease 
rapidly in lower horizons. 

Microbes are most abundant 

These estimates are conservative, especially for molds, 

The total  living microbial mass, more significant t h a n  numbers, of the t o p  
6 inches (15.24 cm) of an acre (0.4 ha) of f e r t i l e  soil  has been estimated t o  
approach 1,000 l b  (453.6 kg )  each of bacteria and actinomycetes and 2,000 l b  
(907.2 kg) '  o f  molds, dry basis (table 4 )  (Bollen 1959). 
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Similar populations may be found i n  agricultural so i l s ;  b u t  they are 
influenced more by a variety of cropping, t i l l age ,  and cultural practices. 

>/ 2 

These values represent average conditions; they would d i f fe r  under different 
ground covers, climatic conditions, and soil types ( table  5)  ( f ig .  1 ) .  More 
extensive examples, encompassing 1 2  different so i l s  and showing wide differences 
between soil types and climates, have been presented by Bollen and Wright (1961) .  
Bollen e t  a l .  (1967) reported comprehensive seasonal changes in microbial and 
chemical properties in different  horizons under conifer, a lder ,  and mixed 
stands on Astoria s i l t y  clay loam soil a t  Cascade Head, Oregon. 

Other organisms in forest  so i l s  deserve mention as "partners" o f  microbes. 
Nematodes, insects, and worms o f  various kinds are generally common in so i l s .  
They participate with microbes in decomposing organic matter, mixing i t  with 
the s o i l ,  and rendering i t  more susceptible t o  microbial attack. Their waste 
substances are util ized by microbes, they transport microbes on or within the i r  
bodies , and they enhance microbial act ivi ty  by increasing soi 1 permeabi 1 i ty  
(Jacot 1936, Macfadyen 1968). Earthworm act ivi ty  mixes surface material with the 
mineral soil  and increases aeration and drainage. Certain larger insects,  such 
as wood borers and bark beetles, contribute t o  residue deterioration, n o t  only 
directly b u t  also by transporting microbes i n t o  the channels made. Bacteria are 
often 1 inked with tree-destroying f u n g i  (Anonymous 1972b) .  
insects are important in the preliminary deterioration of forest  residues. 
role o f  higher fungi i s  discussed by Aho (1974); biological and sequential 
aspects are covered. 

Fungi  and minute 
The 

Roots deserve special consideration as a biological component of the so i l .  
A narrow zone, designated as the rhizosphere, approximately 1 mm wide and 
surrounding living roots, i s  especially favorable t o  development of bacteria; 
75 t o  90 percent o f  the t o t a l  microbial population of a soil  occurs in th i s  zone. 
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Table 5.—Molds in F layer and All horizons under three different stands on
Astoria silty clay loam soil

Stand and
layer,
horizon Water

Water-
holding
capacity

Loss on
ignition pH

Molds

Total
Mu-
aorsl/

Asper-
gilli

Peni-
aillia

Trioho-
derma Others

Alder stand:
F
Al l

Conifer stand:
F
Al l

Mixed stand:
F
Al l

- - - - - P e v o e n t - - - - -

193
98

135
105

135
90

418.8
196.3

292.5
205.8

303.3
184.5

62.4
30.4

44.0
34.1

/

45.0
28.6

3.6
3.9

5.1
5.3

3.9
4.3

i/M/g*

225
73

709
195

291
79

- - - - - - - - - P e r c e n t - - - - - - - - -

0
13

27
19

20
23

0
0

0
8

3
5

33
40

41
39

54
49

67
37

0
0

0
0

0
10

32
34

23
23

1/ Included Rhizopus, Mucor, Mortierella, and other genera of the Mucorales.

2/ Thousand per gram of soil.



01 Inverteb t e  fauna, microbes, and higher fungi active ( L ) , l /  

02 Region of gre es t  microbial a iv i ty  
(1 i tter), v 
(AOO) ,1/ ( F )  ,- 7) (fermentation)- v 
Featureless, highly decomposed organic matter; found i n  mor s o i l s  

of Podzols. Limited microbial act ivi ty .  

Mineral horizons. Flay be subd iv ided  into Al, A2, e tc . ,  according 

Microbial ac t iv i ty  decreases w i t h  d e p t h .  

H of cold regions. Not i n  mull so i l s .  Mor humus .  Characteristic 

A to  transit ional features and humus concentrations. Top s o i l .  

Subsoil. Contains i l luvia l  concentration of clay, iron,  aluminum, 
o r  h u m u s ,  alone or  i n  combination. 
transition zones B1, B2, etc .  Minimum microbial ac t iv i ty .  Acts 
as  a microbial f i l t e r .  

B May be s u b d i v i d e d  into 

Parent material from which the soil  prof i le  i s  formed. 

act ivi ty .  
C Unconsolidated rock, sand, peat, e tc .  Essentially no microbial 

1’ Alternate or  obsolete designations. 

F i g u r e  2 . - -Fores t  soil horizons. Depth  of horizons or l a y e r s  which c o n s t i t u t e  
the p r o f i l e  v a r y  b y  f o r e s t  t y p e ,  v e g e t a t i o n ,  d r a i n a g e ,  c l i m a t e ,  and p a r e n t  
m a t e r i a l .  F o r  c o m p l e t e  d e s c r i p t i o n s ,  see G l o s s a r y  of  Soil Science Terms, 
Soi l  Science S o c i e t y  o f  A m e r i c a ,  Madison,  W i s . ,  33 p . ,  i l l u s . ,  1973.  

This i s  a t t r ibutable  to  the enormous extent of root systems and their  root hairs,  
which have a calcium-pectate surface layer, and to the metabolites l iberated a t  
the surfaces. 
that  provide readily available nutrients fo r  many micro-organisms. 
hand, some of the exudates l iberated by roots of white pine (Pinus strobus L.) 
may be inhibiting to certain microflora (Slankis e t  a l .  1964). 
these interactions,  especially i n  root pathogens, desewes further study. 

These metabolites include sugars, organic acids,  and other compounds 
On t he  other 

Significance of 

The extent of root systems and their surface exposure is  l i t t l e  appreciat d .  
An exhaustive study by Dittmer (1937) of one rye plant grown i n  2 f t 3  (56.6 dm 5 ) 
of a s i l t  loam soi l  revealed the following: 

13,800,000 roots: 
(237.4 m2) 

total  length, 387 miles (622.7 k m ) ;  surface area 2,554 f t 2  
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14 x lo9 root hair : total  length, 6,600 miles (10,679 km); surface area, 
4,320 f t 2  (401.5 m 3 ). 
Com ared with the total  external surface of shoots and leaves, which was 

The 2 ft3 (56.6 dm3) of s o i l ,  145 lb  (65.8 kg), had a total  par t ic le  surface 
of 70 x lo6 ft2 (1,607 acres (650.4 ha)) .  Thus  the total  r o o t  surface was only 
0.01 percent of the surface available i n  the s o i l ,  indicating roots make l i t t l e  
contact with the so i l .  

51.38 f t  9 (4.78 m 2 ) ,  the root exposure was 130 times that  of the aerial  parts. 

The few studi.es made on forest  tree roots have been less  comprehensive. 
However, for  white spruce ( P i m a  gZauca (Moench) oss) 10, 00 l inear  f ee t  (304.8 m) 

t r u n k ;  i n  clay the relationship was 5,000 f t  (1,524 m >  of root to 10 f t  of t r u n k  
(Anonymous 1967). McMinn (1963) reported 464 f t  of roots greater than  1 cm in 
d i  ameter for  a 55-year-01 d dominant Doug1 as-f i r. 

3 
of root in a sandy loam soil  was related t o  10 f t  8 (0.28 m s ) of volume ' n  the 

Dead roots are important because they support microbes ac,tive in decay and 
mineralization i n  deeper soil  strata. After decay is complete, the roo t  channels 
provide drainage and aeration. 

ORGANIC MATTER AND NITROGEN--CARBON AND NITROGEN CYCLES 

Organic matter i s  the cream of the so i l .  I t  i s  a storehouse of available 
and potential nutrients , improves soi l  structure,  increases water-holding 
capacity, buffers against changes in pH, and adsorbs cations, such as ammonium ( N H t )  and calcium (Cat'), against leaching even though  they remain available to  
microbes and roots. 

Bacteria and other microbes which attack plant and animal remains break 
them down into simple substances plants can use. 
t ive feeders. They bring about decomposition or decay, which is  an essential 
sequel to  l i f e .  
a predigestion o f  plant food. 
by a few specialized bacteria capable of attacking particular substances. In 
some instances, the bacteria act  as scavengers in decomposing materials that  
migh t  be toxic t o  plants. 

as organic matter (Riley 1944) t o  the global production on the soil  as shown in 
figure 1. 
carbon recycled each year from the total  land surface. 

Like animals, they are destruc- 

From the standpoint of plant nutrit ion, th i s  may be considered 
I t  i s  performed by many unspecific bacteria and 

Forests annually contribute about  16 x lo9 metric tons (17.6 tons) of carbon 

Thus forest  residues account for  nearly 75 percent of the total  

Building-up processes in the soil are brought abou t  by those bacteria which 
may be considered constructive feeders. 
autotrophs--strictly mineral feeders which, l ike plants, build the i r  organic 
substance from carbon dioxide and water and semimineral feeders or nitrogen- 
f ixers ,  which require complex carbonaceous food b u t  can u t i l i ze  nitrogen i n  
elemental form. The significance of s t r i c t l y  mineral feeders l i e s  in the i r  
ab i l i t y  t o  ob t a in  energy by oxidizing simple mineral substances--such as 
hydrogen , methane, ferrous iron, and especially ammonia-to n i t r i c  acid and 

Two types may be recognized: 
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sulfides or sulfur t o  sulfuric acid, 
products t o  available plant food b u t  also dissolves soil  minerals, rendering 
them avai 1 ab1 e .  

This action no t  only changes decomposition 

The ecological significance of these two groups can be appreciated from a 
brief consideration of  the cycles of carbon ( f ig .  3) and nitrogen ( f ig .  4 )  
(Bollen 1959, 1967) .  I n  the carbon cycle, carbon dioxide from the atmosphere 
i s  converted by autotrophs into organic compounds of high energy content. 
synthetic organisms obtain energy for th i s  transformation from the sun's rays. 
The autotrophic bacteria derive energy from oxidation of certain elements, such 
as sulfur o r  hydrogen, o r  from oxidation o f  simpre compounds such as ammonium, 
hydrogen sulf ide,  o r  carbon monoxide. Heterotrophs consume organic energy- 
containing substance previously synthesized by autotrophs and other heterotrophs; 
this  biological material i s  used for  bo th  structure and energy, the greater 
proportion being oxidized for  energy and therefore yielding much carbon dioxide, 
which returns t o  the cycle. During photosynthesis, CO2 i s  consumed and 02 i s  
evolved. Thus a l l  green plants, and forests especially, make i t  possible for  
us t o  l ive here. Also, a17 living ce l l s  give off C O 2  during respiration, and 
this  i s  returned by trees and other green plants t o  the atmosphere during dark 
periods. Due t o  the supply of juvenile CO2 from volcanoes and mineral springs, 
which supply over 90 percent of the CO2 in our  atmosphere, and t o  the CO2 t 
CaCO i- H 0 e C a ( H C 0 3 ) ~  buffer action in the oceans, the supply of  CO2 i s  

and other chemical factors in the environment are additionally subject t o  
biological control by reciprocal interactions of organisms and the i r  external 
conditions (Redfield 1958). 

Photo- 

main $ 8  aine remarkably constant  a t  0.04 percent, by weight. This and the 02 supply 

, 

An additional phase ( n o t  i l lustrated in f ig .  3) of the carbon cycle involves 
CO. This i s  discussed under "Burning." 

In  the nitrogen cycle, proteins yield ammonia (NH3), upon decomposition by 
a wide variety of bacteria, actinomyces, andpolds. NH3 rapidly combines with 
water t o  become NH40H , yielding ammonium (NH4). 
(NOS) and n i t ra te  (N03) by autotrophic nitrifying bacteria. 
very limited concentration, rarely more than 2 p/m in so i l s .  I t  i s  converted 
by nitrifying bacteria t o  NO3 more rapidly than N H i  i s  oxidized t o  NO? by 
nitrosofying bacteria. 
rubra Bong.) (Bollen and L u  1968). 
rare,  o r  when N H i  concentrations exceed a b o u t  100 p/m and become toxic t o  
n i t r i f i e r s  does NO; accumulate t o  any extent. 
toxic t o  plants uncler most conditions. 

Ammonium i s  oxidized t o  n i t r i t e  
Nitr i te  occurs in a 

Nitrification i s  especially rapid under red a der (AZnus 

High concentrations of NO? become 

Only when n i t r i f i e r s  are absent, which i s  

Examples of the influence of stand and season on the nitrogen transforma- 
tions in F and All horizons are given in figure 5. 
a l l  horizons for samples taken in spring. 
assimilated by plants and microbes and converted to amino acids ( H 2 N L R - C O O H )  
(where R re resents C H j  or other organic groups), then t o  proteins, which are 
highly compyex polymers of amino acids,  thus completing the cycle. 
metabol ism by animals extends the cycle without greatly a1 tering the fundamental 
mechanism. 

Table 2 shows differences in 
Nitrate, as well as some N H t ,  i s  

Protein 

An additional, important phase i s  biological dinitrogen fixation. This 
converts f ree nitrogen ( N 2 )  t o  N H 4 ,  amino. acids,  and cell  protein. Assimilation 
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Figure 3.-- THE CARBON CYCLE
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of elemental nitrogen i s  an ab i l i t y  possessed only by a few bacteria,  mainly 
heterotrophs, and by certain blue-green algae. 
carried on by Azotobacter and certain species of CZostridiwn. Upon death of the 
c e l l ,  the protein reenters the cycle and becomes subject t o  ammonification. 
Species of Rhizobium carry on fixation only when living symbiotically i n  nodules 
on roots of leguminous plants--much of the fixed nitrogen being N H 4  and amino 
acids, immediately available t o  the host. Of the total  nitrogen-fixation by 
b o t h  Azotobacter and Rhizobium, a considerable part i s  liberated i n  soluble 
extracellular organic form during the l i f e  of the c e l l ;  some ammonium i s  also 
liberated. Thus nitrogen-fixing bacteria convert the generally unavailable 
gaseous nitrogen into immediately available compounds as well as into 
nitrogenous t issue which must be decomposed l a t e r  by other organisms before 
becoming active i n  f e r t i l i t y .  

Nonsymbiotic fixation i s  

8 

Were i t  no t  for  these bacteria,  the v a s t  supply of N2 i n  the atmosphere 
would no t  become available t o  other organisms. Trace amounts are converted t o  
NO3 by lightning and other electr ical  discharges, and traces of N H 4  are  formed 
by some nonbiological processes, b u t  the amounts are minor -compared with 
biological fixation. Most of the combined nitrogen in the a$mo,sphere comes 
from the combustion of fuel.  The total  amount of NO3  and NH4 b r o u g h t  t o  the 
earth by precipitation averages a b o u t  5 lb/acre (5.6 kg/ha) N-equivalent per 
year. Nonsymbictic fixation varies w i t h  soil type, cultural practices,  and 
climate. 
only offset  leaching losses. 
plants, such as a l f a l f a ,  may exceed 200 l b  (224 kg/ha), whereas fixation by 
alder ranges from 50 t o  185 lb/acre (56 t o  207 kg /ha )  per year (Tar ran t  1968, 
Bollen and Lu 1968). 

The average N Z  f ixation i s  near 5 lb/acre (5.6 kg/ha) per year and may 
Symbiotic fixation by cultivated leguminous 

N2 fixation by the symbiotic association o f  microbes with plants i s  
undoubtedly the most important source of fixed nitrogen i n  nature. ,However, 
the broad distribution of free-living N2 f ixers ,  especially certain blue- 
green algae and photosynthetic bacteria, i s  an important contribution t o  soil  
f e r t i l i t y .  Estimates range from 5 t o  20 kg/ha (4.5 t o  18 lb/acre) per year 
(Dalton and Hortenson 1972) for  agricultural so i l s .  The significance of 
nonsymbiotic N2 fixation in forest  so i l s  should be investigated. 

Recently, N2-fixing bacteria have been isolated from decay caused by 
fungi on white f i r  (Abies concoZor (Gord. and Glend.) Lindl.) trees (Seidler 
e t  a l .  1972)  
forms o f  nitrogen. I f  so, then development of some means of inhibiting the 
bacteria or the i r  N -fixing capability could provide a control of the fungi. 
Discovery of these gacteria suggests t h a t  the possibi l i ty  of N Z  f ixation by 
other bacteria occurring i n  livjng trees (Bacon and Plead 1971) should be 
examined. 
n u t  logs; they suggest t h a t  nitrogen fixed by organisms inhabiting decaying 
woody t issue i s  an important part of the total  nitrogen input t o  forest  
ecosys terns. 

Possibly these bacteria supply the fungi with nutritional 

Cornaby and Waide (1972) found Nz-f ix ing bacteria in decaying chest- 

Losses of  nitrogen from the soil occur by erosion, leaching of n i t r a t e ,  or 

In 

by volatil ization of ammonia under moist, nonacid conditions, by assimilation 
by plants,  and by deni tr i f icat ion.  
available nitrogen i s  most frequently the limiting plant nutrient in so i l s .  
th i s  connection, the cation exchange capacity ( C E C )  i s  signif icant .  
of organic matter and colloidal clay. The organic matter i s  especially 

These losses are especially important because 

I t  consists 
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important because i t  comprises a major fraction of the CEC of so i l s .  Different 
so i l s  and residues vary i n  CEC largely because of differences in organic matter 
content. Importance of the CEC l i e s  in 
i t s  capacity t o  hold  nutrient cations, particularly N H J ,  against leaching 
a l t h o u g h  they are readily available for  assimilation by roots and microbes. 
Nitrate, being an anion, i s  no t  held and can be rapidly leached. 

Examples are shown in tables 6 and 7, 

Cati on-exchange capaci ty 

H t  Cat+ Mgtt K+ cations Total 
Sum of 

Tab1 e 6, --Lime requirement, exchangeab Ze cations, and avai Zable boron i n  A I 1  
horizon under three different stands on Astoria siZty cZay 
Zoam soi l  

Avai 1 - 
ab1 e 
boron 

Stand Lime re- 
quirement I t o  p H 6.5 ;nHd 
Tons/acre 

A1 der stand : 
3.9 25 

Conifer stand: 
5.3 11 

Mixed stand: 
4.3 17 

MiZliequivaZents per 100 grams of so i l  p/m 

45.1 3.8 8.6 8.1 65.6 68.1 1.19 

30.4 12.5 16.0 5.2 64.1 69.0 7.83 

40.6 2.3 8.2 9.3 60.5 65.4 1.79 

The forest  floor may have a h gher total  CEC t h a n  several inches of the 
underlying mineral soil  (Wells and Davey 1966). For the forest f l o o r  from 
different Douglas-fir plant commun t i e s  in the Oregon Coast Ranges, Youngberg 
(1966) found CEC values r a n g i n g  from 54.4 t o  75.8 meq/100 g ,  the differences 
being associated with different understory vegetation. 

Denitrification occurs when available oxygen (02) in the soil becomes 
limited and NO3 or NO? and oxidizable substances are present. Under these 
conditions, certain anaerobic and facultatively anaerobic bacteria use the 
NO? or NO2 as oxidants t o  catabolize oxidizable substrates and obtain energy 
for gr6wth. 
t o  hydroxylamine ( N H  OH which becomes reduced t o  nitrous oxide (N 0,  gas) 
and f inal ly  N2 (gas)? !he gases are l o s t  t o  the atmosphere. The gequence 
may occur in various combinations. I n  some cases i t  stops a t  NOZ; i f  0 
becomes available loss does n o t  then ocqur, a n d  ni t r i f icat ion can reoxi ize 
the NO' t o  NO;. Limited amounts of deni t r i f icat ion can occur even i n  well- 
aeratei  so i l s ,  where there always are microclimates of anaerobiosis 
existing within groups of 02 consuming aerobes surrounding particles of 
substrate. 

Nitrate i s  reduced t o  NO?, NO2 t o  n i t r i c  oxide ( N O ,  gas) ,  then 

2 
, 
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Table 7.--Cation exchange capacity ,(CEC) of  some organic 
residues and soi ls  

Mesh 
Ma t e r i  a1 s i  z e Y  

\ 

CEC 

Meq/lOO g 

Douglas-fir: 
Bark 
Bark 
Bark 

Wood 
Wood 
Wood 

+5 44.8 
- 1 0+40 39.7 

-40 60.5 

-1 0+40 39.5 
-40+100 28.2 

- 1 00+200 15.0 

Red a lde r :  
Bark - 1 0+40 40.4 
Wood -1 0+40 59.0 
Wood -1 00+200 7.5 

Ponderosa pine wood -1 0+40 13.5 

Wheat straw -1 0 39.4 

Del hi loamy sand -1 0 2.7 

Walla Walla s i l t  loam 

Chehal i s  s i 1  t y  clay loam 

18.6 -1 0 

-1 0 24.3 
- 

1’ Tyler standard s ieves.  

Soi l  n i t rogen  i s  deple ted  only  by leaching ,  d e n i t r i f i c a t i o n ,  and a s s i m i l a t i o n  
by microbes and plants.  
when they d i e  and become decomposed by succeeding genera t ions .  Nitrogen assimi-  
l a t e d  by p l a n t s  i s  lost  t o  the system where the trees or other p l a n t s  are 
removed from the s i t e .  
n i t rogen returns t o  the soil as decomposition products  and i n  dead microbes t h a t  
e f f e c t e d  the decomposition. 

Nitrogen t i e d  up by microbes i s  even tua l ly  re turned  

When these o r  t he i r  r e s idues  decay on the s i t e ,  their  

Table 8 shows some of  the important phys io logica l  groups of b a c t e r i a ,  their  
funct ions ,  and range of t yp i ca l  numbers. 
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Table 8.--Kinds, nwnbers, and significant finctions of microbes i n  soiZ- I /  

Kinds Numbers/ gr am Functions Remarks 

Heterotrophs : 

Oxi da t i  ve 

Fermentative 

Proteolytic 

Ammonifiers 

Deni t r i f  i e r s  

Ni trogen f i xe r s  

Autotrophs : 

Ni t r o s o f i e r s  

14 i t r  i f i e r  s 

Sulfur 
oxidizers 

M i  Z Zions 

10-1 00 

10-1 00 

10-1 00 

10-1 00 

1-10 

1-10 

Thousands 

1-10 

1-10 

1-1 00 

Compl e t e l y  oxidize 
organic matter 

P a r t i a l l y  oxidize 
organic matter 

Decompose proteins 
t o  amino acids 

Oxidize amino acids 
t o  N H ~  

Oxidize organic matter 
with NOS o r  N02. 
Release N2 or gaseous 
N oxides. Assimilate 
N2 

Oxidize NHI t o  NOS 
Oxidize NO? t o  NOj 

Oxidize H S ,  S ,  
e t c . ,  t o  $04 

Active only i n  presence 
of f ree  02 

Active in absence of 02; 
may be facu l ta t ive ly  
oxidative 

Aerobic, anaerobi c ,  and 
f acul t a  t i  ve. Incl ude most 
proteolyt ic  species 

Function in absence of O2 

Aerobi c species of ten 
1 imi ted by p k 5 . 5 .  
Anaerobes l e s s  sensi t ive .  
Symbiotic species adapted 
t o  pH of host 

Often inhibited by pH<5 

Sensit ive t o  a c i d i t y ;  
inhibited by excessive 
N H 4  

Most species favlbred b 
or t o l e r a t e  very low p i  

Tab1 e general i zed and necessari l y  incomplete fo r  the present di scussi on. The 
various groups no t  only occur simultaneously b u t  more or l ess  overlap according t o  substra te  
and envi ronmental condi t i  ons . 
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For a more complete discussion of the carbon cycle see Bolin (1970); f o r  
the nitrogen cycle, Delwiche (1970).  
b u t  some different microbes are involved. 
cycle i s  given by Kellog e t  a l .  (1972). 
(1970).  
impor tan t  i n  energy-yielding reactions. 
Cloud and Gibor (1970). 
the same substrates where a great variety of organisms carry on their  l i f e  
functions . 

Other elements undergo similar cycles, 
An extensive description of the sulfur , 

Mineral cycles are described by Deevey 

I t s  cycle has been well described by 
Oxygen, originally derived from photosynthesis, i s  fundamentally 

All these cycles occur simultaneously and often involve 

KINDS OF FOREST RESIDUES AND MICROBIAL ACTIVITIES 

Particle s ize ,  nitrogen content, presence of microbial-resistant compounds, 
moisture content, and aeration are particularly c r i t i ca l  factors in rate  of 
forest residue decomposition. The finer the part ic le ,  the greater i s  i t s  surface 
exposure t o  microbial attack (Neal e t  a l .  1965).  An optimum size par t i .de  i s  
d i f f i cu l t  t o  define. Too fine a par t ic le  r e s t r i c t s  aeration and percolation; 
too  large retards decomposition. An ideal product would be a mixture of shapes 
and sizes rangin from one-fift ieth t o  one-eighth inch (approximately 32- t o  6- 
mesh screen size7 . The importance of size and shape o f  part ic les  in relation 
t o  use on the soil  has been discussed in a previous paper (Bollen 1969; p.  8, 
1 5 ,  18).  

The higher the nitrogen content, within reasonable l imits ,  the greater i s  
the potential for  microbial act ivi ty  and reproduction. Thus  for a given part ic le  
s ize,  leaves, with the i r  relatively high nitrogen content, are more rapidly 
decomposed t h a n  wood which has a low nitrogen content and contains resis tant  
1 ignocell u l  ose complexes (Bo1 1 en and Lu  1957).  
than bark  (Bollen 1969, BolJen and Glennie 1961). Water-soluble materials 
(tables 1 and 9)  are decomposed rapidly, b u t  ligneous materials are attacked 
slowly by specialized bacteria and fungi. 
nitrogen, water-solubles ( table  9 ) ,  cellulose, and lignin--influence rates of 
decomposition under any given conditions (compare with table 1 ) .  
more nitrogen t h a n  wood, has generally less water-soluble material, and the 
lignocelluloses are different ,  accounting for slower decomposability. 

Wood, in turn, decomposes fas te r  

Composition of residues--particularly 

Bark contains 

Total nutrients in residues ( table  10)  indicate potential returns t o  the 
soi 1 upon complete decomposi ti'on, t h o u g h  n o t  necessarily the rate  of return. 
The rate  i s  determined by quality,  which depends upon proximate analyses (table 1 ) .  

Young and Guinn (1966) give comprehensive analyses for nitrogen -and ash 
constituents, including trace elements, in needles o r  leaves , branches, trunks , 
and roots of four conifers and three hardwood species of Maine. Pitchwood seams 
remain intact  long a f t e r  the other wood has disintegrated; the limiting factor 
in this  case i s  probably aeration, since finely divided pitch i s  rapidly 
attacked (Bollen and Glennie 1961) .  Under similar conditions, different  species 
of barks and woods decompose a t  different rates (table 1 1 )  (Allison 1965, Bollen 
1969) .  

I n  the Pacific Northwest, moisture-temperature relationships are c r i t i ca l  
in controlling rates of microbial act ivi ty  on residues. During the winter and 
spring, residue moisture contents are good for microbial ac t iv i ty  b u t  temperatures 
are below optimum. During the summer and a u t u m n ,  temperatures may be optimum for  
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Table 9.--Analysis of cold-water solubZes in bark and wood 

Species 

Water Kjeldahl C:N 
' PH soluble' nitrogen ratio 

Bark Wood Bark Wood Bark Wood Bark wood 
1 

Western redcedar: 

Untreated 

Extracted 

3.2 3.5 2.95 6.99 0.14 0.06 378:l 81 0 
4.5 4.6 -- -- .13 .06 392:l 835 

Redwood : 

Untreated 

Extracted 

3.2 4.4 2.35 1.67 .11 .07 473:l 753 
4.8 5.6 -- -- .11 .06 457:l 876 

Red alder: 

Untreated 

Extracted 

4.6 
5.0 

5.8 
6.0 

1 1.64 1.43 .72 .13 
.8 1 .15 

71:l 
62: 1 

377. 
320 

Western hemlock: 

Untreated 

Extracted 

6.0 
4.4 

3.95 4.1 
4.4 

3.47 .27 .04 
.24 .03 

212: 1 
223: 1 

1,234 
1,618 -- 

Ponderosa pine: 

Untreated 

Extracted 

3.8 
3.9 

4.4 
4.2 

4.35 
-- 

2.68 .12 .04 
.13 .06 

422: 1 
429: 1 

1,297 
895 

Sitka spruce: 

Untreated 

Extracted 

4.9 
6.4 

4.1 
6.4 

10.89 
-- 

1.27 
I 

.4 1 .04 

.40 .04 
130: 1 
127: 1 

1,214 
1,194 

Douglas-f ir: 

Untreated 

Extracted 

Sour sawdust 

3.6 
3.8 

3.4 
3.3 
2.0 

5.49 4.65 
-- 

12.81 

.12 .04 

.11 .04 
I .06 

471:l 
513:l 

1,268 
1,242 
893 -- 

Moss peat: 

Untreated 

Extracted 

3.8 
4.4 

1.04 
-- 

.83 
-- 

58 
-- 

I Total solids in 12 successive 1: IO' water exttactiom, 24 liours each. 
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Table 10.0- MQjor p k t  n u t ~ e n t s  in bark and wood (sawdust) 

(In percent, dry basis) 

I I Material N P Mg K Ca 

Bark: 

Douglas-fir 0.12 0.01 1 0.1 1 0.52 0.01 

Ponderosa pine .12 .003 .11 .25 .01 

Redwood .ll .011 .06 .29 .oo 
Red alder .73 .153 .24 1.25 .18 

Sawdust: 

Douglas-fir .04 .006 .09 .12 .01 

Ponderosa pitie .04 .008 .12 .16 .02 

Redwood .07 .001 .o 1 .20 .02 

Red alder .37 .013 .12 .18 "04 

Moss peat .83 .030 .02 .50 .12 

many microbes b u t  low moisture becomes limiting. 
reported in a northern California study t h a t  unburned logging slash on two 
mixed-conifer s i t e s  decayed a t  a much slower rate  t h a n  any previously studied. 
High summer temperatures and l ow  summer and f a l l  precipitation were t h o u g h t  t o  
be the major limiting factors.  Since the soil  retains moisture, which amelio- 
rates temperature extremes, close contact o f  residues with the soi l  can normally 
be expected t o  extend the season of  most active microbial attack. 

Wagener and Offord (1972) 

Kowal (1969) found t h a t  leached needles of Pinus echinata decomposed much 
more rapidly than  unleached ones. This effect  had been observed previously by 
King and Heath (1967) and was attributed to the removal o f  polyphenols by the 
leaching. From th is  i t  i s  evident t h a t  decomposition.of needles in the forest  
floor under pine will be additionally favored during periods of heavy rainfal l  
or snowmel t. 

Thinnings, prunings, and slash are a l l  subject t o  the foregoing considera- 
tions. For untreated logging residues especially,  o f  considerable diameter and 
length, the surface exposure and  contact with the soi l  are much less  t h a n  for  
l i t t e r  f a l l  ; and tremendously greater amounts of substance are l e f t .  
f i r  clearcuts,  coarse logging residues range from about  2,500 t o  nearly 20,000 
cubic fee t  Per acre (75 t o  1,200 m3/ha), weighing from approximately 30 t o  230 
tons (67 t o  516 metric tons/ha) (Del 1 and Ward 1971 ) . In  western Oregon and 
Washington, about 63 percent of a l l  net residue volume i s  in pieces 12 fee t  
(3.66 m )  or more in length, while about  82 percent i s  8 fee t  (2.44 m )  and 

On Douglas- 
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Table 11 .--Decomposition of bark, wood, and other organic 
materiaZs i n  siZt loam soi l  incubated a t  28' C 
and 50 percent of water-holding capacity 

Bark 

I Carbon released - 

Wood 
I as co2 50 days 

Percent - - - - - - - -  
Doug1 as-f i r : 

Young growth 
Old growth 

26 30 
18 -- 

Red alder 18 40 

Western hem1 oc k 16 27 

Ponderosa pi ne 21 33 

Western redcedar 8 33 

Dex tr osell 58 

Wheat s trawl1 48 

l/ Standards for comparison. 

longer. I n  western Washington National Forests, the diameter of half of the 
residue pieces was 15 inches (3.8 dm) o r  more (Howard 1971). 
require years to decompose i f  n o t  burned, salvaged, chipped, or otherwise treated. 
As long as i t  remains in tac t ,  slash constitutes a f i r e  hazard and interferes 
with reforestation, n o t  t o  mention i t s  undesirable appearance. 

Such residue would 

Breakdown of slash in the Sierra Nevada of California required a b o u t  30 
years t o  transform the f i r e  hazard from extreme, immediately a f t e r  logging, t o  
a low rating comparable t o  the undisturbed forest  (Wagener and Offord 1972) .  
contrast ,  such a span in f i r e  hazard conditions in the South was 6 years for  
hardwoods. I n  the Douglas-fir region of the Pacific Northwest, tops and small 
logs under 2 fee t  in diameter showed 90 percent of wood volume decayed a f t e r  16 
years (Wagener and Offord 1971). 

By 

A l t h o u g h  decomposition of residues i s  due largely t o  soil  microbes, 
bacteria--some of ,  which may be N; f ixers ,  already present in living trees--may 
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play a role (Bacon and Mead 1971, Shigo 1967) .  
t o  assess the significance of these organisms. 

Present information i s  insufficient 

INTERRELATIONSHIPS OF SOIL MICROBES WITH RESIDUE TREATMENTS 

The return of forest  organic matter t o  the so i l ,  whether by standing trees 
- 

or by the i r  residues a f te r  harvest, includes potenti-a1 nutrients and also 
increases the capacity of the soil  t o  store nutrients. Microbes are important 
in this  phenomenon because they render the potential nutrients slowly available, 
so t h a t  e i ther  or b o t h  the soil adsorptive colloidal-organic complex and 
assimilation by roots and microbes can absorb the nutrients before they are 
susceptible t o  loss in drainage or runoff. 

RESIDUES FROM DIFFERENT HARVESTING PRACTICES 

I n  addition t o  t ree residues from timber harvest the forest  floor has con- 
siderable volume and contains significant amounts of nutrients.  
found t h a t  the forest  floor in Douglas-fir stands from the Oregon Coast Ranges 
varied from 20,000 t o  76,000 lb/acre (22  t o  85 metric tons/ha) and contained 
from 0.71 t o  1.52 percent t o t a l  nitrogen. Whatever the method o f  l o g g i n g ,  the 
soil i s  disturbed and residues are l e f t .  When trees are removed, when f i r e s  
occur, and when vegetation i s  destroyed by herbicides, the release o f  nutrients 
from the soil  i s  accelerated. 
being more favorable t o  r a p i d  mineralization by the soi l .  microflora (Bormann e t  
a l .  1968). Likens e t  a l .  (1969) demonstrated t h a t  n i t ra tes  and other anions in 
stream water were considerably increased by removal of a l l  vegetation from a. 
forested watershed. 
nutrient outflows are small compared with the total  nutrient reserve in the 
soil  (USDA Forest Service 1971). 

Youngberg (1966) 

In  p a r t  th i s  i s  due t o  the resulting microclimate 

The ra te  of  loss i s  not long sustained, however, and 

Clearcutting obviously disturbs the soil  most and leaves the most residue, 
calling fo r  postharvest treatment. 
u p  by relogging for salvage. 
76.2-cm) diameter trees valuable fo r  p u l p ,  before big trees are logged, can 
be done w i t h  l ighter equipment and avoids the damage caused by harvesting big 
logs. 
before the green trees are cut,  reducing breakage i n  fall 'ing. Thinning and 
partial  harvesting of young-growth stands and harvesting of individual selected 
t rees ,  as i n  uneven-aged pine forests ,  leave much less  residue and disturbs the 
soil less .  Shelterwood systems involve less area and have less  effect  on soil  
environment. Where even-aged forests are block-logged by area selection, impact 
i s  maximum b u t  n o t  widespread. 

Chunks and broken pieces could be picked 
Prelogging t o  remove 6- t o  30-inch (15.2- t o  

Progressive logging in old growth removes windfalls and sound snags 

Greatest damage i s  done when skid t r a i l s  and roadways remove a l l  topsoil ,  
causing erosion and increasing susceptibili ty t o  leaching and runoff .  

Prelogging, thinning, and she1 terwood methods not only conserve timber, 
improve ut i l izat ion of old-growth stands, and resul t  in clean-logged areas low 
in f i r e  hazard ,  b u t  also cause less slash and more rap id  decomposition and 
recycl i ng  . 

As young-growth trees replace harvested virgin' timber, the transition 
involves changes i n  forest  residue regimes. Old-growth residues should be 
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disposed of in a manner favorable t o  the establishment of new trees and decom- 
position and recycling of nutrients. 

BURN I NG 

Severe b u r n s ,  such as wildfire and slash pi le  burns ,  can s t e r i l i z e  the 
upper soil  and change soil  properties (Neal e t  a l .  1965). However, reinoculation 
by windblown dust and debris soon follows; and when moisture i s  suff ic ient ,  
microbial populations can increase for a few weeks until an equilibrium i s  
reached. Insofar as burning changes the soil properties, the microbes having 
advantage in a burned soil  will d i f fe r  from those having the advantage before 
burning, since for  the most p a r t  effects  of f i r e  are indirect th rough  the 
physical and chemical changes induced. These changes vary in degree and 
duration by intensity of b u r n ,  soil  and climatic characteristics o f  the s i t e ,  
and kind of vegetation t h a t  invades an area a f t e r  the bu rn .  

When combustion of  organic matter i s  complete, the end products are largely 
carbon dioxide, water, and ash, plus some nitrogen oxides derived from nitro-  
genous materials. With both wildfires and prescribed burning, oxidations in much 
of the affected area are usually incomplete and produce a wide variety of products 
(Hall 1972) .  Many of these, including carbon monoxide and hydrocarbons, are l ike 
those entering the atmospheres from trees and other p l a n t  l i f e  and from microbial 
decomposition of vegetative remains. 
occurring processes into a shorter time. Most of the residual products, including 
carbon monoxide and hydrocarbons, are consumed by certain species of bacteria and 
microfungi; and the elements are eventually recycled in the biosphere. 

I n  e f fec t ,  f i r e  compresses these normally 

Although the contributions of carbon monoxide and hydrocarbons from slash 
f i r e s  t o  the atmosphere are appreciable (Fritschen e t  a l .  1970),  the emitted 
quantit ies add l i t t l e  compared with natural sources. Scientists of Argonne 
National Laboratory, Argonne, I l l i no i s ,  have shown t h a t  a t  l eas t  10 times more 
carbon monoxide enters the atmosphere from natural sources , including oxidation 
of methane and decay and growth of chlorophyll, t h a n  from a l l  industrial and 
automotive sources combined (Anonymous 1972C, Maugh 1972) .  

Charcoal residues are highly resis tant  t o  decomposition. Pieces are commonly 
found i n  many soils. Bollen (unpublished 1931 d a t a )  found t h a t ,  when 1,000 p/m o f  
60-mesh Douglas-fir charcoal was added t o  a soil  in the laboratory, 14.9 percent 
was decomposed in 312 days, as shown by CO2 evolution. 
C02 was probably derived from microbial oxidation of the adsorbed hydrocarbons. 

However, most of th i s  

Keep in mind t h a t  most of the nitrogen i s  in fallen and decaying leaves o f  
the d u f f ;  much less nitrogen i s  in wood and bark (table 1 ) .  Broadcast b u r n i n g  
t h a t  consumed the d u f f  would resul t  in loss of most of the nitrogen t o  the 
atmosphere, largely in the form of nitrogen oxides. DeBell and Ralston (1970) 
found t h a t  62 percent of the nitrogen i n  pine l i t t e r  and green needles was 
released by burning. They theorized t h a t  since only minor .amounts of ammonia 
and other nitrogen compounds appeared in the combustion gases, the majority of 
the nitrogen was volatil ized as nitrogen gas. Piled burning and p i t  b u r n i n g  
would leave much of the duff, with i t s  greater nitrogen content subject t o  
microbial transformation t o  ammonium and n i t ra te ,  which would. be available t o  
p l a n t  roots. 
assimilation and,  in the case of  n i t ra tes ,  by leaching. ' 

These forms of nitrogen would disappear from the soil  only by 
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Severe burns usually,occur in small scattered patches. Only here will a l l  
organic matter be destroyed t o  a depth of several inches. Knight (1966) ,  from 
burning experiments in the laboratory, reported 25- to 64-percent loss of 
nitrogen from forest  f l o o r  material a t  temperatures of 300"-700" C .  
concentration of residual material increased, b u t  the  total  amount of nitrogen 
decreased. 
underlying roots. 

significantly reduced water-holding capacity during the 1 year of study. 
pH was increased in amounts ranging from 0.3 t o  1 . 2  units.  Increases in 
ammonium nitrogen were found u p  t o  6 months a f t e r  burning, b u t  n i t ra te  nitrogen 
was low a t  a l l  times during the 1 year of study. Kjeldahl nitrogen declined, 
b u t  total  carbon increased by 1 t o  2 percent; thus the C : N  ra t io  appreciably 
widened. Numbers of bacteria significantly increased b u t  fluctuated with 
seasonal changes. 
influenced. The mold population, however, was significantly reduced. A t  l eas t  
the in i t i a l  effects  of slash burning on physical, chemical, and microbial 
properties of the soil  appeared beneficial t o  f e r t i l i t y .  

Nitrogen 

Decay fungi will be destroyed in burned areas b u t  can survive in 

\ 

Neal e t  a l .  (1965) found t h a t  slash burning on Astoria s i l t  loam soi l  
Soil 

Percentage of Streptomyces among the bacteria was n o t  markedly 

Accumulation of residues in forests from which f i r e  has been excluded 
constitutes a f i r e  hazard.  For th i s  reason, very l igh t  bu rns  may be made 
periodically. Burning of surface material occurred naturally a t  intervals of 
about 5 t o  15 years in sequoia and ponderosa pine forests before white man. 
Prescribed burning t o  remove the Aoo horizon (duff or surface l i t t e r  of needles, 
leaves, twigs, e t c . )  i s  practiced a t  a b o u t  5-year intervals in pine plantations 
of the South.  Prescribed burning in .conjunction with clearcutting has been used 
t o  prepare seed beds f o r  loblolly pine (pinus taedu L . )  in the Upper Piedmont 
o f  South Carolina and  in mixed stands of shortleaf pine (P. echinata Mill.) and 
hardwoods. After leaf fa l l  was complete and when the duff had suff ic ient  moisture 
t o  prevent exposure of the mineral s o i l ,  burning stimulated natural regeneration 
of yellow-poplar (Liriodendron tuZipifera L . )  (Shearin e t  a l .  1972) .  
of such l ight  burning are: ( 1 )  i t  stimulates germination of seeds of certain 
species, ( 2 )  i t  removes the competitive herbaceous understory, and (3) the ash 
i s  a source of newly available nutrients.  
i s  los t  t o  the a i r ,  t h i s  loss may be compensated for through nitrogen fixation 
by Azotobacter and other nitrogen-fixing bacteria when the ash i s  leached into 
the so i l .  

. 

Effects 

A l t h o u g h  nitrogen o f  the burned duff 

Annually burned loblolly pine stands in the lower coastal plain of South  
Carolina showed an increase in nitrogen of 23 kg/ha/yr (20.5 lb/acre/yr).  
tion rate  in burned forest  floor samples increased with moisture to above f ie ld  
capacity and with temperature from 25" t o  35" C (77" t o  95" F )  (Jorgensen and 
Wells 1971). - 

Fixa- 

From a study of microbial characteristics of a Sou th  Carolina forest  soil  
a f te r  20 years of prescribed burning, Jorgensen and Hodges (1970) found there 
were few indications t h a t  the burning adversely altered the composition of the 
saprophytic, sporeforming microfungi, o r  reduced the number of bacteria and 
actinomyces t o  the extent t h a t  soil  metabolic processes were impaired. 

Prescribed burning in a jack pine (Pinus banksiana Lamb.)-stand on a sandy 
loam soil immediately decreased numbers and ac t iv i ty  of most micro-organisms, 
b u t  these increased abruptly a f t e r  the f i r s t  rainfall  (Ahlgren and Ahlgren 1965). 
Depth and extent of burned area and the effects  were influenced by intensity of 
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f i r e  and moisture conditions. Numbers and act ivi ty  of organisms were generally 
lower the second growing season a f t e r  burning, and some effects ,  especially a 
greatly increased Streptomyces population, were s t i l l  evident the t h i r d  growing 
season. 

Greene (1935) found t h a t  8 years of annual grass-burning under a longleaf 
pine (Pinus paZustris Mill . )  stand in Mississippi increased soil  organic 
matter and nitrogen, originating chiefly from roots rather t h a n  from tops of 
plants. Growth of grass and leguminous p l an t s  on burned areas was more t h a n  
twice t h a t  on unburned areas. 

P i t  burning, used where space and time are a t  a premium and residue pieces. 
are large, produces a ho t  f i r e  and completely destroys a l l  organic matter and 
micro-organisms i n  the immediate area. 
f i l l ed  in with fresh so i l ,  preferably w i t h  topsoil piled aside during construc- 
t i o n  of the p i t .  
l i t t l e  damage to the so i l .  

To replant the area, the p i t  must be 

Portable b u r n i n g  bins, used fo r  smaller amounts of fue l ,  cause 

Use of an a i r  cushion loggin raft  (Anonymous 1972a) (tracked vehicle w i t h  

However, the a i r -  
directed h i g h  velocity a i r  blowerg instead of a bulldozer t o  push slash t o  a 
spot for burning would cause less disturbance o f  the so i l .  
blast  would transfer more f ine residues t o  the pi le  or p i t .  
particles could better be l e f t  on the soil  as a mulch, both  as a protection for 
seedlings and as  an  eventual source of nutrients. 

These f iner  organic 

Effects of b u r n i n g  on soil  chemical and physical properties are discussed 
in detail  by Moore and Norris (1974) and Rothacher and Lopushinsky (1974). 
Some examples of changes particularly important t o  microbial ac t iv i ty  deserve 
mention. Burning of foliage, l i t t e r ,  and F-horizon material can resu l t  i n  loss 
into the atmosphere of a substantial portion of the nitrogen contained in forest  
floor material (Knight 1966).  Obviously, the surface organic matter i s  also 
reduced. Soil pH and the carbon-to-nitrogen rat io  can increase -LNea-l- e t  a l .  
1965),  and the mineral nutrients can be ei ther  redistributed or removed by 
leaching (Smith 1970). Soil bulk density can increase, and soi l  water-holding 
capacity and ra te  of moisture movement can decrease (Tarrant  1956, Neal e t  a l .  
1965). 

. 

The net effect  o f  burning-induced changes on microbial ac t iv i ty  has been 
studied in only a very few cases and i s  complicated by seasonal as well as long- 
term changes. 
the numbers of soil  bacteria were significantly greater than a t  an unburned s i t e ,  
b u t  mold populations were reduced. 
the burned s i t e  during this period (Neal e t  a l .  1965). This may have resulted 
from partial  s te r i l i za t ion  which eliminated certain competitions or antagonists, 
and residual humus, perhaps thermally a1 tered, became a suitable substrate. 
Some available carbon and nitrogen could have been contributed by rainfal l  and 
windblown organic matter. 

S ix  months a f t e r  Douglas-fir slash had been burned i n  Oregon, 

Ammonium nitrogen also increased i n  soil  of 

Prescribed b u r n i n g  of a stand of jack pine in Flinnesota resulted in an  
immediate decrease i n  numbers and ac t iv i ty  of most micro-organisms, b u t  these 
abruptly increased a f t e r  the f i r s t  ra infa l l .  Some effects  of b u r n i n g  on the 
soil microbiota were s t i l l  evident in the third growing season af te r  burning 
(Ahlgren and Ahlgren 1965). Too l i t t l e  i s  known about  effects  of burn ing  and 
a71 the variables involved t o  generalize about  e i ther  short-term or long-term 
effects  on soil  micro'bes. The net resul ts ,  however, are no t  necessarily 
deleterious. 

- -- 
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LEAVING RESIDUES U N B U R N E D  

Decomposition of residues under forest  conditions i s  particularly dependent 
on moisture, temperature, residue s ize,  and an adequacy o f  available nitrogen. 
The closer each of these’approaches optimum, the fas te r  will be the ra te  of 
decomposition and resultant nutrient cycling. From present knowledge, we assume 
the native micro-organisms will carry on their  essential functions. 

In standing forests ,  the rotting remains of ea r l i e r  events could be l e f t  
Where concentrated, undisturbed t o  play the i r  natural role in the ecosystem. 

however, the remains could be crushed and scattered t o  dis t r ibute  the i r  nutrient 
potential and minimize undesirable effects .  

By any method other t h a n  burning, natural  disposal of fores t  residues l e f t  
on the s i t e  will be slow, usually requiring many years. Methods for  fas te r  
decomposition must be developed. 
temperature ranges most favorable t o  decomposition, the residue must be in close 
contact with o r ,  preferably, embedded in thetsoi l .  Chipping, crushing, and 
burying are options where heavy equipment can be used. Chipping and crushing 
reduce part ic le  s ize,  important in attaining more rapid decomposition. Ideal i s  
approximately 32- t o  6-mesh screen size (equivalent t o  par t ic le  sizes of s l ight ly 
less t h a n  1/32 inch and 1/6 inch, respectively). The pieces should be blown or  
otherwise spread as uniformly as practicable over the ground and rol led,  treaded, 
o r  churned t o  insure maximum contact with so i l .  Excessive compaction should be 
avoided. The layer of chips or crushed material should n o t  be t o o  deep; more 
than 6 inches could retard aeration o f  the lower s t ra ta  and underlying duff or 
so i l .  
buted from dust o r  soil  by wind and rain spatter.  

To prolong the coincidence of moisture and 

A thinner layer allows more complete inoculation with decomposers d i s t r i -  

Some chipped o r  crushed residues can be advantageously used as an  erosion- 
retarding mulch on roadbanks or skidways. 

B U R Y I N G  

Disposal of slash, thinnings, and brush by burying may be feasible (Schinke 
and Dougherty 1966) where bulldozers could push the slash into p i t s  about  10 t o  
12 feet  wide, 50 t o  100 feet  long ,  and up t o  10 fee t  deep ( 3  t o  3.5 m wide, 
15 t o  30 m l o n g ,  and up  t o  1 m deep), and then cover the slash with a b o u t  a foot 

. (30 cm) of so i l .  Enough soil  for  inoculation would be mixed with the “material 
during transfer and enough moisture would be held under the soil  cover t o  
a l low f a i r ly  rapid decomposition. Addition of ni t ro en f e r t i l i z e r  or establish- 
ment of dinitrogen-fixing plants would be desirable !Bollen 1969). Nitrogen 
must be added t o  avoid temporary nitrogen deficiency of t ree regeneration i f  
residue part ic les  are incorporated into the soil  (Cochran 1968). Depending on 

~ soil type, phosphate and sulfur f e r t i l i z e r s  may be required. 

Burying should n o t  take place in heavy, poorly aerated so i l s  or where there 
may be poor drainage and a high water table.  In such cases, the material will 
ferment, decomposition will be incomplete, and acids and other undesirable end 
products will accumulate. Sufficient heat may be retained from the microbial 
and chemical reaction t o  cause spontaneous combustion and thus create a f i r e  
hazard (Bo1 len and Lu 1970). 

B-28 



Some compaction from use of equipment could be desirable t o  insure favorable 
contact with inocula and active surfaces, b u t  repeated compaction over the same 
area could retard aeration. Some disturbance of the natural soil  by any method 
involving heavy equipment i s  inevitable. 
surface soil  and does n o t  admix much of the subsoil, the resul ts  should n o t  be 
damaging . 

As long as th i s  i s  confined t o  the 

OTHER USES OF RESIDUES 

Availability of chips from residues offers potential for  solving some of 
the other waste disposal problems of c ivi l izat ion.  
waste water to  forest  land has shown promise (Pennypacker e t  a l .  1967).  This 
involves functioning of the l i t t e r  and F layer as biological and chemical 
f i l t e r s  and the long-term capability of the soil t o  act  as a physical f i l t e r .  
Microbes decompose and metabolize biodegradable organic materials rapidly under 
favorable conditions of aeration and temperature; most of the sludge would be 
decomposed within a month i f  water relations were managed t o  avoid anaerobiosis, 
whi'ch would resul t  in gas production, odor ,  and unsanitary conditions. 
t i a l l y  toxic or ecologically undesirable compounds such as pesticides and 
phenols would be decomposed with sufficient residence time. 
promoted by water and nutrients from sewage plant effluents,  and deer populations 
have increased in treated areas. Si te  and management are c r i t i ca l  factors 
in obtaining good results.  

Application of sewage p l a n t  

Poten- 

Forest growth i s  

After several years' study o f  sprinkler irrigation of sewage effluent in a 
mixed oak stand, a red pine (Pinus resinosa Ait . )  plantation, and an old open 
f ie ld area planted with white spruce, Sopper and Kardos (1972) concluded t h a t  
diversion of such waste water to the forest ecosystem should help t o  eliminate 
or a1 leviate many disposal and pollution problems. 
were an increased recharge of ground-water reservoirs, increased growth of 
vegetation, and amelioration of unproductive s i t e s .  
accumulate, suggesting complete degradation by soil micro-organisms. Extractable 
phosphate and exchangeable sodium increased in the sewage irrigated s o i l ,  b u t  
no other particular cation o r  group of cations appeared t o  be adsorbed or 
released. 
differences between the control and irrigated areas. Total nitrogen d i d  n o t  
accumulate in the s o i l ;  apparently the effluent nitrogen was absorbed by the 
vegetation. 

Secondary benefits observed 

Detergent residues d i d  not 

There were no significant qualitative. or quantitative microbiological 

Biotoxic elements i n  compounds of heavy metals, including cadmium, copper, 
lead, nickel, and zinc, are present in sewage sludge in concentrations greater 
than in normal so i l s  (Anonymous 1973) and may build up t o  undesirable concentra- 
tions from long-continued applications of sludge or, perhaps, even from waste 
water. 
and taken u p  by plants i s  desirable. 

A moni tor ing system t o  keep track of such metals thus added t o  so i l s  

The Forest Service as well as the Corps o f  Engineers and several university 
experiment stations are involved in projects seeking feasible methods fo r  the 
most e f f ic ien t  and beneficial methods for  disposal and ut i l izat ion of sewage 
plant waste. 

A series o f  papers from a symposium on Recycling Treated Plunicipal Waste- 
water and Sludge th rough  Forest and Cropland has recently been published. 
(Sopper and Kardos 1973). Topics covering waste water and sludge include 
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chemical and biological quality; the soil  as a physical, chemical, and biological 
f i l t e r ;  waste water quality changes during recycling; s o i l ,  vegetation, and other 
ecosystem responses; examples of operating and proposed systems ; and research 
needs. 

Bark or chips might be suitable for  primary biological f i l t e r s .  Microbial 
decomposition would be enhanced by the addition of moisture and nutrients. 
Perishable garbage might also feasibly be disposed of in areas where residues can 
be chipped. A mix o f  residue, garbage, and s o i l ,  with added nitrogen when 
needed, would improve decomposition of bo th  forest and c i ty  residues by increas- 
ing aeration and available nutrients. I t  would-offer additional benefits of 
esthetics and odor suppression. 

Agricultural uses of ground bark and wood residues should no t  be overlooked 
in loca l i t i es  where feasible (Bollen 1969) ,  even t h o u g h  the current demand i s  
supplied by sawmills and wood-processing plants. 

MICROBIAL INTERACTIONS WITH CHEMICALS 

Pesticides including herbicides, f i r e  retardants,  f e r t i l i z e r s ,  and petroleum 
products are a l l  associated with production or treatment o f  forest  residues. 
Any of  these various chemicals are capable of destroying a t  l eas t  certain soil  
microbes under certain conditions, b u t  th i s  hazard i s  appreciable only when rates 
of application f a r  exceed those generally used (Bollen 1961, Martin 1963). 

PESTICIDES 

Some of the pesticides, e .g . ,  the chlorinated hydrocarbons, are quite 
Their deqradation by microbes and plant roots resis tant  t o  microbial attack. 

i s  s low (Hehendale e t  a l .  1972) ,  so t h a t  much can be leached or volatil ized t o  
become widely distributed in the biosphere. 
phosphates, are readily decomposed and may even stimulate microbial act ivi ty  
(Bollen e t  a1 . 1970, Bo1 len and Tu 1971 ) .  
pesticides on forest  residues i s  no t  l ikely t o  impede decomposition. 

Others, such as the organic 

I n  general, the presence of most 

Similarly, residues produced by responsibly applied herbicides will 
l ikely be as readily decomposed by microbial attack as "natural" residues. To 
the extent they have been studied, organic herbicides have proven t o  be rapidly 
degraded and have l i t t l e  effect  on microbial populations o r  ac t iv i t ies  (Bollen 
1962, Norris 1966, Tu and Bollen 1969). 
cacodylic acid or monosodium methanearsonate (MStlA) used as s i lvicides in thin- 
ning operations, are degraded by soil organisms (Von E n d t  e t  a l .  1968). 
in progress a t  the Forestry Sciences Laboratory, Corvallis, Oregon, indicates 
t h a t  these compounds applied a t  rates as high as 1,000 p/m arsenic equivalent 
have no appreciable effect  on common forest  soil  microbes or on their  general 
physiological ac t iv i ty  in forest  soil or l i t t e r .  

Even arsenic compounds, such as 

Research 

Effects of pesticides on the forest ecosystem are more extensively discussed 
in this  volume by Moore and Norris (1974) .  
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F I R E  RETARDANTS 

Chemicals used in f i r e  control operations now include diammonium phosphate, 
ammonium sulfate ,  and ammonium pyro (poly) phosphate (Handleman 1971). These 
have high f e r t i l i z e r  values of available nitrogen, and the phosphates also supply 
phosphorus. Sulfur from ammonium sulfate  would be valuable on so i l s  of humid 
regions and on so i l s  derived from basalt because these are typically low in 
sulfate .  Only when the concentration might be high enough to produce osmotic 
effects  would these chemicals retard microbial action. However, such effects  
would disappear upon dilution by rainfall  or snowmelt. Leachin from heavy 
concentrations could cause eutrophication in streams and lakes QLotspeich and 
Mueller 1971). 
enhance desirable microbial action in the soil  and on t ree residues. 

Aside from direct  fe r t i l i z ing  value, the added nutrients would 

Other chemicals included in the retardant formulations include (1) thickeners, 
such as clays and gums; ( 2 )  corrosion inhibitors: ( 3 )  fe r r ic  oxide color; 
( 4 )  s tab i l izers ;  and (5 )  flow conditioners. 
minor concentrations and therefore would have very l i t t l e  ,effect on soil  microbes. 

These are present in relat ively 

Studies now in progress a t  the Forest Research Laboratory in Corvallis, 
Oregon, indicate t h a t  as much as 100 lb/100 f t 2  of Phos-Chek, a diammonium 
phosphate based f i r e  retardant, has 1 i ttl e effect  on decomposition of organic 
matter and n i t r i f ica t ion .  

FERTILIZERS 

Forest f e r t i  1 ization, especial ly with sources of nitrogen , commonly a 1 imi t- 
ing nutrient element in so i l s ,  i s  practiced t o  increase tree growth and t o  
enhance early development of introduced native vegetation a f t e r  f i r e s .  
for  f e r t i l i z e r s  has been extensively discussed by Maki (1966). Aside from 
benefiting the plants, f e r t i l i z e r s  promote microbial decomposition of forest  
residues and soil  organic matter. 
by leaching and by deni t r i f icat ion.  
direct ly;  ammonium f e r t i l i z e r s  and urea, only a f te r  n i t r i f ica t ion .  

The need 

Nitrogen f e r t i l i ze r s  are subject t o  losses 
Nitrate forms are subject t o  these losses 

Urea pel le ts ,  because o f  h i g h  nitrogen content (46 percent) and consequent 
l ighter  weight t h a n  ammonium sulfate  or ammonium ni t ra te ,  are preferred for 
aerial  application, usually a t  the rate  of 200 pounds o f  nitro en per acre (224 
kg /ha ) .  This i s  rapidly transformed t o  ammonium nitrogen ( N H t  B by microbes in 
the s o i l ,  i s  then subject t o  assimilation by plant roots and microbes, or may be 
oxidized by nitrifying bacteria t o  n i t ra te  (NOj). 
desirable because i t  i s  subject t o  leaching and t o  loss of nitrogen gases by 
deni t r i f icat ion.  Whether or n o t  NO? may be a preferable form for  assimilation 
by plants i s  questionable, b u t  McFee and Stone (1968) found t h a t  Monterey pine 
 inus us radiata D .  Don) and white spruce seedlings exhibited greater growth and 
nitrogen uptake with an ammonium source than  with n i t ra te .  
assimilated by most kinds of plants, the preference being determined by a 
combination of factors ,  including kind and age of plant, pH, assortment of  other 
ions, and environmental factors (Prianishnikov 1942) .  The effect  of forest  
fe r t i l i za t ion  on water quality has been discussed by Ploore (1972). 
of f e r t i l i z e r  nitrogen entering surface streams a f t e r  aerial  application of urea 
t o  forested watersheds were minor and below toxic levels. 

Nitrate i s  generally no t  

Ammonium i s  

Total  amounts 
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Su l fu r  f e r t i l i z e r s  are beneficial in humid regions where sulfate  (SOa') i s  
readily leached, and also on so i l s  derived from basalt ,  which i s  low in sulfur.  
Fert i l izers  carrying SOq-, as in ammonium sulfate  (HH4/2S04) or gypsum 
(CaS04.2H20) , provide th i s  nutrient. 
and recycling of forest  l i t t e r  and  residues. Pumice so i l s  supporting stands of 
ponderosa pine have shown response to gypsum (Will and Youngberg 1972) .  
sulfur ( S ) ,  preferably i n  pel le t  form f o r  aerial application, becomes available 
a f te r  oxidation i n  the soil  by ThiobaciZZus thiooxidans and related species. 
Phosphate f e r t i l i ze r s  may be needed in some cases t o  supply availab7e. phosphate. 
Forest management operations t h a t  remove surface soil  will seriously lower the 
N, P ,  and S s ta tus  of the s i t e ,  and the use of f e r t i l i ze r s  will be essential .  

They could therefore promote decomposition 

Flour 

PETROLEUr.1 PRODUCTS 

Hydrocarbon fuels ,  o i l ,  grease dropped from mechanical equipment, and oi l  
carr iers  of biocidal sprays are n o t  l ikely t o  harm microbial decomposition of  
residues. About a hundred species of bacteria, yeasts,  and molds, many 
indigenous t o  the soil , attack hydrocarbons , even those considered t o  be ant i-  
septic (Zobell 1946, Jones and Edington 1968). '  Asphalt and rubber also are 
slowly attacked. Applications of crude oil  t o  soil  resu l t  in increased 
microbial  popula t ions  and,  i n  many cases, improve soil  f e r t i l i t y .  

CONCLUSIONS 

RECOMPIEPJDED PMCTI CES 

Any burning of forest  residues results in immediate losses o f  nitrogen from 
the ecosystem. Hard burns can be deleterious t o  soil  physical properties. Such 
adverse effects  of burning can be avoided by taking advantage of  present knowledge 
abou t  soil microbes and the i r  interactions w i t h  residues. Desirable microbial 
ac t iv i ty ,  including rapid decomposition of residues, gradual release of bound 
nitrogen and other nutrients f o r  t ree growth, and improvement of soil  physical 
properties by h u m u s  development can be enhanced by proper treatment. Incorpora- 
t i o n  of rotted wood as well as leaves and comminuted thinnings and slash could 
improve aeration, drainage, and moisture retention properties. Such treatment 
entai ls  ( 1 )  reducing residue part ic le  s ize by chipping o r  crushing, ( 2 )  assuring 
good contact of residue particles with so i l ,  and (3)  f e r t i l i z ing  with nitrogen 
t o  overcome early nitrogen deficiency caused by rapid microbial population 
buildup. 
released by death of microbial ce l l s ,  relatively l i t t l e  i s  l o s t  from the 
ecosystem. Technology now exis ts  t o  conserve and increase f e r t i l i t y  on many 
s i t e s ,  a1 t h o u g h  bet ter ,  more economical methods can doubtless be devised. 
long-term potential benefits of improved s i t e  productivity must be kept in mind 
when costs of the treatment are reckoned. Residue and f e r t i l i z e r  treatments 
can be designed t o  serve as s i t e  preparation f o r  regeneration as well. 
i f  no t  abused, tend t o  improve f e r t i l i t y  of the s o i l ,  especially i f  use can be 
made of soil-ameliorating trees such as alder (AZnus spp.) and black locust 
(Robinia pseudoacacia L. ) . 

Because the nitrogen in residues and assimilated f e r t i l i z e r  i s  'gradually 

The 

Forests, 
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RESEARCH NEEDED 

So l i t t l e  research on soil  microbial relationships of forest  so i l s  has been 
done t h a t  virtually a l l  aspects need further work. High prior i ty  needs i n  rela-  
tion t o  residues and residue treatments include ( 1 )  research techniques; 
( 2 )  evaluation of long-term as well as short-term effects of treatments; 
( 3 )  development of  more economical and more widely applicable methods t o  hasten 
residue decomposition; ( 4 )  studies on specific situations,  including combina- 
ations of t ree species, climate, soil  type, and residue; (5)  more e f f ic ien t  
methods of  evaluating effects of  residue treatments on microbial activity--  
existing methology may serve the purpose, b u t  i t  needs t o  be better adapted 
for  easy f ie ld  use, and the interpretive value for results needs t o  be 
confirmed; (6) soil  respiration determinations for evaluating effects  of 
different  residue treatments on microbial ac t iv i ty ;  ( 7 )  studies on long-term 
effects--the short-term effects of some residue treatments on nitrogen cycling 
in ecosystems have been studied t o  some degree. Microbial decomposition of 
residues i s  an integral feature of the cycling process, controlling the rates 
and times of nitrogen release. We must learn how the process i s  influenced 
by varying the major factors t h a t  affect  microbial act ivi ty  before we can 
quantitatively predict long-term effects of residue treatments. 
effects must be reasonably predictable in order t o  compare the net benefits of 
treatment a1 ternatives.  

Long-term 

More effective and e f f ic ien t  means of hastening microbial decomposition 
of residues and nitrogen recycling probably can be developed--certainly few have 
been t r ied t o  date. Nitrogen-fixing plants such as legumes, alder,  and ceanothus 
have been effectively used in forests in lieu of nitrogen f e r t i l i za t ion .  These 
nitrogen f ixers  offer many benefits in terms of enhanced microbial ac t iv i ty ,  
residue decomposition, and continuing nitrogen input (Tar ran t  and Trappe 1971).  
A t  the same time, they present s i lvicul tural  problems t h a t  need t o  be overcome. 
(8) studies of n i t r i f ica t ion  inhibitors.  Outflow of nitrogen from ecosystems 
could conceivably be stemmed by applications of ni t r i f icat ion inhibitors and 
more s t rategic  placement of  residue fragments. The potential of mu1 t i p l e  
benefits from use of  fragmented residues in sewage waste water and garbage dis- 
posal on forest  land should be explored. (9)  evaluation of differential  response 
t o  ammonium f e r t i l i ze r s  of different t ree species in different s i tuat ions,  
including deficiency of other nutrients,  t o  o b t a i n  maximum response from n i t r o -  
gen sources. In  this  connection the possible value of n i t r i f ica t ion  inhibi-tors 
should be investigated. 
and garbage disposal, evaluating f i r s t  the microbiological and  other ecosystematic 
factors.  

(10) working o u t  the technology of sewage waste water 

EQU I PFIENT DEVELOPMENT 

Equipment t h a t  combines fragmentation of residue and scattering or mixing 
w i t h  s o i l ,  nitrogen f e r t i l i za t ion ,  and possibly even seed broadcasting i n t o  a 
single operation could substantially increase efficiency of residue treatment. 
Development of such equipment and also equipment for  fragmenting residues on 
steep slopes should receive high pr ior i ty .  
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RELATED INVESTIGATIONS IN PROGRESS 

1. A t  the Forestry Sciences Laboratory, Corvall i s ,  Oregon. 

Effect of f i r e  retardants on microbial ac t iv i t i e s  in forest  l i t t e r  and s o i l ,  
with emphasis on organic matter decomposition and n i t r i f ica t ion .  W.B. Bollen. 

Decomposition o f  l i t t e r  in different forest  stands. Kermit Cromack, J r .  

2 ,  I n  the Coniferous Forest Biome. Ecosystem Analysis, International Biological 
Program. 1973-1974. 

Decomposers on living twigs and foliage. G . C .  Carroll, C .  Driver. 

Decomposer process studies. W.C. Denison, G . C .  Carroll. 

Further studies ,on the characterization of  primary decomposition of the wood 
components o f  the Douglas-fir ecosystem. D . H .  Driver, W.C. Denison. 

Energy flow as determined by rates of l i t t e r  decomposition. C . M .  Gilmour, 
C.T.  Youngberg. 

A coordinated study of movement of elements from vegetation t o  soil  in 
coniferous ecosystems. C . C .  Grier. 

Role o f  microfauna in biogeochemical cycling. H.J. Jensen, G . W .  Krantz. 

Coordinated nutrient cycling and l i t t e r  decomposition study. D.P. Lavender, 
W.C. Denison, J.R. Sedell. 

Fixation, uptake, and release of nitrogen by epiphytes. L . H .  Pike. 
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SOIL PROCESSES AND INTRODUCED CHEMICALS 

Duane G .  floore and Logan A.  Norris 

ABSTRACT 

Forest residue management is not Zikely t o  have a 
short-term infZuence on soiZ formation unless s igni f icant  
surface erosion or soiZ mass movements occur. 
changes in the rate  and direction of soiZ formation may 
resuZt from in tens i f ied  management practices including 
residue treatment. 
c u l t  because of the Zong period of time required f o r  soiZ 
formation. 
i n t e r m p t  or reduce nutrient  cycZing, but noma2 cyczing is 
restored as revegetation occurs. AZZ types of burning 
re su l t  i n  loss of some nitrogen. T’he portion of nitrogen 
capital Zost depends on the amount and kind of residue 
burned and the completeness of combustion. AvaiZabiZity of 
other nutrients  $s increased temporariZy a f t e r  burning, and 
some recovery of nitrogen may o c w  through increased 
nitrogen f ixa t ion .  DisposaZ of coarse woody residues by 
piZe or p i t  burning resuZts in Zoss of nitrogen from the 
s i t e ,  but other nutrients remain. MechanicaZ treatment 
and spreading of residues increase the rate  of both residue 
decomposition and nutrient re Zeasa, but avai Zabi Z i t y  of 
native nitrogen rnay become Zimiting and the addition of 
f e r t i l i z e r  nitrogen necessary. 
chemicaZs increase the nutrient content of residues and may 
influence the se Zection of residue treatment methods. 
Forest residues and residue treatments rnay influence pest ic ide 
d is t r ibut ion  and persistence t o  a smaZ2 degree, but the 
opportunity f o r  interact ion is Zimited by the timing of 
residue treatment and pest ic ide app Zications. 

Long-tern 

Measurement of these changes is d i f f i -  

CZearcutting and severe burning temporari Zy 

Fert i l i zer  and f i r e  retardant 

Keywords: Soil chemical processes-nutrient cycling, 
f e r t i l i z e r s ,  pesticides, f i r e  retardants; 
soi 1 formation. 

INTRODUCTION 

Forest residues, whether natural or resulting from the influence o f  man, 
play an important and necessary role in soil-forming processes and in maintain- 
ing the productivity of forest  so i l s .  Treatments which remove o r  disturb the 
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organic layers can greatly modify the dominant physical and chemical reactions 
operating in the soil  and thereby change the conditions which influence soil 
development and nutrient avai labi l i ty .  Complete removal o r  destruction of 
surface residues will change soi l  physical properties and ,  a t  l eas t  tempor- 
a r i l y ,  will destroy one of the primary links in the nutrient cycle. 
treatments t h a t  resul t  in only partial  removal ( for  f i r e  protection) or less  
severe disturbance may have l i t t l e  effect  on soil  conditions and may even resul t  
in increased nutrient avai labi l i ty .  Residue management practices must be con- 
s i s ten t  with maintenance of soil  physical properties and conservation of plant 
nutrients. 
tion. Development of appropriate treatments i s  complicated by wide variations 
in amounts of residues, na tura l  and manmade, associated with differences i-n 
forest type, climate, and topography. 

However, 

They must also meet the needs for  f i r e  protection and rapid reforesta- 

Forest residue i s  defined by Jemison and Lowden (1974) as the dead, standing, 
or down woody material t h a t  accumulates over time on the forest  f loor .  
brush and unusable t ree parts l e f t  a f t e r  a harvesting operation are also included. 
Forest floor i s  a broad term and i s  defined by the Soil Science Society of 
America Committee on Terminology (1965) as "All dead vegetable or  organic matter, 
including l i t t e r  and unincorporated humus, on the mineral soi l  surface unde-r 
forest vegetation." 
ing sections with the above definitions.  Other soil  science terms are used as 
defined by the SSSA Committee on Terminology. 
effects of residues and various kinds of residue treatments on soil  processes-- 
including soil  formation and nutrient capital , avai lab i l i ty ,  and cycling--and 
on the many introduced chemicals used in forest  management. 

Unwanted 

"Forest residue'' and "forest f loor" are used in the follow- 

In th i s  paper we discuss the 

SOIL PROCESSES 

Management of forest  residues may have a direct  effect  on several important 
soil processes. Effects on soil  microbiota, soil  s t ab i l i t y ,  and water yield and 
quality are discussed in other chapters of th i s  Compendium. 
in this  .section are soil  formation and nutrient cycling. 

Processes covered 

Characteristic physical and chemical properties of forest  so i l s  are dependent 
on more or less continuous forest  cover. Because the soil  remains relat ively 
undisturbed, well-defined organic layers can develop on the soil  surface, and the 
forest  vegetation can exert a strong influence on soil  development. 
o f  forests i s  the resul t  of their  e f f ic ien t  use of the nutrients released by 
decomposition of  accumulated organic residues. 
these characteristics of the forest  soil  has the potential t o  influence b o t h  
soil  formation and nutrient cycling. 

Nutrition 

Residue management which a1 te rs  

SOIL FORMATION 

Soil development i s  the process of changing parent materials into soi l  
through the integrated action of various environmental forces. The so i l s  pro- 
duced have more or less  def ini te  physical , chemical , and biological properties 
depending on the relat ive influence of parent material , climate, l iving organ-  
isms (including surface vegetation) , topography, and time. 
progresses, these properties, continue t o  change and usually 
Maintenance of character is t ic  properties of forest  so i l s  is 

As development- 
become more d is t inc t .  
dependent on the 

c-2 



presence of layers of par t ia l ly  t o  completely decomposed organic material on the 
soil surface and the continuous or periodic addition of fresh material as l i t t e r  
f a l l .  
Chandler 1946, Forest Soils Committee of the Douglas-fir Region 1957). 

Detailed information on soil  formation processes i s  available (Lutz  and 

Transformation of parent material i n t o  well-developed forest  so i l s  i s  a 
long-term geologic process. Residue management i s ,  therefore, unl ikely to 
resul t  i n  any short-term effects  on soil  formation. 
a residue treatment t h a t  increases the likelihood o f  sl ides  or other major 
disturbances t h a t  could interrupt the soil development process. 

One possible exception i s  

A1 though more d i f f i cu l t  t o  identify and control , long-term impacts of 
residue management practices on soil  formation are possible. Changes i n  land 
use, such as converting forest  l and  t o  production of agricultural crops, resul t  
i n  marked changes in many soil  processes. Residue management as a p a r t  of  
intensified forest  resource management constitutes,  a t  l eas t  a modification in 
land use. 
a d d i t i o n  of  organic material t o  the forest floor,  they can resul t  i n  gradual  
long-term changes in the ra te  o r  direction of  soil  formation processes. Whether 
these changes will significantly a l t e r  the productivity of forest  so i l s  i s  
unknown and deserves study. 

To the extent t h a t  these programs resul t  in a change in the rate  of 

NUTRIENT CYCLING 

Forest ecosystems are dynamic communities characterized by a large and 
highly e f f ic ien t  internal circulation of nutrients between plant cover and so i l .  
Production of large quantit ies of biomass from relatively in fe r t i l e  so i l s  i s  a 
resul t  of  the efficiency of  th i s  cycling system, and r a p i d  nutrient release 
t h r o u g h  decomposition o f  accumulated forest  residues i s  an essential p a r t  of the 
cycle. Total capital and avai labi l i ty  of accumulated nutrients are a function 
of the combined effects  of  forest  type, parent material, s o i l ,  and climate. 

Cycling of plant nutrients begins w i t h  the establishment of vegetation, 
and  the kind and  quantity of nutrients cycled change as the ecosystem passes 
through various phases of forest  succession. Mineral and organic nutrients 
come from three sources: 
i n p u t s ,  and b io logica l  inputs i n c l u d i n g  the ac t i v i t i e s  o f  man (Cooper 1969). - In  
undisturbed forests ,  the main nutrient losses are via volatil ization t o  the 
atmosphere, soil  erosion, and leaching of dissolved chemicals. Managed forests  
are subject t o  additional losses resulting from timber harvest and residue 
removal or treatment. 
p u t  against i n p u t .  Nutrient cycling i n  forest ecosystems has been the subjec t - 
of several papers (Cole e t  a1 . 1967, Cooper 1969, Fredri ksen 1972, Likens e t  a1 . 
1970, Ovington 1965, Switzer and Nelson 1972, Weetman 1961). 

geological weathering of parent material , meteorological 

Maintenance o f  s i t e  productivity depends on balancing o u t-  

Nutrient Capital 

Interest in nutrient balance under forest  stands and recognition of the 
relationship between accumulated residues and s i t e  productivity developed more 
than a century ago (Zinke 1969). However, early studies were primarily concerned 
w i t h  the composition of fores t  floor materials; the ecosystem concept of nutrient 
cycling d i d  n o t  develop until recent years. Data on total  nutrient capital are 
s t i  11 meager because o f  severe sampl ing problems caused by extreme va r i ab i  1 i ty 
in forest  floor and soil  materials on and between similar forest  s i t e s  (Grier and 
McCol1 1971 ). 
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Tarrant  e t  a l .  (1951) demonstrated marked differences in annual l i t t e r  
f a l l  and nutrient content between 10 major species of the region. 
redcedar (!i!% 'a pZicata Donn)  and ol d-growth Dougl a s - f i r  (Pseudotsuga menziesii 
(Mir'b) Franc3 contributed the largest  amounts of fresh l i t t e r ,  b u t  red alder 
(AZnus mcbra Bong.) foliage contained nearly three times the amount of nitrogen 
(28 lb/acre--31.4 'kg/ha) as the average of the other species. 
of  foliage was relatively low for a l l  species reflecting the character is t ical ly  
low phosphorus avai labi l i ty  of highly acid forest  so i l s .  Bigleaf maple ( h e r  
maerophyZZwn Pursh) and red alder contained high amounts o f  potassium compared 
with the conifers, and western redcedar and bigleaf maple foliage samples were 
the only ones containing more than 1 percent calcium. Ponderosa (Pinus ponderosa 
Laws.) and lodgepole pines (Pinus contorta Dougl.) were a t  the bottom of the l i s t  
for bo th  nutrient content and annual f a l l  of l i t t e r .  

Western 

Phosphorus content 

Several investigators have studied the accumulation of forest  floors and 
their  nutrient composition under northwestern coniferous forests  ( table  j). 
Weights of t o t a l  accumulation in these studies ranged from 16,230 t o  199,095 
lb/acre (18,190 to 223,146 kg /ha ) .  Greatest variation occurred under mixed 
conifer stands in eastern Washington. 
was attributed to the frequent occurrence of forest  f i r e s  th roughou t  most timber 
types. A narrower range of variation occurred in western Oregon (20,000 to 
76,000 lb/acre) (22,400 t o  85,180 k g / h a ) ,  and on these s i t e s ,  differences 
could be correlated with the presence o f  various types of understory plant 
communi t i e s .  

Much of the variation in total  weights 

Nutrient content in the forest  floor also varied considerably in every study, 
b u t  in most instances the largest  amounts were associated with.$he greatest  
accumulations of organic material. Lowest amounts of nitrogen were reported for  
a 30-year-old stand of Douglas-fir on a severely burned area (Tar ran t  and Miller 
1963). Amounts of available phosphorus were consistently l o w  on a l l  s i t e s ,  and 
they pepresented from 5 t o  10 percent of the total  weight of phosphorus. 
weight and concentration of potassium were usually higher in central Washington 
than in other regions. 

Both 

Only three studies report d a t a  on the 'amount of nutrients in the underlying ~ 

mineral so i l s  ( table  2 ) .  Under young stands such as t h a t  studied by Cole e t  a l .  
(1967) ,  85 percent of the total  nitrogen budget i s  present in the soil  , 5 percent 
in the forest  f l o o r ,  and 10 percent in the standing vegetation. 
increased the accumulation of nitrogen in so i l s  under pure and mixed stands, and 
Douglas-fir greatly increased the amount of exchangeable. calcium (Franklin e t  a l .  
1968). Available phosphorus i s  very low and represents only an extremely small 
fraction of the total  present; from 95 t o  98 percent of th i s  nutrient i s  in the 
so i l .  Amounts of total  potassium and calcium are n o t  reported, b u t  the largest 
portion of these nutrients i s  also found in the soil  component of the ecosystem. 

Red alder 

- 

Distribution of organic matter, nitrogen, phosphorus, potassium, and calcium 
in the various components of a second-growth Douglas-fir ecosystem i s  presented 
in table 3 (from Cole e t  a l .  1967). Nutrient content of the forest  floor and 
surface layers of mineral soil  i l l u s t r a t e s  the importance of these components in, 
the nutrient cycle. Subordinate vegetation contained only smal-1 amounts of  
nutrients b u t  may play an important role on some s i t e s .  
old-growth stands are n o t  available. 
for older stands by assuming t h a t  ( 1 )  f o l i a r  mass and forest  floor remain 
relatively constant once l i t t e r  f a l l  i s  balanced by ra te  of decomposition and 
( 2 )  increases in nutrient content of the standing crop are proportional to 
increases in volume of woody tissue. 

Comparable da t a  for  
However, rough approximations can be made 
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Table  1 .--Average totaZ weight and nutrient  content of the fores t  fZoor 
under coniferous fores ts  i n  Washington and Oregon 

Region 

I 

Accumulat ion 

t y p e  f o r e s t  f l o o r  
Fo res t  o f  N P K 

C e n t r a l  
W a s h i n g t o d l  

Western 
Washingto&/ 

2/ Washington- 
Eastern  

Southwest 
W a s h i n g t o d l  

4/ Coast Ranges- 
Ore'gon 

Cascade Range , 
51 Oregon and 

Washington-  

M i  xed 
c o n i f e r s  63,820 

Old-growth 
mixed c o n i f e r s  140,864 

Young 
D o u g l a s - f i r  25,465 

Young 
Doug1 a s - f  i r 12,760 

Young 
D o u g l a s- f i r  24,535 

Young 
Douglas- f  i r  34,460 

True fir- 
hem1 ock 56,754 

Pounds per 

57 1 

1,820 

292 

172 

141 

347 

58 1 

acre - 

74 

127 

26 

14 

-- 

47 

61 4 

- - - -  

236 

113 

37 

13 

57 

1' Wooldridge (1 970). 

21 Gessel and B a l c i  (1965). 

T a r r a n t  and M i l l e r  (1963). 

41 Youngberg (1 966). 

g/ Wi l l i ams  and Dyrness (1967). 

A v a i l a b l e  phosphorus. 

l/ Exchangeable potassium. 
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Table 2.--NutrYient capita2 i n  the soi2 under various forest types 
i n  Oregon and Washington 

( In  pounds pe r  a c r e )  

Fores t  
t Y  Pe 

Total  
N 

Ava i 1 ab7 e 
P 

Exchangeable 
K 

Exchangeable 
Ca 

~~~ ~ ~ ~~ 

True fir-hemlock- 11 7,895 28 467 891 

Doug1 as- f  i r- 21 2,506 3/3,460 209 661 

Douglas-fir-  41 11,720 8 920 1,123 

Red alder-  41 16,680 7 1,167 324 

A1 der-coni fer- 41 12,640 5 805 246 
~~ 

l1 W i  11 i ams and Dyrness (1 967). 

2/ Cole e t  a l .  (1967). 

?.’ Total  phosphorus. 

Frankl in  e t  a l .  (1968). 
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Table 3 . - -Dis t r ibut ion of N, P, K, Ca, and organ ic  matter a 35-year-OM 
second-growth Douglas-fir ecosystem- f 7 

( In  pounds per a c r e )  

Componen t 
Organic 

N P .  K ' Ca mat te r  

Tree : 
Fol i age 
Branches 
Wood 
Bark 
Roots 

91 26 55 65 8,116 
54 11 34 95 19,656 
69 8 46 42 108,569 
43 9 39 62 16,709 
29 5 22 33 29,430 

Total  
(Total  , kg/ha) 

Subordinate  
vege ta t ion  

Fores t  Floor: 
Branches 
Need1 es 
Wood 
Humus 

Total  
(Total  , kg/ha) 

Soi l  (depth) :  
0- t o  6- inch 
6- t o  12- inch 
12- t o  18- inch 
18- t o  24-inch 

Total  
(Total  , kg/ha) 

Tota l  ecosystem 
(Total  , kglha) 

286 59 196 2 97 182,480 
(320) (66) (220) (333 1 (204,524) 

5 1 6 8 901 

4 1 4 7 1,270 
31 ' 4  4 24 2,681 
13  2 7 15 5,661 

108 17 13 76 10,706 

156 24 28 122 20,318 
(175) (27) (31 1 (137) (22,772) 

722 1,042 71 27 9 34,236 
774 1,066 59 175 32,954 
679 874 46 136 25,240 
331 478 33 71 7,097 

2,506 3,460 El209 2/661 99,527 
(2,809) (3,878) (234) (741 1 (111,550) 

2,953 3,544 439 1,088 303,226 
(3,310) (3,972) (492') (1,219) (339,856) 

1/ Based on d a t a  from Cole e t  a l .  (1967). 

21 - Exchangeable amounts only  f o r  K and Ca i n  soil. 

z 
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Nutrient Availability 

Varying quantit ies of l i t t e r  f a l l  are added t o  thei forest  floor annually; and 
over a period of years i n  some areas, large amounts accumulate. Nutrient minerals 
are a significant p a r t  of these accumulations; and unless released t o  c i rculate ,  
a substantial p a r t  of the nutrient capital of the ecosystem will eventually be 
stored in the forest  f l o o r .  
second-growth Douglas-fir ecosystem the current annual uptake of N, P, K, and Ca2 
was 35, 6 ,  26, and 22 lb/acre (39, 7, 29, and 25 kg /ha ) ,  respectively ( table  4 ) .  
During the same year, amounts of nutrients equivalent t o  approximately 40 percent 
o f  the annual uptake o f  N, 14 percent of the P ,  55 percent of the K, and 80 
percent o f  the Ca were returned t o  the forest  f l o o r  as l i t t e r .  
nutrient inputs to the forest  floor,  Cole e t  a l .  found t h a t  amounts equivalent 
t o  abou t  31 percent of the N, 100 percent o f  the P, 60 percent o f  the K ,  and 90 
percent of the Ca were leached from the forest  floor and returned t o  the so i l .  
With the amounts of nutrient input from precipitation added t o  the above d a t a ,  
net rates of accumulation o f  N, P, K, and Ca in the forest  f loor  were 11,  0,  5, 
and 1 lb/acre/yr (12,  0 ,  6 ,  and 1 kg/ha/yr). Thus, the forest  floor acts  as an 
important  reservoir for t h a t  p a r t  of the total  nutrient capital actively cycled 
th rough  the ecosystem. 

Cole e t  a l .  (1967) found t h a t  in a 35-year-old, 

Also,  of the 

Table 4.--AnnuaZ transfer of nitrogen, phosphorus, potassi and 
ca Zciwn between components of the ecosystem- v3 

( I n  pounds per acre) 

Uptake by forest  

2/ 
Returned t o  

f o re s t f 1 oo r- 

Leached -from 
fores t  f 1 oor 

Net gain to  
forest  f loor  

Leached beyond 
rooting zone 

35 6 26 22 

15 1 14 17 

4 1 9 16 

11 0 5 1 

1 0 1 4 

I /  - Based on data from Cole e t  a l .  (1967). 

2/ - Includes nutrient input in precipitation. 
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In the above system, K i s  cycled more rapidly than Ca, followed by N ,  and 
then P. Transfer rates among components o f  the ecosystem depend on the proper- 
t i e s  of each nutrient and how i t  i s  used by the plant. The proportion of  
nutrients i n  the l i t t e r  layer i s  determined by the i r  distribution w i t h i n  the 
t ree and the makeup of the l i t t e r ,  i . e . ,  the relat ive amounts of leaves, twigs, 
branches, bark,  and bole wood. In general, the largest quantit ies of the 
essential elements' are present in the foliage, b u t  the highest percentage 
concentration of  Ca i s  often found in the bark.  Both absolute quantit ies and 
concentrations of  N ,  P ,  K ,  and Ca are dramatically different  among species of 
the same age (Curlin 1970). 
through l i t t e r  f a l l ,  b u t  on humid s i t e s  fo l i a r  leaching may also be important. 

Nutrient return t o  the forest  floor i s  largely 

Once on the forest  f loor ,  l i t t e r  i s  immediately subject t o  attack by large 
populations of  micro-organisms, and i n i t i a l  decomposition of the f iner  compon- 
ents i s  quite rapid (Bollen 1974) .  Residues are subject t o  intensified leach- 
ing and may also be ut i l ized by various groups of microfaunal population. 
the more easi ly  decomposed materials are mineralized, the ra te  of ac t iv i ty  slows 
down b u t  continues for several months t o  several years. Decomposition rates  of 
l i t t e r  from different  forest  types depend on the carbon-to-nitrogen r a t io ,  
mineral content, microbial inhibitors,  and physical properties such as par t ic le  
size.  Climatic factors such as temperature level and moisture avai labi l i ty  
regulate the ra te  of the decomposition process and determine whether accumula- 
tion exceeds or i s  in equilibrium w i t h  the rate  of decomposition. 

As  

With the exception of nutrients t h a t  are susceptible t o  leaching from 
living or dead p l a n t  materials, nutrient release depends on the mineralization 
process.l/ Potassium and phosphorus apparently remain in readily soluble forms 
in leaf l i t t e r  and are almost immediately leached i n t o  the soil  (Curlin 1970, 
Cole e t  a l .  1967). Calcium i s  a constituent of cell  walls, and  nitrogen i s  t ied 
up in insoluble proteins and other complex organic compounds. Thus, these 
nutrients are n o t  as rapidly released. Once those nutrients subject t o  rapid 
leaching are removed, subsequent nutrient release will be a t  a ra te  proportional 
to carbon release and weight loss. 

Part  of the nutrients released through decomposition i s  leached into the 
mineral soil  along w i t h  soluble organic colloids. A significant fraction., how- 
ever, i s  retained i n  the forest  f l o o r  by adsorption onto the substrate,  bonding 
t o  exchange s i t e s ,  or reincorporation into the organic component th rough  microbial 
u t i l i z a t i o n .  Wells and Davey (1966) reported t h a t  the forest  floor may have a 
higher capacity to retain cations t h a n  several inches of the underlying mineral 
soil , especially coarse-textured sandy forest  so i l s .  They also found tha t ,  
regardless of the kind of l i t t e r  or i t s  s t a t e  of decomposition, the cation- 
exchange capacity i s  highly correlated w i t h  the nitrogen content. The surface 
layers of mineral soil  also have a h i g h  content of organic matter, and the 
combined effect  of these layers helps t o  explain the apparent nutrient conserv- 
i n g  characteristics of the forest  so i l s .  Thus, the importance of maintaining 
the organic matter content b o t h  on and in the soil  i s  clear.  

The avai labi l i ty  of nitrogen i n  forest so i l s  i s  o f  particular interest  
since i t  i s  the nutrient most often limiting maximum growth. Accumulated 

' Mineralization i s  the conversion of an element from organic to  an 
inorganic s t a t e  as a resul t  of microbial decomposition. 
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organic matter may contain large quantities of nitrogen t h a t  are unavailable t o  
plants. Tamm and Pettersson (1969) found the organic residues of the B horizon 
were highly resis tant  t o  mineralization. 
less res i s tan t ,  b u t  release of  nitrogen was s t i l l  quite slow. 
techniques were used t o  determine the age of  the humus fractions (Tamm and Holmen 
1967), ages obtained for the B horizon varied-from 330-465+ 65 years. 
emphasized the importance of the surface organic layer in particular,  and the A 
horizon t o  less extent, for  nitrogen n u t r i t i o n  on podzol and related so i l s .  

Organic matter in the A horizon was 
When C14 dating 

This work 

Clearcutting temporarily stops the normal circulation of nutrients between 
plant cover and soi l  system until the area i s  a t  Jeast par t ia l ly  revegetated. 
Maximum increases in mean temperatures and available moisture can be expected 
t o  favor rapid decomposition of accumulated residues and increase nutrient 
release t o  the so i l .  Removal of the canopy also interrupts the evapotranspira- 
tion cycle and increases the amount of water moving t h r o u g h  the soil  system. 
Leaching of mineralized nutrients i s  increased, b u t  many forest  so i l s  have a 
high capacity t o  retain these nutrients against loss t o  ground water or surface 
streams (Cole and Gessel 1965, Fredriksen 1972). Revegetation also usually 
occurs rapidly; and within a few years, conditions on the s i t e  approach the 
steady-state cycling systems character is t ic  of the area prior t o  harvest (Marks 
and Bormann 1972) .  Partial cutting by she1 terwood harvest and various thihning 
and p r u n i n g  operations have less effect  on nutrient cycling depending upon the 
amount of residues returned t o  the forest  f l o o r .  I n  each instance, amount and 
distribution of slash and extent of disturbance o f  the forest  floor and soi l  
are further influenced by the logging method used. 

Impacts of Residue Management 

Nutrition of forest  ecosystems i s  a primary concern of fo re s t  land managers. 
Few studies have examined specific effects  of residues and residue treatments on 
nutrient cycling with the exception of the effects  of burning. 
i s  extensive 1 i terature on nutrient capital and .nutrient cycling in forests  
which can be related t o  the present discussion. 

However, there 

Manmade Residues 

Effects of residues on nutrient avai labi l i ty  and cycling vary w i t h  the age 
of stand harvested, proportion of unmerchantable timber, and distribution of 
slash over the disturbed area. 
slash i s  made u p  of foliage and smaller diameter branches. 
growth stands contain a larger component of heavy woody material which i s  n o t  
as readily attacked by decomposing organisms. 
differences in species composition and i s  higher in the foliage component. 

In  young stands, a higher proportion of the 

Nutrient content varies with 

Residues from old- 

Release of nutrients through microbial decomposition of the newly added 
slash and the already present natural residue i s  dependent on moisture, tempera- 
ture,  aeration, par t ic le  s ize,  contact with the s o i l ,  and an adequate supply of 
available nitrogen. Organisms able t o  attack the water-soluble constituents of 
fresh residues multiply rapidly and assimilate much of the available nitrogen. 
Foliage, twigs, and smaller branches have a re lat ively high nitrogen content, 
and decomposition usually proceeds rapidly under favorable conditions of moisture 
and temperature. Coarse woody residues make up a much larger proportion of the 
total residue volume and also have a low nitrogen content. Sawmill residues 
such as bark and sawdust have a similar wide ra t io  of carbon t o  nitrogen content, 
and decomposition of these tow nitrogen residues i s  very slow without some form 
of treatment. Interactions between soil  microbes and forest  residues are 
discussed in more detail  elsewhere (Bollen 1974, Aho 1974). 
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Residue Treatments 

Any harvesting o r  cultural practice, including various residue treatments, 
t h a t  greatly disturbs the original forest  floor layers and underlying soi l  may 
resu l t  in a t  l ea s t  a temporary change in the availabil i ty and rate  of cycl ing 
of nutrient elements. Removal of the forest  floor reduces the capacity of the 
s i t e  to retain released or added nutrients. 

No treatment.--Decomposition of untreated coarse residues may require 
several years. Therefore, some form of treatment i s  needed on most s i t e s  t o  
hasten the ra te  of mineralization and the recycling of nutrients. 
and partial  harvests in young-growth stands and harvesting of individual 
selected trees i n  older stands leave less residue which i s  usually well 
distributed over the s i t e  and contains a higher proportion of f ine slash. 
Residues of t h i s  kind will readily decompose, similar t o  natural l i t t e r  f a l l ,  
and treatment may n o t  be necessary. 

Thinning 

Rearran e and 2eaue.--Rearrangement of large accumulations of natural 
residue and B ogging slash t o  create working space for  reforestation and f i r e  
control depends on the logging method used. 
of s k i d  t r a i l s ;  and coarse residues, along with pa r t  of the f iner  components, 
are concentrated in pi les  o r  windrows. Hi-lead logging leaves much of the 
natural residue and l ighter  slash distributed over the unit bu t  tends t o  con- 
centrate cull logs and debris near the landing: 
( Y U M )  concentrates huge piles of residue a t  one or more locations. Aerial 
logging systems generally leave the logging slash evenly distributed over 
the uni t ,  b u t  l a t e r  rearrangement may be necessary t o  provide access. 
ance of the forest  floor and soi l  i s  obviously greatest  for  surface logging 
sys tems . 

Cat logging produces a network 

Yarding unutilized material 

Disturb- 

Nutrient capital contained in collected residues i s  concentrated on a 
small portion of the total  area and will be recycled only very slowly. Smaller 
piles and windrows containing a higher proportion of l ighter  slash intermixed 
with soi l  will decompose in a few years. Accumulations of cull logs provide 
poor moisture-temperature relationships for  microbial ac t iv i ty  and will not 
decompose for  many years. 
a small percentage of the total  nutrient capi tal .  Availability o f  nutrients 
for rapid regeneration will not be greatly altered on those parts of the unit  
subjected to  l i t t l e  disturbance of the forest  floor and so i l .  Restoration of 
normal nutrient cycling on skid t r a i l s  can be hastened by seeding and covering 
areas of exposed mineral soi l  with l igh t  slash. 

However, these pi les  of coarse residue contain only 

Treat mechanicaZZy and 2eave.--Portable chipping or  chunking equipment can 
be used t o  reduce the part ic le  s ize of accumulations of coarse branch and stem 
material. Redistributing the chips over the soil  surface will speed the i r  
decomposition and protect disturbed areas a t  the same time. 
nitrogen content of these components may necessitate the addition of f e r t i  1 izer 
nitrogen t o  enhance microbial ac t iv i ty  and prevent depletion of available 
nitrogen even on s i t e s  of relat ively high native f e r t i l i t y .  
so i l s  of central Oregon, Cochran (1968) concluded t h a t  spreading chipped thinning 
slash over the surface of pumice so i l s  would no t  reduce nitrogen avai labi l i ty .  
Should the chipped slash be mechanically incorporated into the s o i l ,  however, 
a temporary nitrogen deficiency would be l ikely;  and th i s  effect  would be more 
pronounced on f iner  textured nonpumice so i l s .  
residue and soi l  increases the rate  of microbial act ivi ty  resulting in increased 
immobilization of nitrogen, b u t  the deficiency can be replaced by small additions 
of f e r t i l i z e r .  

However, the low 

From da t a  for  

More intimate contact between 
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Spreading of residues on steep or otherwise unstable slopes should be 
carried o u t  from existing road systems t o  the extent possible rather t h a n  
creating further disturbance. Crushing and burying are other possible t rea t-  
ments where heavy equipment can be used. 
size and a l so  increases contact with soil  , thus speeding up decomposition and 
nutrient release. 
layer may retard aeration and decomposition. 
disposing of large accumulations of coarse logging residue or brush; heavy 
disturbance of forest  f l o o r  and soil  will be restr ic ted t o  the area around the 
pi ts .  Nutrients contained in the residues will no t  be los t  b u t  will be con- 
centrated in a small area rather than  evenly distributed over the ent i re  unit .  
Bollen (1974) discusses other precautions t o  insure f a i r l y  rapid decomposition 
wi thou t undes i rabl e products. 

Crushing tends to reduce part ic le  

Excessive compaction o r  t oo  great a depth of the crushed 
Burying may be feasible for  

&Im.--Disposal of forest  residues and logging slash by burning i s  perhaps 
the most controversial choice of currently used treatment methods because of the 
potential for  detrimental impact on nutrient cycling and s i t e  productivity. The 
fa te  of organic matter and nitrogen i s  of primary interest  because of the i r  
importance to soi l  physical properties and nutrient release. Severe burns, such 
as those caused by wildfire or piled burning, can resul t  in nearly complete 
destruction of organic matter and cause changes in the physical, chemical, and 
biological properties of the upper layers of mineral so i l  (Neal e t  a l .  1965). 
If combustion of organic matter i s  complete, a l l  contained nitrogen i s  l o s t  t o  
the atmosphere. Oxidation is usually incomplete, however, and the extent of' 
nitrogen loss i s  proportional t o  the intensity of the burn and the kind of fuel 
consumed. Broadcast burning removes much of the fresh suu'face l i t t e r  and l igh t  
slash which contain most of the nitrogen in the residues. Burning of coarse 
residues (wood and bark) in piles or p i t s  would resu l t  in smaller losses by 
leaving most of the high nutrient materials on the s i t e .  

Cooper (1971), Stone (1971), and Wells (1971) presented the effects  of 
burning on nutrient avai labi l i ty  a t  a symposium. Periodic prescribed under- 
burning reduced the amounts of organic matter on the surface, bu t  the organic 
matter content of the surface layers of soil  (0- t o  2-inch (0- t o  5-cm) depth) 
increased by up  t o  30 percent. The principal effect  of burning was a red is t r i -  
bution, n o t  a reduction, of organic matter in the profile (Wells 1971). 
i n i the  amount of surface residue was accompanied by a decrease in the total  
amounts of P ,  K, Cay and Mg in the forest  f loor ,  and these nutrients were carried 
into the mineral soi l  where available phosphorus and exchangeable K ,  Ca, and Mg 
increased. 

Reduction 

Under periodic prescribed burning as practiced i n  the Southeast, most of 
the yearly addition of nitrogen in l i t t e r  i s  volatil ized by f i r e  (Stone 1971). 
However, a f t e r  20 annual burns ,  the nitrogen content l o s t  from the forest  floor 
was compensated for  by an approximately equal increase in nitrogen in the surface 
layer of mineral s o i l .  The increases in soil  nitrogen were attributed t o  
increased rates  of nitrogen fixation brought  about by an increase in pH (Wells 
1971 , Stone 1971 ) . Overall conclusions from several studies were t h a t  prescribed 
burning had no deleterious effects  on chemical or physical soi l  properties and 
d i d  no t  decrease soil productivity. 
Northwest i s  not carried out under s t r i c t l y  comparable conditions of residue 
situations and climate, b u t  the conclusions reached may apply generally. 

Controlled use of f i r e  i n  the Pacific 

Numerous studies on the effects  o f  slash burning on chemical, physical, and 
microbial properties of fores t  so i l s  have been conducted in the Douglas-fir 
region (Neal e t  a l .  1965, Tarrant 1956, Tarrant and Wright 1955, Dyrness 1963, 

c-12 



Dyrness and Youngberg 1957, Morris 1970). 
different  conditions have contributed t o  the controversy surrounding the effects  
of burning. 
intensity o f  burning and the relat ive properties of l ight ly burned, severely 
burned, and unburned areas. In  general, burning increases the amounts of avail- 
able nutrients i n  the surface soil  with the possible exception of nitrogen. 
Some studies report significant nitrogen loss ,  b u t  others report small losses or 
no effect .  
a decrease in organic matter content of the forest  floor.  
s i t e s ,  organic matter content of the soil  may also be reduced. 
effects on soil  physical properties are confined t o  severely burned areas, and . 

a number of studies have shown t h a t  only 3 t o  8 percent of the total  area i s  
severely burned over a typical broadcast slash burn  (Tarrant  1956, Dyrness and 
Youngberg 1957). Soil pH of the surface layers i s  increased due t o  the increased 
content of exchangeable bases. 

Conflicting resul ts  obtained under 

Many of the differences can be explained by wide variations in the 

Loss of nitrogen and release of other nutrients are associated with 
On severely burned 

Detrimental 

Clearcutting old-growth Douglas-fir stands leaves large accumulations of 
slash and coarse residues. 
residues ranging from 32 t o  227 tons/acre I 72 t o  509 metric tons/ha) on clear- 
cut units of western Oregon and Washington. 
foliage, twigs, and small branches, make u p  a smaller portion (20 t o  40 tons/ 
acre--45 t o  90 metric tons/ha) of the t o t a l  weight; b u t  these materials contain 
a large proportion of the nutrient capital and are more rapidly decomposed than  
wood and bark.  Coarse woody residues will n o t  decompose for many years i f  n o t  
salvaged, chipped, or burned. 
residues will permit their  disposal by burning while leaving most of the l ighter  
slash, with i t s  higher nutrient content, distributed over the unit. 
piled residues produces a ho t  f i r e  which may completely destroy the organic 
matter, including the forest  floor beneath the pi le .  However, the effects  of 
burning are restr ic ted t o  a small area. Forest floor destruction and soil  damage 
from pi le  burning can be minimized by moving the l i t t e r  and topsoil t o  one side 
before piling. Similar precautions can be taken before digging a burning p i t .  
After residue treatment, topsoil and forest  . f loor  material can be spread over 
the surface of the pile-burn s i t e  and over the f i l l ed  p i t .  

Dell and Ward 1971) reported weights of coarse 

The finer materials, including 

YUII  or some other method of piling the coarse 

Burning 

Most of the nitrogen contained in the residue i s  l o s t  during disposal by 
piled burning, and a l l  nitrogen i s  l o s t  d u r i n g  p i t  b u r n i n g  because o f  the 
hotter f i r e  and more complete combustion. 
also be lo s t ,  b u t  other nutrients will remain in the ash. Amount of nitrogen 
lo s t  wi l l ,  of course, depend on the volume of residue burned, the proportions 
of bark and wood, and the concentration of nitrogen i n  each material. 
estimate of the distribution of biomass and nitrogen in an old-growth Douglas- 
f i r  stand i s  given in table 5. 
concentrations and estimated distributions of biomass for a hypot e t ical  400- 

merchantable wood per acre (hectare). With a proportion of 85-percent wood and 
15-percent bark with nitrogen concentrations of 0.04 percent and 0.10 percent, 
respectively, an  accumulation of 100 tons (90.7 metric tons) 'of cull logs would 
contain approximately 100 pounds (45 k g )  of nitrogen. Since the nitrogen con- 
tained in th i s  kind of residue would be recycled only very slowly i f  l e f t  on 
the harvesting uni t ,  remova-1 by burning would n o t  have a significant effect  on 
amount of  nitrogen available for  reforestation. 
nitrogen capital (1 ess t h a n  3,000 1 b/acre--3,362 kg/ha) , however, burning could 
resul t  in losses of u p  t o  5 percent or more of the to ta l .  

Most of the sulfur and boron will 

An 

The information i s  based on average nitrogen 
year-old, s i t e  class 111, stand of Douglas-fir yielding 19,300 f t  !I (547 m3) of 

On s i t e s  which have a low 

Broadcast burning 
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would consume most of the l igh t  slash and a t  l eas t  parts of the coarse residue 
and forest  floor resulting in a loss -of 300 t o  500 pounds of nitrogen per acre 
(336 t o  560 k g / h a ) ,  even more i f  conditions are quite dry. 
have a significant impact on nitrogen available for  the next crop. 

This loss would 

Biomass 

Y / a  Tab1 e 5. --Approximate d<stribut<on of biomass avrd nitrogen i 
400-year-oZd stand of DougZas-fir, s i t e  cZass III- 

Nitrogen Componen t 

Tons per Pounds per Percent of 
acre acre tota 2 

Removed by harvest 328 321 4.4 

Unmerchantable residue 142 139 1.9 

Fire slash (4-inch pieces) 30 300 4.1 

Forest f loor  30 600 8.1 

Soil ( t o  36-inch depth) -- 6,000 81.5 

Total 

(Total , k g / h a )  

I /  
- Data based on a hypothetical old-growth s tand  developed from 

published yield tables and several references on distribution of biomass 
and nutrient capi tal .  

Nutrients released by broadcast burning may accumulate in lower layers of 
the forest  floor or move into the mineral so i l .  Increases in nutrient availa- 
b i l i t y  for cycling and ut i l izat ion,  however, may also increase nutrient vulner- 
ab i l i ty  t o  loss by leaching. Grier and Cole (1971) found slash burning caused 
substantial increases in the concentrations of nutrient ions entering the so i l .  
Downward movement was also increased, b u t  most of the nutrients were retained 
in the surface 15 inches of s o i l ,  and only insignificant amounts were leached 
from the rooting zone of the profile.  Nutrients contained in the ash from 
piled and p i t  burning will be concentrated in small areas,  and the capacity of 
the soil  t o  adsorb and hoJd these elements may be exceeded. 
will be bet ter  util ized and the chance of loss by leach'ing into surface or  
ground water will be reduced i f  the ash i s  spread over a larger area. 

Collected nutrients 

Exclusion o f  f i r e  from forests  where rate  of l i t t e r  f a l l  exceeds the rate  
of  decomposition has resulted in gradual  accumulation of residues. These 
accumulations may constitute a f i r e  hazard and also represent removal of large 
amounts of nutrients from active circulation. Periodic l igh t  underburning may 
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be used to  reduce the hazard and also reduce the competition from subvegetation. 
Most of the nitrogen contained i n  the burned residue i s  los t  t o  the a i r ,  b u t  
the avai labi l i ty  of  other nutrients i s  increased as the ash i s  leached into the 
so i l .  Increased nutrient avai labi l i ty  from the ash has been shown t o  stimulate 
nitrogen fixation following prescribed burning in other regions (Jorgensen and 
Wells 1971), thus compensating for the loss, b u t  comparable information i s  n o t  
available for  the Northwest. Prescribed underburning in ponderosa pine forests 
east o f  the Cascades may be possible w i t h o u t  detrimental effects on nutrient 
cycl i ng . 

Removal of residues.--Removal of coarse 'residues for  u t i1  ization or disposal 
will remove nutrients which would otherwise eventually reenter the nutrient 
cycle. However, because the nutrients contained in the coarse residues represent 
a small fraction of the total  capi ta l ,  and natural decomposition of woody residues 
i s  very slow, the impact on nutrition of the next crop would be minimal. Removal 
of f iner  slash would have a greater impact because o f  the larger amounts o f  
nutrients contained; these materials should be l e f t  on the s i t e .  

INTRODUCED CHEMICALS 

Chemical t o o l s  used by the forest  l and  manager t h a t  may affect  residues and 
residue management decisions include f e r t i l i z e r s ,  f i r e  retardants , and pesticides. 
Forest fe r t i l i za t ion  introduces the largest quantities o f  chemicals, f i r e  retard- 
a n t  drops resul t  in the highest rates o f  application, and pesticides probably 
affect  the largest total  area. In the following sections, we will examine the 
distribution and behavior of  introduced chemicals and discuss the interactions 
of these materials w i t h  residues and residue treatments. 

FERTILIZERS AND FIRE RETARDANTS 

Forest fe r t i l i za t ion  began on a commercial scale in the Pacific Northwest 
in 1965 and has grown rapidly. 
were fe r t i l i zed ,  bringing the total forest  land area treated in western Oregon 
and Washington t o  over 300,000 acres (121,410 ha) .  Chemical f e r t i l i ze r s  are 
also the active constituents in f ' r e  retardants, and approximately 1 .5  t o  2 

f i r e s  in the Pacific Northwest. 
widely, however, as do the objectives for their  use.' 

In  1971, approximately 100,000 acres (40,470 ha)  

million gallons (5,678 t o  7,570 rn i ) are applied annually t o  forest  and rangeland 
Properties of the chemical formulations vary 

Distribution and Behavior 

In i t ia l  d i s t r i b u t i o n  patterns and behavior of forest  f e r t i l i z e r s  and f i r e  
retardants are affected by method of application. Fer t i l izers  are generally 
applied by helicopter as a dry, granular  formulat ion;  retardants usually are 
dropped in a liquid formulation direct ly  on 'or ahead of a f i r e  front from fixed- 
wing a i r c r a f t .  

Ferti 1 i zers 

Commercially important  coniferous species i n  the Pacific Northwest have 
responded only t o  additions of nitrogen. Appl ications have been largely 1 imi ted 
t o  stands of Douglas-fir and western hemlock (Tsuga heterophyZZa (Raf.) Sa rg . ) ,  
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and g r anu l a r  urea (46 percent N )  has been the most commonly applied nitrogen 
carr ier  (Gessell 1969, S t r a n d  and Miller 1969).  Application rates  vary b u t  
are usually 150 or  200 pounds of urea nitrogen per acre (168 or 224 kg /ha ) .  

Urea f e r t i l i z e r  i s  highly water soluble, and under moist conditions, th i s  
form of nitrogen i s  readily moved into the forest  floor and so i l .  Hydrolysis 
t o  the ammonium ion takes place rapidly and i s  usually complete within 2 weeks. 
Ammoni u m  nitrogen may be physical ly  adsorbed by various humus complexes, held 
as an exchangeable cation on organic or mineral cation exchange s i t e s ,  
immobilized by the abundan t  microbial populations, o r  ut i l ized by the forest  
vegetation. 
marked increase in surface pH. 

Hydrolysis of urea t o  the ammonium form i s  accompanied by a 

Applied nitrogen i s  quickly distributed through the l iving complex, becomes 
a p a r t  of the nutrient budget, and i s  cycled within the forest  ecosystem (Gessel 
1969, Heilman and Gessel 1963). 
th rough  direct  application and also as the resul t  of increased nitrogen concen- 
tration in l i t t e r  f a l l .  Urea f e r t i l i z e r  also causes other changes in the forest  
floor by bringing a b o u t  localized increases in pH. 
matter in water i s  increased; this  temporarily increases the ra te  of decomposition. 
Downward transport o f  several cations as well as portions of the original humus 
nitrogen compounds i s  increased (Ogner 1972, Overrein and Moe 1967, Crane 1972) .  

Fire Retardants 

Nitrogen content of the forest  floor i s  increased 

The solubi l i ty  o f  organic 

Fire retardant chemicals are mixed with water and a 'var iety o f  additives, 
such as thickening agents t o  regulate viscosity, coloring agents as markers, and 
corrosion and spoilage inhibitors.  Each formulation i s  designed t o  meet the 
needs of specific f i r e  and fuel characteristics and d rop  conditions. 
and kinds of fuel (including residues),  the retardant formulation dropped, and 
existing s i t e  conditions, such as previously applied residue treatments, a1 1 
influence the extent of interaction between residues and introduced chemicals. 

Amounts 

Current formulations are composed primarily of diammonium phosphate, 
ammonium sulfate ,  monoammonium phosphate, liquid or tho-  and poly-phosphates, or 
urea. All are f e r t i l i z e r  materials and much i s  known abou t  the i r  behavior in 
cultivated so i l s .  Extrapolation t o  forest  situations i s  limited due t o  greatly 
different  distribution patterns and soil  conditions, b u t  many reactions are 
similar. Thickening agents, such as attapulgite and bentonite clays,  are  the 
only additives t h a t  may be applied in large enough quantit ies t o  have any 
effect--on heavily treated areas, these materials could increase the cation 
retention properties o f  surfac.e layers. 

Ground distribution patterns from f i r e  retardant drops vary considerably 
depending on viscosity of the formulation, d rop  height, a i r c r a f t  speed, and 
wind velocity and direction. 
t o  2 acres (0.81 ha)  may receive some retardant, b u t  only 0.25 t o  0.50 acre 
(0.10 to 0.20 ha)  receives the m'nimum effective rate  of 2 gallons of retardant 

a t  rates of up  t o  6 t o  8 gallons per 100 square fee t  ( 2 . 4  t o  3.3 l i t e r s / d ) .  
Actual application rates s f  ammonium sulfate  can range from 128 lb/acre or 
144/kg/ha (0.2 ga1/100 f t  or 0.08 l i t e r / d )  near the perimeter to 5,100 lb/acre 
or 5,716 kg/ha  (8 gal/100 f t 2  or 3.26 l i t e r & ) ' a t  the center of the drop 
(calculations based on information given by George (1971) for Fire-Trol 100). 

I n  a typical distribution pattern, a total  of u p  

per 100 square fee t  (0.8 liter/m 5 ) .  Much smaller zones a t  the center are treated 
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In terms of elemental nitrogen, these rates are equivalent t o  a range of 27 t o  
1,070 l b  N/acre (30 t o  1,199 k g / h a ) .  Similar calculations can be made for  other 
retardant materials, and i t  i s  readily apparent t h a t  very high rates of applica- 
tion of nitrogen and phosphorus occur in the center of the drop  zone. 
i t  i s  equally apparent t h a t  the total  area affected by these high rates i s  
relatively small. 

However, 

Interaction with Residues and Residue Treatments 

No d a t a  ex is t  on possible interactions between residues o r  residue t rea t-  
ments and f e r t i l i z e r s  o r  f i r e  retardants. Forest fe r t i l i za t ion  i s  s t i l l  a 
re lat ively new practice,  and research e f for t s  have been directed toward adequately 
characterizing ni trogen-responsive s i t e s  and developing appropriate application 
systems. 
more effective chemicals and formulations as well as development of more 
e f f ic ien t  f i r e  suppression systems. 
introduce additional plant nutrients,  their  use could modify nutrient distribu- 
tion and influence the ra te  of decomposition of accumulated residues. 

Work with f i r e  retardants has been oriented toward identification of 

However, since both groups of chemicals 

Application of presently available firefighting chemicals i s  equivalent to  
applyi ng f e r t i  1 i zer nitrogen and phosphorus a t  rates cornparabl e t o  those used in 
forest  f e r t i l i za t ion  (small isolated areas receiving higher ra tes ) .  Phosphorus 
usually i s  n o t  applied a t  levels in excess of 30 t o  50 lb/acre (34 t o  56 k g / h a ) ,  
b u t  acid forest  so i l s  character is t ical ly  have the capacity t o  immobilize large 
quantities of th i s  nutrient,  and even the highest rates of application ( u p  t o  
750 l b  P/acre--840 kg/ha)  probably will n o t  interact  significantly with residues 
or residue treatments. 

Interactions between f e r t i l i z e r  nitrogen and residue treatments will be 
largely indirect since forest  fe r t i l i za t ion  normally will n o t  coincide with 
residue treatment. Fert i l izat ion will increase the nitrogen content of the 
forest  floor by direct  application and by increasing the nitrogen content in 
l i t t e r  f a l l .  A single application will have only a short-term effect  on nitro-  
gen distribution and probably will n o t  influence residue treatments, b u t  repeated 
applications a t  5- t o  10-year intervals will increase the t o t a l  nitrogen capital 
and can markedly change the carbon-to-nitrogen rat io  of organic residues both  on 
and in the so i l .  Higher levels o f  nitrogen in relation t o  carbon content should 
resu l t  in more rapid r e c y c F m g 4  other nutrients as well as nitrogen. 
extent of th i s  and the possibi l i ty  of other effects  o f  repeated applications are 
no t  known and should be investigated-. 

The 

Direct interactions may be brough t  abou t  by combining nitrogen applications 
with specific residue treatments. 
residues, addition o f  nitrogen could probably be combined with treatments t h a t  
redis t r ibute  chipped o r  chunked residues. Introduction of new products such 
as slow release nitrogen f e r t i l i z e r s  may a l t e r  the kind and extent of inter-  
actions with forest  residues. 
i n  more detail  under sections on interactions with soil  microbes (Ah0 1974, 
Bollen 1974) and forest  disease relationships (Nelson and Harvey 1974). 

For large accumulations of nitrogen-poor 

These and other possible combinations are discussed 

.PESTICIDES 

The term pesticide includes chemical insecticides, herbicides, fungicides, 
and rodenticides. 
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The four major classes of  insecticides are the chlorinated hydrocarbons, 
organophosphates, carbamates, and pyrethrins. 
(DDT, endrin, dieldr in,  e t c . )  are no t  l ikely t o  be used extensively. 
our  discussion t o  the seed protectant (rodenticide) endrin and DDT. 

pyrethrins have largely replaced chlorinated hydrocarbons as insecticides in 
forestry.  
for the pyrethrins t o  a few weeks for  the organophosphates and carbamates 
(Kearney e t  a l .  1969, Warner 1963). 
significant interaction with forest  residues.21 

The chlorinated hydrocarbons 
We l imit  

Malathion (an organophosphate), Zectran and carbaryl (carbamates) and the 

The effective persistence of these materials varies from a few minutes 

They offer practica1,'ly no opportunity for 

Herbicides are the most wide1 used class of forest  chemicals in the 
Pacific Northwest (Gratkowski 19747. Herbicides most often are  applied aer ial ly  
d u r i n g  regeneration or early stand development o r  as single stem treatments as 
the s t a n d  matures. Forest residue treatments are most l ikely t o  be applied in 
connection with harvesting or regeneration stages of stand history. 
among pesticides, the herbicides are most l ikely t o  interact  with forest  residues 
and residue treatments. The orqanic arsenicals (MSMA and cacodylic ac id) ,  
phenoxy (2,4-D, 2,4,5-T, silvex),  picloram, amitrole, and t r iazines (atrazine) 
are important herbicides in forestry.  

Therefore, 

Fungicides are important primarily in 
tions on animal toxins..limit the availabil 
are n o t  l ikely t o  interact  with forest  res 

nursery practice. Recent res t r ic-  
t y  o f  rodenticides. These materia 
dues under current patterns of use 

S 

Pesticide Behavior and the Probability of 
Pesticide-Forest Residue Interactions 

The movement, persistence, and fa te  of pesticides in the environment i s  
called the i r  behavior. Behavior o f  a pesticide determines the magnitude and 
d u r a t i o n  of exposure fo r  various organisms and the probability of pesticide- 
forest  residue interactions. ' Behavior characteristics of pesticides in the 
forest  have been reviewed (Norris and Moore 1971 , Norris 1971) .  

Pesticides applied t o  single stems are largely confined t o  treated plants,  
b u t  aer ial ly  applied pesticides are distributed t p  the a i r ,  vegetation, forest  
f l o o r ,  and surface waters. 
interact  with forest  residues. 

Only chemicals in vegetation and forest  f loor  may 

Significant amounts of most insecticides and herbicides are n o t  l ikely to 
persis t  i n  vegetation f o r  more than  1 year (Morton e t  a l .  1967, Getzendaner e t  
a l .  1969) .  DDT may persis t  for 3 or more years (Tarrant  e t  a l .  1972) .  There- 
fore,  unless forest  residue treatments are applied within a year of most pesti- 
cide appl  ications,  no interaction with pesticides in vegetation can occur. 

21 A'n interaction between a pesticide and a raw or treated forest  residue 
i s  any al terat ion of  the ra te ,  direction, or nature of pesticide movement, 
storage, or degradation functions caused by the forest  residues or the products 
of i t s  treatment. We assume pesticide applications will not influence forest  
residues present when the themical s are applied. 
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Forest floor and soil  are major receptors of pesticides applied ei ther  
aer ia l ly  or t o  single stems. Pesticides will enter th i s  portion of the forest  
environment t h r o u g h  direct  application, in leaf f a l l ,  or the washing action of 
rain on chemicals in a i r  o r  on leaf surfaces. 

Pesticides in the forest  floor are subject t o  storage, movement, and 
degradation functions. These functions are influenced principally by moisture, 
temperature, soi l  organic matter, and the level of soil  microbial ac t iv i ty ,  and  
these factors may in t u r n  be influenced by residue treatments. 

Storage functions.--Pesticide adssorption on soil  constituents i s  an equi- 
librium phenomenon particularly important in determining pesticide behavior. 
Anything which a l t e r s  the amount or nature of one of the reactants in the 
equilibrium equation will cause a sh i f t  in the amounts of chemical i n  the 
adsorbed and free s ta tes .  

k, 

k2 
CHEMICAL + ADSORBENT CHEMICAL :ADSORBENT 

The nature of the adsorbent material i s  particularly important in determin- 
ing the adsorption characteristics of a given soil  for a particular pesticide. 
Most investigators rank adsorbents in decreasing order of a f f in i ty  for  pesticides: 
Charcoal--organic matter--clay--sand (Richardson and Epstein 1971, Harris 1972, 
King e t  a l .  1969).  

Charcoal produced by burning of forest residues may t ight ly adsorb subse- 
quently applied pesticides. 
are  b o t h  positively and highly correlated w i t h  pesticide adsorption (Sheets e t  
a1 . 1962, Bailey and White 1964). 
best single predictor o f  pesticide adsorption in so i l .  
decomposed l i t t e r  are important in pesticide behavior, no t  the decomposed coarse 
organic matter such as twigs, chips, etc.  
change the nature or quantity of native soil organic matter will influence 
pesticide behavior to some degree in the forest floor and so i l .  

Organic matter content and cation exchange capacity 

However, amount o f  organic matter i s  the 
The humus and par t ia l ly  

Residue treatments which drast ical ly  

Movement functions.--Volatil ization i s  an unimportant mechanism of loss for 
most pesticides from the forest  floor.  
ing processes by which chemicals from spray deposits may be moved by water. 
Rothacher and Lopushinsky (1974) report on the distribution of precipitation 
between surface flow and in f i l t ra t ion  and the impact o f  forest  residues on the 
inf i l t ra t ion  characteristics of the forest  floor.  

Leaching and surface runoff are compet- 

If surface flow of water occurs, the extent of chemical movement with the 
water will be influenced by ( 1 )  distance from s i t e  of chemical application, 
( 2 )  in f i l t ra t ion  properties of soil  or surface organic matter, ( 3 )  rate  of surface 
flow, and (4 )  adsorptive characteristics of surface materials (Norris and Moore 
1971, Trichell e t  a l .  1968). 
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Leaching or subsurface flow of pesticides i s  a re lat ively s low  process 
capable of moving only small amounts of chemical relatively short distances.' 
The leaching characteristics of  a pesticide are inversely related t o  i t s  
adsorption characteristics (Helling 1971 ) .  
mobile in so i l .  Therefore, forest  residues and residue treatments which 
influence pesticide adsorption will influence pesticide leaching in a converse 
manner. 

Strongly adsorbed pesticides are n o t  

Pesticides move readily in coarse-textured sandy so i l s ,  l ess  readily in 
fine-textured clay o r  organic so i l s  (Osgerby 1973). Herbicides, in general , 
are more mobile in so i l s  than are insecticides; however, mobility i s  re lat ive,  
and in most cases, even herbicides move only short distances in soil  (Harris 
1967, 1969) .  

Degradation functions.--Degradation i s  the only means by which the total  
environmental load of a pesticide can be reduced. Pesticide degradation i s  
most often biologically mediated, b u t  chemical degradation i s  important in the 
loss of some compounds. 

The ra te  of  microbial degradation of pesticides i s  determined by the 
suscepti bil i ty of the compound t o  attack and the environmental factors which 
influence -the rates  of  microbial ac t iv i t i e s .  Environmental factors which f avo r  
general microbial ac t iv i ty  a1 so f avo r  microbial degradation of  pesticides. 
Bollen (1974)  considers the influence of various residue situations and t rea t-  
ments on microbial ac t iv i t ies  in forest  soil,,. Kearney e t  a l .  (1969) summarized 
the persistence in soil of a wide variety of pesticides ( f ig .  1 ) .  

The previous sections provide a conceptual base for understanding pesti-  
cide behavior and  the factors which influence th i s  behavior in the forest .  I n  
the next section, the environmental characteristics of specific vegetation zones 
are evaluated for their  impact on pesticide behavior in general in the "undis- 
turbed" forest .  The modifications of pesticide behavior due t o  production or 
treatment of forest  residues (detailed in a l a t e r  section) can then be placed 
in perspective. 

Behavior of Pesticides in Vegetation Types 

Picea si tchensis  Zone 

Pesticides, particularly herbicides, are important tools in th i s  zone. 
The sur.face so i l s  of th i s  zone are acid and high in organic matter and nitrogen. 
Temperatures are mild, and moisture i s  a b u n d a n t  (Franklin and Dyrness 1969) .  
These conditions favor microbial degradation of  pesticide residues and minimize 
movement functions . 
Tsuga heterophy 2 Za Zone 

- This wet, mild maritime zone i s  the most extensive vegetative zone in western 
Soil profiles Oregon and Washington and the most important for timber production. 

are moderately deep, and surface horizons are porous, with moderate t o  high 
organic matter content (Franklin and Dyrness 1969) .  

High inf i l t ra t ion  capacities l imit the probability of overland flow of 
chemicals, and soil  organic matter content i s  suff ic ient  t o  l imit  pesticide 
leaching. Flicrobial degradation of pesticides i s  favored by the a b u n d a n t  organic 
matter and moisture and reasonably adequate levels of soi l  nitrogen. 
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Organochlorine insecticides 

I 
C hlordone 

DDT 

Phosphate insecticides 

~1111111111111111l 
Heptachlor, Aldrin, Metabolites 

I I I I I I _  

Urea, triazine, and picloram herbicides 

I Atrazine, Monuron 

Diuron 

0 2 4 6 8 IO 12 14 16 I8 
Months 

Phenoxy, toluidine, and nitrile herbicides 

i Trifluralin 

I- 2,4,5-T 

7 - D  i c h I o be n i 1 

I I I I I I I 
0 1 2 3 4 5 6  

Months 

Diazi nan 

1 I I I 1 I I 
0 2 4 6 8 IO 12 

Weeks 

Benzoic ocid and amide herbicides 

2,3,6 -TEA 

I Bensulide 

0 2 4 6 8 IO 12 
Months 

Carbamate and aliphatic ocid herbicides 

I TCA 

Dolopon, ClPC I 
I CDEC 

E n  
I I I I I I I 
0 2 4 6 8 10 12 

Weeks 

F i g u r e  1. - - P e s t i c i d e  p e r s i s t e n c e  i n  soil (Kearney  e t  al. 
1 9 6 9 ,  reproduced  w i t h  p e r m i s s i o n ) .  

c-21 



Subalpine Zones 

The subalpine zones are generally wetter and cooler than  the adjacent 
Tsuga heterophyZZa Zone, and the soil  organic matter content i s  generally lower. 
However, a b u n d a n t  adsorption s i t e s  may ex is t  in mor humus layers,  and extensive 
pesticide leaching will n o t  occur in this  zone. Pesticide persistence will be 
extended because climatic factors do no t  f a v o r  maximum levels of microbial 
ac t iv i ty ,  b u t  pesticides are no t  used extensively. 

Pinus ponderosa Zone 

This zone has a short growing season, snow accumulation in winter, and 
minimal summer precipitation. Coarse-textured so i l s  and moderate t o  low amounts 
of soil  organic matter suggest the water soluble pesticides may be more mobile 
in th i s  environment t h a n  in other forest zones. However, the low ra in fa l l ,  
character is t ic  of th i s  zone, reduces the probability of significant pesticide 
movement. Microbial degradation of  pesticides may be retarded by climatic 
condi t i  ons . 
Abies grandis Zone 

Soil 
profiles are n o t  well developed, b u t  thin mull-type humus layers in some areas 
and 8- t o  9-percent organic matter in A horizons in other areas l imit  the proba- 
bil i t y  of 'significant pesticide leaching. Moderate environmental conditions 
favor microbial degradation of  pesticides. 

Neither moisture nor temperature conditions are extreme in t h i s  zone. 

Pesticide Behavior in Specific Residue Situations 
# 

Most forest  pesticides are n o t  persistent chemicals a n d ,  unless forest  
residues are created o r  treated during the f i r s t  year a f t e r  chemical application, 
there will be no effect  on chemical behavior. The probability o f  a significant 
alteration o f  the behavior o f  a pesticide applied a f t e r  residue treatment 
decreases with time as a forest area recovers from residue treatments. The 
presence or absence of raw undecomposed forest  residues probably will n o t  greatly 
influence pesticide behavior. However, residue treatments which drast ical ly  
change soil organic matter content, soil in f i l t ra t ion  capacity, or the act ivi ty  
of soil  microbial populations may exert a significant effect  on pesticide 
be havi or. 

There are two general pesticide treatment situations which may permit 
significant interaction of pesticides with forest  residues. 

1 .  The use of herbicides for precomercia2 thinning or insect ic ides  t o  
protect precomercia2 stands. Residue treatment options are limited by the s ize 
of the material involved and the d i f f icu l ty  of moving equipment in young stands. 
If residue treatments are. n o t  applied, pesticide behavior will be as outlined for  
specific vegetation types. 

Broadcast burns are probably no t  feasible in th i s  s i tuat ion.  Various 
col lect-and-burn options may be used, and they significantly reduce pesticide 
residue levels. 
of chemical catalysts may influence the rate  and pathway of the thermal al tera-  
tion of pesticides. 
pesticide combustion are not known.  

Combustion temperature, oxygen ava i lab i l i ty ,  and the presence 

The idegtity and behavior of many of the products of 
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Chipping,,crushing, or burying operations decrease the probability of 
pesticide movement t o  the degree humic matter i s  added to the forest  floor.  
Such additions of soil  organic matter are a p t  t o  be slow in terms of the effec- 
t ive l i f e  of forest  pesticides; therefore, the net effect  will be small. 
Pesticide degradation will vary in proportion t o  the degree microbial systems 
are influenced by residue treatment. 
of organic materials, such as processed forest  residues, may suppress microbial 
ac t iv i t i e s  as nitrogen levels are depleted. 

Bollen (1974) warns t h a t  large additions 

2. T'he appZication of insect icides or hmbic ides . to  mature stands which 
wiZZ be harvested i n  a feu years; or the application of herbicides for s i t e  
preparation t o  aid i n  regeneration. 
used in forestry today precludes, in most cases, a l terat ion of the i r  behavior 
by residue treatments, unless such treatments are applied within a few months 
of insecticide application. 
harvested . 

The short persistence of the insecticides 

Herbicides are seldom applied before timber i s  

Herbicides are used as desiccants in connection with f i r e  t o  aid in regen- 
eration in some coastal forest  s i t e s  (Gratkowski 1974).  Nearly al l  the herbicides 
applied for th i s  purpose will be on the vegetation or the surface o f  the forest  
f l o o r  when these units are broadcast burned a short time l a t e r .  
certain t o  reduce pesticide residue levels,  b u t  the possibili ty t h a t  persistent,  
highly biologically active pesticide combustion byproducts may be produced under 
these conditions should receive serious attention. Herbicides are n o t  l ikely to 
be applied before collect-and-burn types o f  residue treatments a t  t h i s  stage of 
stand history. 

Burning i s  

Insecticides and herbicides may also be applied early in stand history some 
If soil  organic matter and surface soil  time a f t e r  residue treatments are made. 

structure are a1 tered by broadcast b u r n i n g  treatments, the potential for pesti- 
cide movement in overland and subsurface flows will be increased. 
compensated fo r  to some degree by the production of charcoal. 
increase will be small and probably quite restr ic ted.  Rapid revegetation of 
burned areas will ameliorate the effects  of b u r n i n g  on pesticide behavior on 
these s i t e s .  

This may be 
In  general, the 

The impact of collect-and-burn treatments will be limited t o  the areas 
burned unless serious soil  compaction results during residue collection. "Hard 
burns," l ikely t o  resul t  from b u r n i n g  o f  fuel concentrations, wil l  increase move- 
me.nt and persistence of subsequently applied pesticides', b u t  th i s  effect  will be 
restricted t o  the hard burned area. 

Crushing, burying, and chipping o f  forest  residues which contain pesticide 
residues may minimize pesticide movement and enhance microbial ac t iv i t i e s  th rough  
additions of organic matter t o  the soil  unless soil  nitrogen becomes limiting. 

A favorable environment for microbial ac t iv i ty  exists i f  nutrient capital 
i s  adequate in terms of the amount of organic matter added. 
nitrogen, f e r t i l i z e r  may be beneficial in hastening microbial decomposition of 
both  forest  and pesticide residues. 

Additions of 

The effects  of residue treatment on the behavior of subsequently applied 
pesticide are probably not great.  They are not l ikely t o  be biologically signi- 
f icant ,  although there i s  l i t t l e  d o u b t  t h a t  pesticide residue-forest residue 
interactions do occur. 
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CONCLUSIONS 

Effects of forest  residue management on soil processes and introduced chemi- 
cal s range from 1 imi ted interaction with pesticides t h r o u g h  potential long-term 
impacts on soil formation t o  losses of surface organic matter and nitrogen as a 
resul t  o f  residue reduction by burning. With the exception of extensive loss of 
organic matter and damage t o  soil  physical properties caused by wildfires,  adverse 
effects of burning can be avoided or reduced t o  a minimum by use of available 
information. From the material reviewed for th i s  paper, we have reached the 
following specific conclusions. 

1 .  

2. 

3 .  

4. 

5. 

6. 

7 .  

8. 

9. 

Short-term effects  on soil  formation are no t  l ikely because transformation 
of parent material into well-developed forest so i l s  i s  a process t h a t  oper- 
ates  on a geological time scale. 

Residue treatments t h a t  increase the frequency of mass soil  movements or 
the amount o f  surface erosion interrupt the soil development process and 
reduce s i t e  productivity. 

Intensified forest  management, including residue treatment, constitutes a 
modification in l a n d  use t h a t  can change the annual ra te  of addition of 
organic material t o  the forest  floor.  Long-term changes in ra te  and direc- 
tion of soil  formation are possible. Pleasurement of these changes i s  
d i f f i c u l t ,  and the effect  on productivity i s  unknown .  

Nutrient cycling i s  temporarily interrupted by removal o r  destruction o f  
vegetation and surface organic layers,  b u t  normal cycling i s  g r adua l l y  
restored by revegetation of  the disturbed s i t e .  

Soil compaction reduces nutrient cycling and the rate  of residue decomposi- 
t i o n .  Soil porosity, aeration, and ra te  of moisture movement into and 
t h r o u g h  the soil  are decreased; thus the level of microbial act ivi ty  i s  
limited. 

Severe burning which destroys a l l  the forest  floor and a l l  or p a r t  of the 
organic matter in surface layers of the mineral soil breaks a primary link 
in the nutrient cycle. Soil physical properties also may be seriously 
damaged and s i t e  quality reduced. 

All  types of burning resul t  in some nitrogen loss. 
on the completeness of  combustion and the amount and kind of residue burned. 

Amount  of loss depends 

Widespread, long-term effects  of  hard burns are largely limited t o  wildfires.  
A l t h o u g h  ha rd  burns can occur when piled residues are burned, the affected 
area i s  small. Effects of controlled burning are primarily short term. 

Nutrients other t h a n  nitrogen remain in the ash a f te r  burning treatments, 
and their  avai labi l i ty  i s  temporarily increased. 

10. Nutrient capital contained in organic surface layers and in the organic 
matter of  the surface horizon of  mineral soil i s  extremely important t o  
s i t e  productivity even though i t  may represent only a small percentage of 
the t o t a l  nutrient capital on the s i t e .  These nutrients are being actively 
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11. 

12. 

13. 

14. 

recycled whereas most of the nutrients contained in the soil  are  made ava.il- 
able only very slowly. Therefore, destruction of surface organic layers 
will have a significant impact on b o t h  nutrient capital and avai labi l i ty .  

Mechanical treatment of residues t o  reduce part ic le  size increases the rate  
of bo th  residue decomposition and nutrient release. 
soil  will further enhance decomposition. 

Increasing contact with 

Rapid buildup of microbial populations a f t e r  additiqn of large amounts of 
residue can resul t  in a temporary nitrogen deficiency. 
nitrogen will enhance decomposition and insure adequate nitrogen for  the 
next crop. 

Addition of f e r t i l i z e r  

Introduced f e r t i l i z e r s  and f i r e  retardants add t o  the nutrient capi tal ,  
increase the nutrient content of residues, and accelerate decomposition 
and nutrient cycling. 

Residue treatment will have only limited effects  on pesticide distribution 
and persistence because resi.due treatment will seldom coincide with the 
need for pesticide application. 

RESEARCH NEEDED 

L i t t l e  current research i s  specifically designed t o  provide guidelines for 
residue management. 
research planned for  other purposes will yield valuable information on forest  
residue re1 a t i  onshi ps . 

Adaptation of existing d a t a  and minor modifications of 

The influence o f  n a t d a l  residues on soil formation and nutrient capital 
in forest  ecosystems i s  well documented, and current studies under the IBP 
Coniferous Biome program will provide additional information on the importance 
o f  organic residues in nutrient cycling and s i t e  productivity. 

New research i s  needed t o  quantify nutrient levels in manmade forest  residues 
and the effects  of residue treatments on nutrient levels,  ava i lab i l i ty ,  and  
cycling. Investigations should include effects  of residue management i n  o l d-  
growth and second-growth stands, and ,  i f  possible, should be designed t o  provide 
information on the long-term impacts of intensified forest  management on soil 
formation and nutrient cycling. 
systems on timing of nutrient release and maintaining s i t e  productivity are 
important. 

The effects of various residue management 

Effects of specific nitrogen f e r t i l i z e r  and f i r e  retardant chemicals on 
residue decomposition, nitrogen cycling, and the avai labi l i ty  of other nutrients 
need t o  be investigated. 
be determined and the long-term effects  of repeated applications evaluated. 
Residue situations t h a t  require application of f e r t i l i z e r  nitrogen to enhance 
decomposition or maintain adequate levels of available nitrogen for  plant growth 
during residue decomposition should be identified. 

Interactions with different  residue situations should 

The products of pesticide combustion produced during residue burning have 
no t  been adequately studied. 
behavior, and impact in the forest  i s  needed. 

Specific research t o  determine their  ident i ty ,  
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EQUIPMENT DEVELOPMENT 

Specific guide7 ines for  development of residue reduction equipment should 
be related t o  the general need to maintain surface organic layers and minimize 
nutrient loss and soi l  disturbance. Equipment t h a t  will combine part ic le  s ize  
reduction with redistribution over the treated s i t e  will conserve nutrient 
capital and help maintain o r  improve s i t e  productivity. Residue decomposition 
and nutrient cycling could be further enhanced i f  equipment design permitted 
f e r t i l i z e r  application along with spreading of chipped residues when needed. 
Development of methods and equipment t o  t r ea t  residues on steep slopes should 
receive h i g h  pr ior i ty .  

CURRENT RES EAR C H 

Several investigations i n  progress will provide additional information on 
forest  residue relationships and the possible consequences o f  various residue 
management practices. Studies under the IBP'  Coniferous Biome program are deter- 
mining the ra te  of l i t t e r  production fo r  representative reference stands, the 
influence of organic composition and nutrient content on ra te  of  decomposition, 
and the turnover time f o r  l i t t e r  biomass and nutrients as affected by moisture 
and temperature. Other studies are examining the mechanisms of nutrient release 
and t r anspor t  t h r o u g h  the soil  system and the extent of nutrient losses due t o  
soil erosion on steep forested slopes. Accumulated da t a  from these and other 
studies are being integrated into decomposition, nutrient cycling, soi l  erosion, 
and hydrological models which will provide the basis fo r  predicting the impact 
of various stand manipulations including forest  residue management. Specific 
studies t h a t  may be of interest  are l i s ted  below: 

Cole, D . W . ,  and S.P. Gessel (University of Washington, Seat t le ,  Washington), 
Fluxes in soil  solution chemistry: A study of the mechanisms and pro- 
cesses involved. 

Cole, D . W . ,  and S .P .  Gessel (University of Washington, Seat t le ,  Washington), 
Fluxes in the elemental composition of forest  stands. 

Fredriksen, R . L . ,  and  D . G .  Moore (U.S. Forest Service, Forestry Sciences 
Laboratory,  Corval l i s ,  Oregon), Effect of manipulations and vegetation 
cover conversion on nutrient retention, mob-ilization, and loss in 
forest  ecosystems. 

Kays, M . A . ,  and F.J. Swanson (University of Oregon, Eugene, Oregon), 
Studies of geology, rock weathering, and sedimentary processes in the 
H.J. Andrews Experimental Forest. 

S t r a n d ,  M.A. (Oregon State University, Corvallis, Oregon) , Prototype 
modeling of ionic dynamics in the soil  solution. 

Swanston, D . N .  (U.S. Forest Service, Forestry Sciences Laboratory, 
Corvallis, Oregon), Nutrient losses due t o  soil  erosion on steep 
forested slopes within the Coniferous Forest Biome. 

Ugolini , F . C .  , and M.? Singer (University of Washington, Seat t le ,  Washington), 
Dynamics of weathering and soil-forming processes. 
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Ugolini , F.C. , and M. Singer (University of Washington, Seat t le ,  Washington), 
Biogeochemical cycle of the Coniferous Forest Biome. 

Additional studies related more specifically t o  l i t t e r  decomposition are 
l i s ted  by Dr. Bollen (1974). Other related studies of interest  include: 

Lavender, D . P .  (Oregon State University, Corvallis, Oregon), Nutrient 
cyc'le in young Douglas-fir. 

Metz, L.J. 
Pioneering research unit  in the formation and decomposition of the forest 
floor.  

(U.S. Forest Service, Research Triangle Park, North Carolina), 

Stone, E . L .  (Cornel1 University, Ithaca, New York), Innovative studies of 
soil  - forest relationships. 

Wells, C . G .  (U.S. Forest Service, Research Triangle Park, North Carolina), 
Forest soil  productivity in the Southeast. 

Youngberg, C.T. (Oregon State University, Corvallis, Oregon), Nature and 
properties of forest  humus. 

Zinke, P.J. (University of California, Berkeley, California),  Influence of 
forest  vegetation on soil  properties. 

Current research on introduced chemicals includes continuing studies on the 
fa te  and behavior of forest  f e r t i l i ze r s  and pesticides (Forestry Sciences 
Laboratory, Corvallis, Oregon). Where possible, these studies will be modified 
t o  include interactions with forest  residues. One phase of a recently ini t ia ted 
3-year investigation on the "Entry, fa te ,  and impact of f i r e  retardant materials 
in forest  streams" (Logan A .  Norris) will examine the interactions between f i r e  
retardants and forest  residues. 
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SOIL STABILITY AND WATER YIELD AND QUALITV 

Jack Rothacher and William Lopushinsky 

ABSTRACT 

Forest residue a c t i v i t i e s  influence so i l  and water 
resources i n  proportion t o  the amount they increase s o i t  
disturbance. 
can' lead t o  surface erosion and stream sedimentation. 
Residues and residue treatment would not normally increase 
mass s o i l  erosion nor ,would water yields change signi f icantty .  
The quantity of  chemicals in streams increases when rate of  
decomposition of residues exceeds uptake by vegetation. 
Burning of fores t  residues increases the quantity of chemicals 
that  r n q  reach streams roughZy i n  proportion t o  the quantity 
of fue l  burned. Broadcast burning a f t e r  logging of old-growth 
Douglas-fir increased loss of nutrient  cations 1.6 t o  3.0 
times that  from an unburned area. 

Drastic disturbance of l i t t e r  and surface soil 

Keywords: Soil--erosion, management, s t ab i l i t y ,  compaction; 
water--qual i t y ,  yield; watershed management. 

INTRODUCTION 

Soil  and water are basic resources of the forest  environment which m u s t  be 
protected i f  we are t o  maintain productive so i l s  and clear streams. 
dead s t a n d i n g  trees , understory vegetation, and natural o r  man-caused slash 
consti tute residues in the forest  environment which can affect  soil  and water 
resources t h r o u g h  the i r  influence on soil  erosion and water yield and quality. 
In general, residues are beneficial because they protect the soi l  from erosion 
resulting from the impact of raindrops, and they prevent movement o f  dislodged 
soil  into streams. 
which i s  important in maintaining both the texture necessary for  adequate 
in f i l t ra t ion  and the f e r t i l i t y  o f  the so i l .  

L i t te r ,  

Residues also provide organic matter on and i n  the soil  

Treatments which remove o r  disturb organic matter protecting the soil  surface 
may increase soi l  erosion and stream sedimentation. Although protection o f  the 
soil  surface with a complete cover of organic matter i s  desirable for good 
watershed management, i t  may be in direct  conflict  with f i r e  protection, s i l v i -  
cultural requirements , and other uses. 
management should be maintenance of  an adequate cover o f  organic matter t o  
protect the soil  and water resource and with quantities not  so great t h a t  they 
consti tute a serious f i r e  hazard o r  greatly reduce the success of regeneration. 
The diff icul ty  of reaching this  optimum level of residue wi l l ,  of course, vary 

Perhaps the objective of residue 
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w i t h  local i ty  and forest  type. Slash and understory vegetation occur in smaller 
amounts in east  Cascade forests;  b u t  because decomposition i s  slower under 
relatively dry conditions, accumulation of residues under natural conditions can 
be greater than  in west Cascade forests (Gessel and Balci 1965).  A t  high eleva- 
tion where true fir-hemlock forests occur under cool, moist conditions, natural 
residues may also accumulate because of reduced decomposition (Williams and 
Dyrness 1967).  

In  the following sections, we discuss the significant effects of natural 
and man-caused residues on soil  s t ab i l i t y  and water yields and quality. Soil 
s t ab i l i t y  involves two d is t inc t  processes, surface erosion and mass soi l  erosion, 
a1 t h o u g h  these may occur simultaneously. 
t o  stream sedimen.tation, this  aspect of water quality i s  covered in the section 
on soil  s t ab i l i t y .  
discussed in a separate section, although Fredriksen (1971) points o u t  t h a t  large 
quantities of chemicals leaving a forested watershed may be found as a component 
of sediment in streams. 
seasonal high and low flows, are discussed separately and are largely d i s t inc t  
from erosion and water quality.  

Since soil  erosion i s  directly related 

The effects of residues on chemical water quality are 

The effects of residues on water yield,  including 

Although we have general knowledge of the effects of residues on soil  
s t ab i l i t y  and water yields and quality,  research relating residues direct ly  t o  
these facets o f  the forest  environment i s  limited. 

SOIL STABILITY 

Surface erosion relates t o  the detachment and transport of individual soi l  
particles (Dyrness 1966). In  forested areas, raindrop impact and flowing water 
are the principal processes involved under moist conditions; and dry ravel, the 
principal process under dry conditions. Dry ravel i s  the movement of individual 
particles downslope by gravity under dry conditions and i s  common d u r i n g  the 
summer on steep slopes with l i t t l e  vegetation. 

Mass soiZ erosion, often referred t o  simply as landslides, re lates  t o  
detachment and downslope movement of relatively large quantities of soi l  a t  one 
time and occurs primarily during wet soil  conditions w i t h  gravity as the moving 
force. 

SURFACE EROSION 

In virtually a l l  forests in the Pacific Northwest, surface erosion i s  
minimal under undisturbed conditions (Rice e t  a l .  1972). Any act ivi ty  t h a t  
removes the protective wganic material making up  the forest  floor may increase 
surface erosion and subsequently stream sedimentation. 

Natural Residues 

Under natural conditions, the forest  floor i s  composed of fresh l i t t e r  on 
the surface over layers of par t ia l ly  t o  completely decomposed organic material 
which grades into a mixture' with the mineral so i l .  
matter in a young Douglas-fir 

The distribution of organic 
(Pseudotsuga rnenziesii) forest  i s  shown i n  table 1. 
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Table I.--Distribution of Ne P, K, Ca, and organic matter (kg/ha) in a secondgrowth 

Do ugla s- fir ecosystem 11 

Cornponen t N P K Ca Organic 
mat te r  

TREE 
Fol i age current 

Branches current 

01 d e r  

01 d e r  
dead 

ol  d e r  
Wood current 

Bark 

Roots 

Total  tree 

SUBORDINATE 
VEGETATION 

FOREST FLOOR 
Branches 
Need1 es 
Wood 
Humus 

Total  f o r e s t  f l o o r  

SOILS 
0-15 crn 

15-30 cm 
30-45 crn 
45-60 cm 

Total  s o i l  

TOTAL ECOSYSTEM 

24 
78 

4 
40 
17 

10 
67 

48 

32 

320 

6 

5 
35 
14 

121 

175 

809 
868 
761 
37 1 

2,809 

3,310 

5 
24 

1 
9 
2 

2 
7 

10 

6 

66 

1 

1 
4 
2 

19 

26 

1,167 
1,195 

980 
536 

3,878 

3,971 

16 
46 

3 
32 
3 

10 
42 

44 

24 

220 

7 

a 4  
5 
8 

15 

32 

79 
66 
52 
37 

234 

493 

7 
66 

2 
65 
39 

4 
43 

70 

37 

333 

9 

8 
27 
17 
85 

137 

31 3 
196 
152 
80 

741 

1,220 

1,990 
7,107 

51 3 
13,373 
8,145 

7,485 
114,202 

18,728 

32,986 

204 529 

1,010 

1,423 
3,005 
6,345 

11,999 

22,772 

38,372 
36,935 
28,290 

7,955 

111,552 

339,863 

11 From Cole et al. 1967 (used with permission). 
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Organic compounds in the surface soil  often aggregate fine soil  pa r t i c l e s  
and improve i nf i 1 t r a t i  on properties of the forest  soi 1 s , thereby minimizing 
surface erosion. The coarser organic particles of the forest  f loor intercept 
raindrops and protect soil  particles from detachment and pudd l ing .  Because of 
high inf i l t ra t ion  rates in surface so i l s  under the forest  f loor ,  surface runoff 
i s  rare under undisturbed forests.  High inf i l t ra t ion  rates are,  in-part ,  the 
resu l t  of macropores in the soi l  from animal act ivi ty  and r o o t  decay channels. 
Overland flow during the snowmelt season has been observed on b o t h  disturbed and 
undisturbed forest  floors where the terrain i s  glaciated and the water table i s  
high (Burroughs e t  a l .  1972). 

Catas trophi c events such as wi ndthrow, snowbreakage, and death of forest  
trees by insect o r  disease have l i t t l e  effect  on surface soi l  erosion. With I 

the exception of roo t  holes where windthrown trees s tood,  these events resu l t  i n  
a temporary increase i n  the l i t t e r  layers of the fo re s t  floor.  
depressions and are suff ic ient ly  discontinuous t h a t  any movement of soil  
particles i s  local,  and stream sedimentation i s  minor. An exception might be 
streambank trees t h a t  are windthrown, opening bare soil  t o  erosion directly i n t o  
the stream, o r  t h a t  obstruct normal flow of the stream and cause channel changes 
and bank cutting. 

Root holes are 

Wildfire, by removing the l i t t e r  layer, may have an appreciable influence 
Dyrness (1966) concluded t h a t  severe burns resu l t  in on surface soil  erosion. 

serious soil  erosion; l igh t  burns have negligible effects .  He cited several 
studies in chaparral in which increased inf i l t ra t ion  followed l igh t  burning 
(Burgy and Scott 1952, Scott 1956, Scott and Burgy 1956) and -in which surface 
erosion might actually have been reduced. Serious uncontrolled f i res  usually 
burn under dry conditions in which overstory trees are kil led and almost a l l  
the forest  floor i s  consumed, leaving bare mineral soil  exposed. These are 
optimum conditions for increased soil  erosion which can be dry ravel on steep 
slopes or sheet erosion and r i l l i ng .  

Surface erosion on severely burned slopes is most serious where so i l s  are 

Perhaps the best evidence of the effect  of wildfire on 

inherently highly erodible (granodiorite, pumice, and other single grain s o i l s )  
and where high intensity precipitation occurs as i t  occasionally does in eastern 
Oregon and Washington. 
surface erosion i s  t h a t  from the Entiat Experimental watersheds in the Wenatchee 
National Forest of eastern Washington which were burned over by a severe forest  
f i r e  in 1970. Before the f i r e ,  two of the three watersheds, which range from 
1,200 t o  1,400 acres (486 t o  567 ha) in s i  e ,  produced practically no sediment, 

a f t e r  the f i r e ,  sedimentation from each of  the three watersheds ranged from 53 
to  166 yd3 (41 t o  127 m3). This increased sedimentation largely resulted from 
accelerated channel cutting caused by increased streamfl ow rather than increased 
surface erosion. 
occurred mainly in areas where the soil surface had been disturbed and 
compacted, reducing inf i l t ra t ion .  For example i n  salvage logging areas, skid 
t r a i l s  and roads concentrated overland flow into nonnatural channels i n  which 
gully erosion developed. On undisturbed areas w i t h o u t  vegetation cover, some 
surface erosion was observed; b u t  where vegetation had become established, 
surface erosion was minimal in sp i te  o f  considerable overland flow. 

and the third produced approximately 20 yd 5 (15 m3) annually. I n  1971, 1 year 

In  1972, a f te r  a high intensity rainstorm, surface erosion 

Few other studies of postwildfire erosion have been made i n  the Northwest, 
probably because accurate estimates of changes i n  soil  loss are d i f f i cu l t  when 
background data are not  available o r  because the damage is so obvious. In 1953, 
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Sar t z  studied the 1951 West Hills f i r e  near Portland. After a severe f i r e  on 
steep slopes, he estimated erosion from 32 inches (81.3 cm) of rain between 
October 17 and May 2 removed an average of 0.12 inch (0.3 cm) of so i l .  
May 2 ,  a cover af vegetation had been reestablished which provided effective 
control against further sheet erosion on most of the area. 

By 

Surface erosion on severely burned areas also occurs as dry ravel from steep 
slopes during summer months. 
f t 3  (340 m3) of soil  moved by dry ravel during a r t s  of two summer seasons from 
the over 60-percent slopes of a 237-acre (96-hay slash-burned watershed (55- 
percent bare soil  a f t e r  b u r n i n g ) .  Presumably, conditions would be similar i n  a 
wildfire area. As in Sar tz ' s  (1953) study, measurement of dry ravel was 
stopped the second year because revegetation had vir tual ly  stopped accelerated 
soil  loss. 

Mersereau and Dyrness (1972) estimated over 12,000 

Research has shown t h a t  h o t  f i r e s  often leave a nonwettable soil  (DeBano 
and Krammes 1966, DeBano 1969, DeBano e t  a1 . 1970).  
of the f i r e ,  the greater the nonwettability. This condition resul ts  in decreased 
inf i l t ra t ion  and increased surface runoff and erosion. 
pumice-derived coarse textured so i l s  in the "Airstrip Burn" of 1967 in the Oregon 
High Cascades show t h a t  nonwettability continues for several years. 
so i l s  may reduce the ra te  of revegetation of the area. 
treated a nonwettable soil  with a wetting agent and found a fourfold increase 
in vegetation. 

T.he greater the intensity 

Unpublished studies on 

Osborn e t  a1 . (1964) 
Nonwettable 

Manmade Residues 

Manmade residues provide protection t o  the soil  surface similar t o  natural 
residues. Large quantities of fresh material are added during logging although 
quantity and distribution vary w i t h  s i lvicul tural  system and yarding method. 
Dell and Ward (1971) measured fuel weights of 32 t o  227 short tons/acre (72 t o  
509 metric tons/ha) and volumes of residues averaging 7,430 ft3/acre (519 m3/ha) 
in Douglas-fir forests  in western Oregon and Washington. Table 2 shows Dyrness' 
(1965, 1967, 1972) findings on slash density for several yarding systems. These 
resul ts  indicate t h a t  about three-fourths of a clearcut area had some slash pro- 
v i d i n g  a degree of protection from surface erosion. 

Other s i lvicul tural  systems, which would remove a smaller portion of  the 
forest  s t and ,  would presumably add less manmade residue b u t  might leave more of 
the natural residues undisturbed. 

Similarly, cultural practices such as thinning, pruning, and herbicide or 
s i lvicide treatments would add increased fresh residues t o  the forest  f loor  b u t  
would cause relat ively minor changes in natural forest  residues and l i t t l e  change 
in surface erosion. 

Heavy accumulations of residues from in i t ia l  stages of mill processing such 
as bark slabs and sawdust piles a l s o  protect the soil  surface from erosion. 
surplus would be reduced by residue treatments. 

This 

We should recognize t h a t  manmade slash, especially cull logs l e f t  crossways 
on steep slopes, may be beneficial by catching and holding eroded material o n  
the s i t e  and o u t  o f  stream channels. 
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Table 2 .--Slash density as percent %f total clearcut area by 
four yarding systems 

, S1 ash densi ty Tractor Hi gh-1 ead Sky1 i ne Ball oon 

Heavy 25.4 26.9 10.8 20.2 

Light 42.6 37.7 53.8 52.6 

Absent 26.4 25.9 32.2 21.3 

Cull l o g  6.3 9.9 6.4 5.9 

Percent bare soil  (q) . 14.8 12.1 6.0 

Percentages by density do n o t  add t o  100 because cull 
logs and bo th  l i g h t  and heavy slash can be recorded on one plot.  
Also, absence of slash and bare soil  can be recorded on the same 
plot. 

11 Not recorded. 

Several user guides (Kidd 1963, Haupt 1959, Packer and Christensen 1964) 
have been developed for the dr ie r  pine s i t e s  of the in te r ior  West which recommend 
systematic approaches for using residues in erosion control. Perhaps because 
quantities o f  natural and manmade residues are so large and revegetation so rapid . 
in most areas west of the Cascade Range, residues are seldom deliberately placed 
t o  control erosion. Undoubtedly situations occur in west coast forests where 
logging slash and other debris could be used t o  control erosion from disturbed 
s i t e s .  

Residue Treatments 

In surface soil  erosion, residue treatments are important in relation t o  the 
amount o f  soil disturbance they cause o r  prevent. 

No Treatment 

Unless the benefits of  soil  protection are exceeded by esthet ic ,  f i r e  hazard, 
or s i lvicul tural  considerations, i t  i s  best t o  leave slash wi thout  further 
disturbing the s i t e .  
cases, i f  this can be done without further soil  disturbance o r  exposure. 

Redistribution o f  forest  residues may be beneficial in some 

Rearrange and Leave 

Treatment by hand, such as lopping and scattering o r  pil ing, can be 
accomplished with minimum soil  disturbance. On excessive’ly erosive s i t e s  such 
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as the granodiorite so i l s  of the T i l l e r  Distr ic t  i n  the Umpqua National Forest 
of southwestern Oregon, slash has been effectively distributed over road fi1'1 
slopes ei ther  by hand or by machine t o  provide some additional protection from 
surface erosion of newly placed so i l .  

In areas of similar highly erosive so i l s  i n  the Boise basin o f  Idaho, Haupt 
and Kidd (1965) used slash for skid t r a i l  barriers t o  retard soil  movement. In 
this low rainfal l  area, similar t o  eastern Oregon and Washington pine forests ,  
slash placed in dry draw bottoms can act as sediment f i l t e r s  or traps, al though 
there i s  risk of movement d u r i n g  h i g h  intensity storms. In the much higher 
precipitation zones west of  the Cascade Range, Rothacher (1959) warns that  slash 
l e f t  in channels d r a i n i n g  40 acres (16 ha) o r  more may be moved by large storms 
t o  form small debris dams and cause increased erosion downs\tream. 

In general machine p i l i n g ,  windrowing, yarding unutilized material ( Y U M ) ,  
d ragg ing ,  o r  moving slash t o  a hole o r  other disposal s i t e  involve varying 
degrees of disturbance and exposure of  the so i l .  However, cut logs placed 
across the slope can be beneficial; they trap material moved by surface erosion. 
Tractor piling and windrowing slash on gentle slopes and heavy soi ls  a t  the 
Umpqua Experimental Forest were observed t o  greatly increase surface erosi 
due to  compaction, reduced in f i l t r a t i on ,  and exposure of the mineral soil.- 
YUM yarding i n  the same area l e f t  the forest  f loor  disturbed b u t  the soi l  surface 
relatively well protected by organic matter mixed with surface so i l s .  

91 

Treat Mechanical ly  and Leave 

Chipping of forest  residues w i t h  redistribution of chipped material over 
the soi l  surface may be a desirable practice, especially along road rights-of- 
way where chips could be used t o  protect cut and f i l l  slopes. 
a 1-inch-thick (2.54-cm) layer of wood chips spread over the tread of logging 
roadbeds had a s l igh t  adverse effect  on the rate  of establishment of reseeded 
grasses (Kidd and Haupt 1968). An adequate supply of f e r t i l i z e r  could be used 
t o  counteract this  effect .  In large scale disposal of forest  residues on steep 
ground, yarding logs t o  the chipper or moving the machinery m i g h t  create more 
disturbance. 
t o  slopes under 30 percent. Above this, slopes are t h o u g h t  t o  be too steep f o r  
safety and machine s t ab i l i t y  unless t ractor  roads are cut into the slope, which 
would further disturb the s i t e .  
chips could control surface erosion even on a severely disturbed area. 

In central Idaho, 

Tractor operations on Forest Service lands are general ly  res t r ic ted 

On gentle topography, chipping and spreading o f  

Crushing with heavy equipment, such as the Tomahawk cutter-crusher, should 
be restr ic ted t o  more gentle topography (under 20 percent) and operated across 
the slopes. 

Burying of  forest  residues would cause excessive disturbance locally and 
could further disturb areas from which debris i s  moved. 

Any operation using heavy machinery should be restr ic ted t o  avoid areas o r  
times when compaction o f  soil  would be expected. 
be greatly accelerated i f  i n f i l t r a t i on  is  reduced th rough  compaction o f  the 

Surface runoff and erosion may 

1/ Unpublished information on f i l e  a t  Forestry Sciences Laboratory, 
Paci f i  c Northwest Forest and Range Experiment Station , Corvall i s ,  Oregon. 
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surface s o i l .  In  1959, Lull prepared an excellent summary of soi l  compaction of 
forest  and range lands, which should be consulted before use of  heavy machinery 
t o  t r ea t  forest  residues i s  considered. He points o u t  t h a t  some compaction can 
be expected with any use of  the forest .  Compaction increases bulk density-- 
reduces total  pore space by the same proportion, reduces noncapi 11 ary pore space 
a greater amount--and has i t s  greatest effect  on in f i l t ra t ion  and percolation of 
water. 

The resistance t h a t  the soil  offers t o  compaction depends on the moisture 
content, texture, structure,  density, organic content, and, of course, the 
forces applied. As soil  moisture content increases, compaction may resu l t  even 
though loads are reduced; o r  restated from the viewpoint of th i s  report, the 
same amount of damage can be inf l ic ted on wet soil  w i t h  l igh t  equipment as on 
much dr ier  so i l s  with heavier equipment. 
moisture content midway between f ie ld  capacity and wilting point--approximately 
the moisture content a t  which soil  can be rolled in the hand into 1/8-inch- 
diameter (0.32-cm) threads. 
par t ic le  sizes compact t o  the greatest densit ies.  Hardpans produced by compac- 
tion from vehicles are most commonly found in medium textured loam soils--sandy 
loam and s i l t  loams. 

Maximum compaction resul ts  a t  a 

In general, so i l s  with the greatest  range o f  

Figure 1 ( L u l l  1959) i l l u s t r a t e s  the relationships between soil  moisture 
and bulk density as influenced by variations in load and soil  texture. 
use this  type of curve t o  determine the moisture content needed for maximum 
compaction for a given so i l .  The same curves could be developed t o  determine 
moisture content a t  which compaction could be minimized. Unfortunately, 
especially west of the Cascade Range, forest  soil  remains a t  a moisture content 
conducive t o  compaction most of the year. Welj-aggregated s o i l s ,  such as are 
found in many forest  areas, have lower b u l k  densities than those in figure 1 
and are! highly permeable. Under compaction forces, the aggregates are crushed, 
parti cl es f i  11 the i nteraggregate spaces, and permeabi 7 i ty i s  reduced. 
greater the organic matter content of the soil  the less the suscept ibi l i ty  t o  
compaction. 

Engineers 

The 

The degree of compaction varies w i t h  the kind of residue treating equipment. 
Crawler tractors compact the soil  less than  wheel vehi les  do. Compared with an 

pressures of agricultural tractors average about  20 l b ( l . 4  kg , passenger cars 

equipment used may n o t  be important considering the pronounced compaction 
i n f l  uence of re1 atively small ground pressures. Crawler t ractors ,  w i t h  small e s t  
ground pressures, can have a major effect  on the s o i l .  Under wet conditions, 
for example, one pass of a t ractor  has been known t o  reduce macroscopic pore 
space by half and i n f i l t r a t i on  rates by 80 percent. The factor influencing 
compaction t h a t  i s  most susceptible t o  management i s  the area of disturbance. 
The simplest way t o  control compaction, l ike erosion, i s  t o  prevent i t .  This 
could be most easily accomplished by restr ic t ing use of heavy equipment for  
residue treatment t o  existing road systems. 

assumed average ground pressure o f  7 lb/in2 (0.5 kg/cm 5 ) for  crawler t ractors ,  

30 l b  (2.1 k g ) ,  and trucks 50 t o  100 lb/in2 (3.5 t o  7.0 kg/cm 1 ). The weight o f  

Burn 

Periodic prescribed burning has seldom been practiced in the coastal areas 
of the West b u t  has been used in east  Cascade ponderosa pine (Pinus ponderosa) 
forests .  As with l igh t  wildfires,  l ight  burning apparently does no t  decrease 
inf i l t ra t ion .  Intense precipitation would be expected t o  resu l t  in increased 
erosion of bare so i l .  
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Broadcast burning in heavy slash i s  done when so i l s  are moist b u t  slash i s  
sufficiently dry t o  spread f i r e .  
Dyrness and Youngberg (1 957) found extensive unburned and 1 i ghtly burned areas, 
with maximums of only 5 t o  8 percent severely burned. 
in f i l t r a t ion  rates may decrease, b u t  rates change l i t t l e  in l ight ly  burned areas. 

Under these conditions, Tarrant  (1956) and 

In severely burned areas, 

Mersereau and Dyrness (1972) reported bare soil on the steep slopes of an 
experimental watershed increased from 1 2  percent af ter  logging t o  over 55 percent 
a f te r  broadcast slash burning. 
vegetative cover have a s t rong  influence on accelerated surface erosion. After 
broadcast burning, soil  movement was 4-1/2 times greater on 80-percent than on 
60-percent slopes; almost 3-7/2 times greater on south slopes than on nor th  
slopes ; 46 times greater on bare 80-percent slopes t h a n  on vegetated 60-percent 
slopes. 
of soil moved downslope during a 16-month period. 
Fredri ksen (1970) measured suspended sediment concentrations 67 and 28 times 
t h a t  from the undisturbed watershed during the f i r s t  and second years a f te r  
slash burning. 
compared with 0.1 f t 3  (0.007 m3) in the undisturbed watershed. 
major portion of the sediment came from channel cutting in material previously 
deposited i n  the streambed with an unknown quantity from the steep side slopes. 

They found t h a t  slope steepness, aspect, and 

For the ent i re  240-acre (97-ha) watershed, an estimated 458 yd3 (350 m3) 
On the same watershed, 

Coarse sediments increased t o  over 30 f t3/acre (2.1 m3/ha) 
Probably a 

Burning damage t o  the soil from piling and burning residues would be limited 
t o  those areas beneath the piles.  These would be sinlilar t o  severely burned 
s i t es  where Tarrant  (1956) found decreased in f i l t r a t ion  and reduced rates of 
revegetation. Since piles would represent a small portion of  the total  area, 
soil erosion leading t o  stream sedimentation would probably be minor. If pi les 
were constructed w i t h  machinery t h a t  severely disturbed the surface s o i l ,  
considerable surface erosion would be expected. Pi t  burning would l imit  soil  
damage from f i r e  t o  one s i t e ;  b u t  surface erosion would depend on the degree of 
excavation surrounding the p i t  and disturbance resulting from moving residues t o  
the p i t .  Burning residue in portable bins would cause no f i r e  damage t o  the 
soil  surface. The effect  of  this system on soil  erosion would depend on damage 
t o  the soil by bin feeding o r  transporting equipment, which could be considerable. 

Wildfire in manmade residues generally occurs when soil and fuels are 
dr ies t  and would be expected t o  cause the most severe burn .  Severe f i res  in 
the Pacific Northwest have been reported t o  reduce organic matter content in 
the surface 2 inches ( 5  cm) of the mineral soil by 61 t o  75 percent (Austin and 
Baisinger 1955, Youngberg 1953, Dyrness and Youngberg 1957). Organic matter i s  
an important cementing agent in soil  aggregate formation and indirectly 
influences i n f i l t r a t i on .  rates.  Dyrness and Youngberg (1957) found an 18-percent 
decrease in amount of  soil  aggregates in severely burned areas. 

Lower h f i 1  t r a t i o n  and increased soil nonwettability of coarse, sandy- 
textured soi 1 s fol 1 owi ng severe wi 1 dfi res woul d increase surface runoff and 
erosion m r e  on areas disturbed by logging t h a n  on natural areas o r  on prescribed 
burns of e i ther  natural o r  manmade residues. 

Removal of Residues 

No known studies have reported on soil erosion a f te r  removal of salvage logs 
o r  whole t rees .  The effect  on surface erosion and stream sedimentation would be 
related t o  soil  disturbance (Megahan and Kidd 1972). Whole t ree  logging would 
involve fewer t r ips  and possibly less disturbance for the ent i re  process of 
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yarding and slash disposal. 
residues other than branches and tops which vary w i t h  s tand defect and breakage 
in l o g g i n g .  

There would be l i t t l e  residue added t o  natural 

Removal of a l l  large material as i n  YUM yarding may disturb much of  the 
s o i l ,  b u t  this does n o t  necessarily resul t  i n  conditions conducive t o  increased 
surface erosion. However, on excessively steep slopes (over 60-80 percent for 
most s o i l s ) ,  soil  i s  approximately a t  the angle of repose. 
t h a t  bares the soi l  will inevitably resul t  in downslope movement of soi l  
par t ic les .  
well-distributed cover of debris over the ent i re  area. 
would be most beneficial across the slope. 

Removal of  debr s 

Such areas should be l e f t  unlogged o r  every e f for t  made t o  reta n a 
If l e f t ,  cull logs 

MASS EROSION 

Residues and residue treatment probably have l i t t l e  direct  effect  on mass 
soil erosion unless slope s t ab i l i t y  i s  severely altered as m i g h t  occur i f  
additional roads we57 required across steep slopes t o  remove or rearrange 
residues. Swanston- suggests t h a t  shallow noncohesive so i l s  on slopes 
greater than 37" are basically unstable. Slopes from 28" t o  37" approach the 
c r i t i ca l  angle and migh t  f a i l  i f  disturbed. Cohesive so i l s  ( h i g h  in clays) 
may be stable a t  vertical angles when dry b u t  have virtually no internal 
strength when saturated. 

Residues may indirectly contribute t o  mass erosion. For example, i n  steep 
terrain,  logg ing  slash may be moved downslope by small s l ides  of  saturated soil  
t o  block stream channels. This, i n  turn, can resul t  in large debris-mud torrents 
causing severe mass erosion. Any logging debris l e f t  i n  stream channels will 
increase the chance of channel blockage. 

In southern Cal i fornia ,  f i r e  has been t h o u g h t  t o  have some influence on 
lands1 ides th rough  i ts  effect  on in f i l t ra t ion .  Reduced inf i l t ra t ion  which 
prevents h i g h  levels of  soil  water makes slopes less suceptible t o  mass movement, 
a t  l eas t  temporarily, Foggin21 estimated landslide erosion i n  an unburned d r a i n-  
age was 1,800 metric tons/km2 (5,139 shor t  tons/miz); i n  a recently burned dra in-  
age, 1,100 tons (3,740 short tons ) .  
Foggin (1971) suggest t h a t ,  when the roots of f i re-ki l led vegetation on a 9-year- 
old burn began t o  rot, there was a period when susceptibil i ty t o  landslides was 
worse t h a n  immediately a f te r  f i r e  o r  w i t h  ful l  vegetative cover. 
because o f  destruction of water-using vegetation, f i r e  can be expected t o  increase 
soil water content, resulting i n  more rap id  saturation d u r i n g  the recharge period. 
Studies on the burned Entiat watersheds (Klock 1972) showed t h a t  i n  the f a l l  , 
1 year a f t e r  the f i r e ,  the upper 4 feet  (1.2 m )  of soil  profile contained 5 inches 
(12.7 cm) more water than was contained i n  the soil  dur ing  the same period before 
the f i r e .  

However, this  may be short lived. Rice and 

Usually, 

1/ D.N.  Swanston. Unpublished information on f i l e  a t  Forestry Sciences 
Laboratory, Pacific Northwest Forest and Range Experiment Station, Corvallis, 
Oregon , 

G.T. Foggin.  Unpublished data on f i l e  a t  Pacific Southwest F.orest and 
Range Experiment Station , G1 endora , Cal i fornia .  
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WATER YIELD 

Almost no research deals specifically w i t h  the effect  of residue o r  residue 
B u t  from associated studies,  we know t h a t  water yield treatment o n  water yield.  

i s  greatest from areas w i t h  minimum vegetation combined w i t h  dead shade which 
reduced evaporation. 

Natural Residues 

Li t ter  and standing dead vegetation provide shade and insulation t o  the soi l  
surface, reducing evaporation of water. Keduced evaporation theoretically would 
make more water available for  s,treamflow, although whether this  would be a 
measurable quantity is questionable. As discussed under surface erosion, l i t t e r  
arid natural residues protect the soi l  surface and maintain a high inf i l t ra t ion  
rate .  Where high intensity precipitation occurs, high inf i l t ra t ion  .rates reduce 
surface runoff preventing excessive peak flows. On the other hand, peak flows 
may be increased when inf i l t ra t ion  i s  reduced af te r  a wildfire which burns the 
soil  surface clean and produces a hydrophobic soil  condition. Studies in the 
Entiat watersheds show ea r l i e r  and higher peak snowmelt runoff a f t e r  the f i r e  of 
1970 (Helvey 1972). 

- 

Manmade Residues 

Residues from timber harvest, cultural practices, o r  processing provide 
added shade and insulation t o  the soil  surface, although the operation may 
leave an uneven distribution t h a t  i s  less effective t h a n  smaller quantities of 
more evenly distributed natural residues. A t  high elevations where snow i s  a 
major source of water for streamflow, Anderson (1963) found t h a t  snow melted 
faster  on heavy slash areas than  where i t  was in contact with the ground 
surface. 
intent t o  accumulate and delay snowmelt runoff. Under some conditions , slash 
windrowed a t  the lower edge of s t r i p  cuttings trapped cold a i r  and prevented 
snowmelt in winter. 
snow fences t o  t r a p  more snow in exposed places, although research along this 
l ine has been limited t o  cutting patterns and the use of s la t ted  snow fences. 1 

He suggests t h a t  slash should be removed from areas cut with the 

Strategically located windrows of slash could act  as 

Residue Treatments 

The effects on total  water yield of various methods of treating residues 
probably are minimal compared wi th reduction of transpi ration th rough  removal 
o f  vegetation. 
treatment can influence peak flows. 

There i s  some evidence t h a t  soil  conditions a f t e r  residue 

No Treatment 

The influence of leaving postlogging residues as they l i e  depends on the i r  
distribution over the area. 
soil  protection from evaporation b u t  may increase interception of  rain.and snow. 
As mentioned above, we have evidence t h a t  snow intercepted by slash melts fas ter  
than t h a t  on the ground. 

Evenly distributed slash provides the greatest 

If slash i s  unevenly distributed, as when separated by Skidroads uphill and 
downhill, more rapid surface runoff in skidroads may resu l t  in increased peak 
flows. 
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Rearrange and Leave 

Hand piling, cat  pil ing, windrowing, or other rearrangement of slash probably 
would have l i t t l e  effect  on water yields o r  timing of streamflow unless machine- 
caused disturbance i s  suff ic ient  t o  cause increased surface runoff. Increased 
evaporation resulting from greater exposure of  soil surface i s  unlikely t o  
measurably affect  water yields,  a1 t h o u g h  information concerning th i s  effect  i s  
lacking. 

Treat Mechanically and Leave 

Chipping or other operations t h a t  would reduce the size of residues and redis- 
t r ibute  them uniformly over the soil  surface could conceivably decrease evapora- 
tion from the s o i l ,  reduce surface runoff, and delay snowmelt. 
water yields would increase, and peak flows could decrease, b u t  whether the 
quant i t i tes  would be significant i s  n o t  known.  

Theoretically, 

B u r n  

Prescribed l igh t  burns and burning in portable bins would remove larger 
slash accumulations b u t  leave some organic matter a t  and incorporated into the 
soil surface, with probably only minimal influence on water yields or timing. 

Piling and burning, p i t  burning, and similar treatment of residues would 
increase the area of soil  l e f t  without organic protection, leading t o  higher 
evaporation and greater surface runoff. 

Broadcast burning would again expose more s o i l ,  leading t o  greater evapora- 
t i o n .  Hot f i r e s  on some s i t e s  resul t  in a hydrophobic condition t h a t  increases 
the opportunity for  surface runoff and higher peaks. 
a t  the H.J. Andrews Experimental Forest, we were unable t o  detect any effect  on 
water yields or on peak flows from slash burning in addition t o  those increases 
resulting from clearcut logging alone. This would indicate t h a t  transpiration 
from postlogging vegetation destroyed by the f i r e  plus evaporation from exposed 
soil i s  small compared with transpiration of the heavy timber stand removed by 
1 oggi ng . 

However, on a watershed 

Wildfires are similar t o  broadcast burns b u t  generally are hotter with 
increased effects .  We have no research evidence, b u t  i t  seems unlikely t h a t  
the increased effect  would be sufficient t o  cause changes appreciably greater 
than  those resulting from the logging operation. 

Snowmelt on areas burned by wildfire may be accelerated by the presence of  
standing blackened trees.  
timber during winter months probably a l te rs  the surface albedo and may hasten 
snowmelt to  a n  unknown extent. Almost a l l  snow studies in the deep-snow areas 
of the Cascade Range show t h a t  snow remains l a t e r  in the year under a stand of 
trees compared with large openings. However, there are some indications t h a t  
snow may actually disappear a few days ear l ie r  under a s t a n d  of mature trees 
than  in small openings of various sizes on leeward, nor th  slopes below 5,000 
feet  (1,524 m )  i n  the intermountain region. 

Also, disturbance from salvage logging of f i re-ki l led 

Physical removal of residues 'I'n the above cases would n o t  be expected t o  - 
have an appreciable effect  on water yields.  
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WATER QUALITY 

Forest residues represent a portion of the cycle of nutrients in the forest  
and in the aquatic ecosystem. The nutrient cycle i s  discussed in more detail  by 
Moore and Norris (1974) i n  the i r  chapter on soil  processes; only t h a t  po r t i on  
directly related t o  chemical water quality will be discussed here. Although 
vegetation influences water quality in several ways, climate and especially the 
geology of the area may be even more impor tan t .  Fredriksen (1971) has demon- 
strated t h a t  considerable portions of the nutrients carried from the land t o  
water are attached t o  eroded soil particles.  Other aspects o f  water quality 
influenced by forest  residues such as water temperature, debris dams, and oxygen 
content are covered by Brown (1974) in his chapter on stream conditions and fish 
habi t a t .  

In one sense, chemicals in stream water, whether dissolved or attached t o  
sediment, represent a loss t o  the nutrient cycle within the forest .  
e f for t  i s  being made (Fredri ksen 1972, U.S. International Biological Program, 
Analysis of Ecosystems 1971) t o  better understand the nutrient cycle and whether 
chemicals carried by a stream are in excess of needs of the forest  environment 
o r  whether they indicate significant loss of nutrient capi ta l ,  which in turn 
represents deterioration of the s i t e .  
question b u t  does provide information on the influence of residues and residue 
treatment on levels of chemicals in stream water. When appropriate, these levels 
will be related t o  water quality standards. 

Considerable 

' 

Our discussion does no t  deal with this 

Natural Res i dues 

Natural residues are p a r t  of the vegetative cycle. 
contain wi 11 1 argely be, recycled wi thin the forest  ecosystem wi t h  only sl i g h t  
losses under natural vegetative conditions (Fredri ksen 1972, Gessel and Cole 
1965, Cole e t  a1 . 1967). 
rates of decomposi t i  on (Mi tchell and Sartwell 1974, Aho 1974, Bo7 1 en 1974), 
normal accumul ation of residues and accelerated accumulation, as from windthrow 
and breakage, would have l i t t l e  influence on water quality unless other factors 
increase decomposition rates.  

The chemicals they 

Since re1 ease of chemicals i s  closely related t o  

' 

The living and dead organic materials t h a t  comprise the forest  are rapidly 
oxidized by f i r e  leaving small amounts of ash. With subsequent precipitation, 
a portion of the chemicals dissolved from the ash reaches streams (Fredriksen 
1971).  

and 59 lb/yd2 (32 kg/me). 
increase in the concentrations of ions entering the soil  and an increase in ion 
loss from the rooting zone. The increases in leached ions were related t o  the 
weight of fuel on the surface. 
release of chemicals a f t e r  wildfire comes from the Entiat watersheds where the 
chemical quality of stream water before and a f t e r  f i r e  has been studied. 

Grier and Cole (1971) simulated broadcast slash burning on lots  cover d 
with needles, branches and tops of trees a t  the rate of 13.8 lb/yd 5 (7.5 kg/m 5 ) 

They found t h a t  slash burning caused substantial 

Probably the most current information on the 

In a study near the Entiat Watersheds, Grier (1972) showed t h a t  the ash 
layer a f t e r  f i r e  included 193.6 l b  (217 kg/ha)  Ca, 52.6 lb (59 kg/ha) Mg, 34.8 
lb (39 kg/ha) K, 6.2 lb  (G.9 kg/ha)  Na, and 18.7 lb  (21 kg/ha) organic N per 
acre. O f  these amounts, 31 percent of the Ca, 80 percent of the Mg, 85 percent 
o f  the K ,  and 90 percent of the Na moved from the ash into the soil  w i t h  the 
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f i r s t  snowmelt a f t e r  the f i r e .  
retained in the upper 14 inches (35.6 cm) of soil  ; b u t  only 20 percent o f  the 
Na was retained. 

Eighty t o  90 percent of the Ca, Mg, and K were 

Water chemistry studies conducted by Tiedemann (1973) on the experimental 
watersheds showed t h a t  before the f i r e ,  ni trate-N concentration ranged from less 
than 0.005 p/m.during periods of relatively low flow t o  0.016 p/m during spring 
runoff. During the f i r s t  spring runoff period a f te r  the f i r e ,  nitrate-N concen- 
tration increased to a peak of 0.095 p/m and,  during the following summer and 
f a l l ,  declined t o  pref i re  background levels. During the winter, n i t ra te  levels 
then began t o  increase, and during the second spring runoff a f t e r  the f i r e ,  
ni trate-N concentration peaked a t  0.560 p/m. A1 though th is  concentration i s  
considerably above pref i re  background levels,  i t  i s  substantially below Federal 
water quality standards. Total  annual nitrate-N loss the f i r s t  year a f t e r  the 
f i r e  was 0.07 lb/acre (0.08 kg/ha)  and the second year 1.92 lb/acre ( 2 2  kg/ha), 
compared with 0.008 lb/acre (0.009 kg/ha) before the f i r e .  After the f i r e ,  
measurements made on a nearby unburned watershed showed t h a t ,  before spring 
runoff, the concentration of nitrate-N increased t o  0.067 p/m; b u t  by the time of  
peak spring runoff, the concentration had declined t o  background level. 

Average Ca concentrations o f  stream water for  three watersheds in the same 
area declined from 8.8 p/m before the f i r e  t o  7.3 p/m 1 year a f te r  the f i r e ,  and 
t o  5.0 p/m 2 years a f t e r  the f i r e .  Average Mg concentrations for  the same periods 
were 1.5 p/m before the f i r e ,  1.3 and 0.9 p/m a f te r  the f i r e .  Na concentration 
declined from 2.9 p/m before the f i r e  t o  2.3 p/m 2 years a f te r  the f i r e .  These 
declines in concentration apparently resulted from dilution caused by increased 
runoff. Loss of total  cations (Ca, Mg, K, Na) incpeased from 19.3 kg/ha/yr 
(17.2 lb/acre/yr) before the f i r e  t o  31.7 kg/ha/yr (28.3 lb/acre/yr) 1 year 
a f te r  the f i r e ,  and 60.6 kg/ha/yr (54.1 lb/acre/yr) 2 years a f t e r  the f i r e .  

Johnson and Needham (1966) found no specific effect  of f i r e  on the ionic 
composition of stream water following a forest  f i r e  in California. They postu- 
lated t h a t ,  because of the acidic nature of the s o i l ,  the cations leached into 
the soil  were adsorbed on the exchange complex rather than washed direct ly  into 
the stream. 

Manmade Res i dues 

The main difference between natural and manmade residue i s  the large, 
concentrated volume a f t e r  timber harvesting and, t o  less degree, from cultural 
practices. 
are extreme examples of concentrations of organic matter. 
t h a t  re late  these concentrations t o  water quality provided the concentrations 
are not deposited in the water i t s e l f .  The chapter on f ish habitat  by Brown 
(1974) discusses the importance o f  residues in streams. 
of chemical quality of water during logging, when the stream from a 240-acre 
(97-ha) watershed was largely buried in logging debris, shows a gradual r i s e  in  
disssolved chemicals d u r i n g  the 4 years required to complete logging. Analysis 
of individual chemicals showed the largest increase during the warn season of 
the year. 
decompos i t i  on of 1 oggi ng res i dues. 

Bark, slab, and sawdust piles l e f t  by portable processing equipment 
We know of no studies 

Fredriksen's 1971 study 

Release of these chemicals may be due, in part ,  t o  accelerated 

Increased .cation loss may be related t o  increased bicarbonate ion levels 
resulting from microbial act ivi ty .  Studies by McColl and Cole (1968) on cation 
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transport in forest  so i l s  indicate t h a t  bicarbonate ions resulting from root 
respiration, microbial ac t iv i ty ,  and the atmosphere are the principal source 
of anions t o  the soi l  system, and t h a t  act ivi ty  of cations i n  the soi l  solution 
i s  direct ly  related t o  bicarbonate act ivi ty .  
due in large p a r t  t o  the dras t ic  reduction i n  vegetation available t o  use the 
chemi cal s a f te r  1 ogging . In  Fredri ksen ' s  study, 1 eve1 s of chemi cal s measured 
did n o t  exceed water quality standards d u r i n g  the logging operation b u t  did for  
a brief period a f t e r  burning. Cultural treatments of  forest  vegetation with 
pesticides, f e r t i l i z e r s ,  and other introduced chemicals are discussed in the 
chapter by Moore and Norris (1974). 

Release of chemicals may also be 

Timber harvesting practices t h a t  disturb natural residues and unevenly 
dis t r ibute  logging residues n o t  only increase surface erosion b u t  also increase 
the chemical load in  streams. 
percent of the nitrogen loss a f t e r  b u r n i n g  was associated w i t h  sediment. 

Fredriksen (1970) estimated t h a t  s l ight ly over 50 

Residue Treatments 

Except for studies of b u r n i n g ,  we have almost no evidence of the effect  of 
various treatments of forest  residues on water qual i ty .  

Treatment t h a t  would rearrange o r  change the s ize  and form of forest  
res i dues o r  i nfl uence the moi s ture and temperature re1 a t i  ons could have a mi nor 
effect  o n .  water quality by changing the rate  of release of chemicals during 
decay. 
Aho (1974). 
vegetational uptake, capacity o f  the soil  t o  absorb them, ion transport mechanisms 
within the s o i l ,  and the avai labi l i ty  of water t o  transport them t o  streams and 
lakes. 

Factors affecting decay ra te  of residues are covered in the chapter by 
Once the chemicals are  released, the i r  movement i s  influenced by the 

In warm, moist areas, ra tes  of decay would be relatively rapid, b u t  uptake 

The opposite condition exis ts  

of nutrients by rapidly developing vegetation would also be increased. 
and Bormann (1972) have shown the rapid increase of nutrients in vegetation during 
early stages of  succession a f t e r  timber cutting. 
in dry country where decay i s  re lat ively slow and vegetation development i s  
retarded. 
be unlikely t o  appreciably affect  water quality as long as residues are n o t  in 
d i rec t  contact with water. 

Marks 

So, even treatments such as chipping, which should speed decay, would 

Burning, as discussed under natural  residues, greatly accelerates release 
of chemicals, some o f  which reach streams and influence water quality.  In the 
streams draining a steep 240-acre (97-ha) experimental watershed, Fredri ksen 
(1 971 ) measured sudden 7 arge increases i n most chemi cal s immedi ately fol 1 owi ng 
broadcast slash burn ing  of the ent i re  drainage. In his study i n  a Douglas-fir 
forest (Tsuga heterophyZZa zone), loss of  nutrient cations a f t e r  logging and 
burning increased 1.6 and 3.0 times loss from an undisturbed watershed. A supge 
o f  nutrients contained concentrations of ammonia and manganese that  exceeded 
Federal water quality standards for  about 12 days. For 2 years a f t e r  burning, 
annual nitrogen loss from the slash burned area averaged 4.6 lb/acre (5.2 kg/ha)  
compared with 0.14 lb/acre (0.16 kg /ha )  from an undisturbed forest ;  53 percent 
o f  the loss from the burned area was organic nitrogen attached t o  sediment in 
the stream water. 

In more gentle topography where soi l  loss 'from erosion would normally be 
small, loss o f  nitrogen attached t o  sediment should be much less .  As indicated 
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by Grier and Cole's (1971) study which reported increased ion transport below 
the roo t  zone following burn ing ,  dissolved chemicals i n  the stream water would 
be expected t o  increase roughly in proportion t o  the portion of the drainage 
burned. Buffer s t r ips  would have l i t t l e  influence on leached ions, and thei r  
value for controlling sediment losses has been questioned since most sediment 
i s  carried in stream channels which traverse buffer s t r ips .  

I 

Removal of fores t  residues from the s i t e  would reduce the chemicals avail- 
able on the area . b u t  would have only a minor influence on chemical water quality 
since the major portion of the nutrient capital i s  in the so i l .  
quantities of chemicals in various portions of a second-growth Douglas-fir forest  
are shown in table 1 (Cole e t  a l .  1967). Most of the residue t h a t  could be 
removed would probably be made up of nonmerchantable bole wood and heavier 
branches which contain about 2 t o  10 percent of the total capital of principal 
elements . 

Relative 

SUMM.ARY AND CONCLUSIONS 

In  general, forest  residue reduction will influence the fores t  soil  and 
water resources in proportion t o  the amount of soil disturbance created. 

Drastic disturbance of l i t t e r  and surface soil  can lead t o  increased surface 
erosion leading t o  stream sedimentation. In some cases, natural and manmade 
residues have a beneficial onsite effect  in combating erosion and preventing 
sediment from reaching streams. In steep topography, greater than 60- t o  80- 
percent slope, removal of residues by any means that  bares the soil leads t o  
increased soil  movement. A well-distributed cover of dead and l ive  residues 
are necessary t o  control erosion, especially in single-grained so i l s ,  such as 
those from granit ic parent material which are potentially highly erosive. 

Residue treatment would not  materially increase mass soil  erosion unless 
machinery altered the slope by undercutting, as with tractor roads, o r  over- 
loaded slopes w i t h  waste material. 

Water yields should n o t  be changed by residue treatments t o  any significant  
degree. Timing o r  distribution of peak flows could be altered by any operation 
that  increased surface runoff primarily as a resul t  of decreased in f i l t r a t ion  
following removal of l i t t e r  down t o  mineral soil or by channeling water, as in 
ski droads . 

In terms of water quality, the quantity o f  chemicals in streams evidently 
increases when rate of decomposition of residues exceeds the uptake by vegetation 
and the exchange capacity of the so i l .  

Fire creates the conditions most likely t o  release large quantities o f  
chemicals that  reach streams. 
expose the surface soil  t o  erosion. 
damaging; controlled broadcast burns are less damaging t o  the soil  surface b u t  
may release as much chemical as wildfires. Surface runoff and erosion can be 
greatly accelerated where in f i l t r a t ion  i s  reduced through compaction of the 
surface so i l .  
maximum compaction occurring midway between f ie ld  capacity and the wilting 
point. 

Fire i s  also one o f  the agents most likely t o  
Wildfires, which burn  hottest ,  are the most 

Compaction increases with increasing soil  moisture content, with 

Compaction can probably best be controlled by res t r ic t ing the use of 
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heavy machinery t o  avoid areas o r  times when compaction of soi l  would be expected, 
and res t r ic t ing use of heavy equipment for residue treatment t o  existing road 
systems . 

IMPLICATIONS FOR RESIDUE REDUCTION EQUIPNENT 

From the soil-water standpoint, the most important features of equipment t o  
be used i n  residue reduction should be those t h a t  prevent further disturbance of 
the soil  surface. Except for  equipment t o  be operated on existing road surfaces, 
residue reduction machinery should be lightweight and operated a t  a time t h a t  
will n o t  lead t o  compaction. 
on the surface although i t  might be reas'onable t o  remove material by methods 
such as skyline, balloon, e t c . ,  t h a t  would leave l i t t e r  and duff on the soi l  
surfaces relatively undisturbed. 

On steep slopes, no machinery should be operated 

RESEARCH NEEDED 

Soil and water research currently in progress will provide some information 
about residues and residue reduction even t h o u g h  very l i t t l e  i s  designed 
specifically t o  answer residue questions. Studies such as the IBP Coniferous 
Biome Ecosystem analysis will hopefully give us a'better understanding o f  the 
role of organic debris in nutrient cycling and water quality.  
research plans should be modified t o  develop new information on effects  o f  
residue and residue treatment. Several of the watershed studies by the Pacific 
Northwest Forest and Range Experiment S t a t i o n  include a variety of slash t rea t-  
ments such as clean yarding, broadcast burning, and no treatment. Specific 
effects of these treatments should be analyzed, although such effects are 
probably influenced by other ac t iv i t ies  on the watersheds. 
new residue treatment methods should include evaluation of known effects  on 
soil  and water. When such information i s  not available, data should be collected 
t o  document specific effects of the treatment. 
forest  becomes an operational technique, additional laboratory and f ie ld research 
will be needed t o  determine t o  what degree i t  influences water quality.  

If possible, 

Consideration of 

For example, i f  chipping i n  the 

ONGOING RESEARCH 

The following are the principal studies related t o  effects  of residues on 
soil  s t ab i l i t y  and water yield and quality. 
State and Federal research organizations are also contributing t o  our knowledge. 

Numerous other universit ies and 

International Biological Program 
Coniferous Biome Ecosystem analysis. 
coniferous biome including movement of water and nutrients through the 
ecosystem, estimates of biomass, and te r res t r ia l  process studies 
(Franklin e t  a7 1972). 

Comprehensive study of western 

Pacific Northwest Forest and Range Experiment S ta t ion  
RWU 1602 - H.J. Andrews Experimental Forest, South  Umpqua Experimental 
Forest, Fox Creek inJBull Run watershed, and Mount Hood Nationa'l Forest - 
water yield,  water quality,  .ntrtrient cycling and sedimentation, and soi l  
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disturbance. . Includes influence of burned and unburned logging residues 
on water qual i ty.  
RWU 1601 - (1) Entiat  Experimental Forest - nutrient cyclin , water 
yield,  sedimentation following wildfire and revegetation. 72) High Ridge 
Eva1 uati on Area, Umati 11 a Barometer watershed - Effects of three methods o f  
forest  harvesting on stream chemistry, sedimentation, water temperature, 
soil  moisture, snow deposition, and wind behavior. Understory vegetation 
and physical and chemical properties of soil are being s t ud i ed  by RNU 1701. 

Oregon State University,. Forest Engineering, Corvall i s .  
Nutrient cycling, logging debris quantities and d i s t r i b u t i o n ,  sedimentation, 
effect  of finely divided slash on water quality. 

University of Washington, School o f  Forestry, Seattle.  
Nutrient cycling, sedimentation. 
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FISH HABITAT 

George W. Brownl/ 

ABSTRACT 

Accwrmktion of residue i n  stream channeZs occurs 
natural Zy i n  Zarge amounts, particularly i n  old-growth 
forests .  
i s  f e l l ed  without buf fer  s t r ips  or other special measwes 
designed t o  minimize aecwnutations. AZthough most of the 
Zarge residue may be yarded out of  the stream, f ine  residue 
may remain a t  ZeveZs 'higher than before Zogging. 
residues a f f ec t  f i s h  habitat by redueing disso Zved oxygen 
leveZs i n  surface water and by interfering &th the circu- 
Zation of surface and intergrave Z water. 
a f f ec t  f i s h  habitat by influencing stream hydrauzics, the 
s tab i l i t y  of bed and banks during "flush-outs, ' I  and by 
bZocking f i s h  migration. Residue removaZ from streams 

, must be done with care i n  order t o  minimize damage t o  f i s h  
habitat. Vegetation immediate Zy acljacent t o  the stream i s  
important to  the aquatic habitat, infZuencing both water 
temperature and food supp ly  for  the f i sh .  Protecting th i s  
streamside vegetation during Zogging and residue treatment 
i s  essential on vaZuabZe f i s h  streams. The greatest single 
research need i n  the area of Zogging residue and f i s h  habi- 
t a t  i s  the integration of studies concerned with Zogging 
method or residue treatment and those concerned with aquatic 
biology over a wide range of forest-stream-logging situations.  
Key areas of research are the impact of various Zogging 
methods on residue accmZat ion  and on f i s h  popuZations 
and the impact of residue accwnuZation on debris 
avaZanches or "flush-outs. ' I  

Residue voZwnes may t r i p l e  i n  streams a f t e r  timber 

Fine 

Large residues 

Keywords: Fish h a b i t a t ;  stream management--debris dams, 
flushout, sediment, water q u a l i t y ,  buffer s t r ips .  

INTR 0 DUCTION 

One of the most important natural resources of the Pacific Northwest i s  
The region's anadromous fish runs, which include steelhead (Salmo i ts  fish. 

gairdneri) and several species o f  salmon, provide bo th  jobs  and recreation for 

1' School o f  Forestry Oregon State Uni versi ty , Corval 1 i s  . 
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many people. 
contribute t o  the region's fi,shery resource. 

Resident species, such as cutthroat t r o u t  (SaZmo cZarki). ,  also 

Small forest streams are important t o  productivity of the regional fishery. 

. 
Many anadromous species use the small headwater streams for  spawning. 
including steel head and coho salmon (Gncorhynchus k isutch)  , depend upon small 
streams as rearing habitat for young fingerlings. 
more years in the small streams before migrating back t o  the sea. 
of water in these small streams, therefore, plays a dominant role in the 
survival of these species. 

Some, 

These young fish spend 1 or 
The quality 

These small streams, and the quality of their waters, are closely linked 
t o  the terrestr ial  ecosystem t h a t  they drain. 
are efficiently drained with numerous small channels which connect the ridges t o  
the main stream course. As a resul t ,  forest streams respond quickly t o  precipi- 
tation inputs. 
Pacific Northwest, in addition t o  being highly dissected. Soils -are often 
unstable and subject t o  mass soil movement and surface erosion, particularly 
af ter  disturbance. 
many Northwest watersheds, eroded materials quickly find their  way into stream 
channels . 

Soils are highly porous, and slopes 

Topography i s  often steep in the forested watersheds of the 

Because of the terrain and rapid runoff characteristic of 

Logging residue may also reach stream channels quickly in this steep, 
highly dissected topography, particularly where precautions have n o t  been taken 
t o  prevent i t s  downslope movement. The zone immediately adjacent t o  the stream 
is  often oversteepened by stream erosion. 
end up  in the channel, particularly since many trees lean strongly downslope. 
Smaller material may move toward the stream by creep. 

Trees felled in this  zone generally 

Residue treatments using f i r e  o r  machinery may affect the stream. The 
magnitude of the impact i s  determined by disturbance, as well as the physiographic 
and edaphic characteristics of the s i t e .  

The small stream, and the fish habitat t h a t  i t  represents, i s  a principal 
I t  resource in most of  the Coast and Cascade Ranges of the Pacific Northwest. 

responds quickly t o  environmental changes and changes b r o u g h t  abou t  by man. 
This chapter describes the impact of logging residue and residue treatment on 
the stream and i t s  capability t o  produce fish. 

CURRENT KNOWLEDGE 

ACCUMULATION OF RESIDUE IN UNDISTURBED STREAMS 

Res i due accumul ates natural ly in undisturbed streams of the Paci f i c 
Northwest. 
quantities o f  material in channels (fig. 1A) .  
in place o r  be carried downstream during extreme runoff. 
found in undisturbed watersheds are created by high flows depositing logs 
behind some obstruction. 

Windthrow o r  mortality in trees adjacent t o  streams places large 
This material may either remain 

Large log jams often 

Residue accumulates ij undisturbed streams over many years. Often residue 
i s  incorporated gradually into the streambed, forming small dams and the plunge 
pools which provide excellent h a b i t a t  for fish. 
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Figure 1.—Stream channels in which forest residue has severely disrupted
fish habitat (photos courtesy Dr. Henry A. Froehlich). Note that
natural residues are no less a problem: A_, Natural residues in stream
channel at an unlogged watershed; B_, logging residue in stream channel
at logged watershed.

B

A
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Litt le  information i s  ailable about the accumulation of natura! residue 
in stream channels. 
small streams as p a r t  of a larger study of residue accumulation and logging. 
Total  volume of natural residue in an area 15 f t  (5 m )  on e ' ther side of the 

The weight of this residue varied from 6 t o  26 tons per 100 f t  (19 t o  77 metric 
tons per 100 m) of stream. 
4 inches (10 cm) in diameter. Fine residue, less than 1 . 2  inches (3 cm) in 
diameter, was about  2 percent of the total .  

Lamel- hY described the natural residue accumulation i n  five 

stream varied from 343 t o  1,400 f t 3  per 100 f t  (31 t o  130 m 3 per 100 m )  of stream. 

About 10 percent of this residue was small, less than 

Lame1 (see footnote 2 )  attributed part of the variation observed in the 
residue accumulating in channelsfto the nature of the slope above the channel and 
the time of storm events. Natural benches above stream channels restricted down- 
ward movement of residue from upper slopes. 
smooth slopes, and residue accumulation was higher in these streams. 
of storms with respect t o  measurement date also influenced the values obtained. 

. Flushing flows periodically clear residue from such streams. 

No such restriction was apparent on 
The timing 

Accumulation of 1 eaf 1 i t t e r  in woodland streams and lakes has always been 
of interest t o  aquatic biologists. Litter provides a substantial portion of the 
food energy input t o  these aquatic systems, and understanding the functioning of 
woodland streams requires some knowledge of how 1 i t t e r  accumulates and degrades. 
Fisher and Likens (1972) ,  f o r  example, have shown t h a t  abou t  44 percent of the 
e n e r a  input t o  a small woodland stream came from l i t t e r  which either fel l  o r  
blew Onto the stream. Slack and Feltz (1968) measured 0.02 oz per f t 2  (5.3 g 

in Virginia during the leaf d r o p  period. 
organic export of about  22 lb per acre (25 kg per ha) per year of dissolved and 
particulate organic material from a 60.1-acre (24.3-ha) watershed forested with 
hardwoods i n Georgia. 
channels may efficiently t r ap  hardwood leaves as they are moved across the forest 
floor by wind. Kaushik and Hynes (1971) ,  in a review of fo eign l i terature,  

per year. 
lb per f t  (1.59 kg per m )  of shore1 ine per year. 

per m 5 ) per day of leaf accumulation in trays placed in a small woodland stream 
Hewlett (1969) reported an annual 

Hew1 e t t  noted t h a t  i n hardwood forests , incised stream 

note t h a t  the l i t tora l  of lakes receive 0.04-0.10 l b  per f t  5 (200-500 g per m 2 )  
The leaf l i t t e r  input t o  the Thames River has been estimated a t  1.07 

ACCUMULATION OF RESIDUE IN STREAMS 
B O R D E R E D  BY LOGGED AREAS 

Large quantities of residue have been observed in streams t h a t  flow 
th rough  cl earcuts , 
the stream (fig.  1 B p  . Again, l i t t l e  information exists on the amount of residue 
accumulating after  logging. 
form of clearcutting; no information about  the impact of partial cutting on 
residue accumulation seems t o  be available. 

a r t i  cul arly where 1 ogs have been fell  ed and yarded across 

Available da ta  focus on the accumulation from some 

Lamel (see footnote 2 )  observed the accumulation of residue i n  five streams 
after  felling and yarding of timber and compared the residue accumulation after  
each operation with the levels of natural residue observed before logging. Two 
streams had clearcuts on bo th  sides, logs were yarded with a conventional 

2' Richard Lammel . Natural debris and logging residue within the stream 
environment. M.S. thesis, Oregon State University, Corvallis, 49 p . ,  1973. 
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high-lead system, b u t  a tree-pulling o r  cable-assist-felling technique was used 
t o  prevent trees from fa1 1 ing into the streams. 
on one side, a partial cut on the other, and a narrow--16.4-ft (5-m)--buffer 
s t r ip  t h a t  was n o t  continuous along bo th  sides of the stream. 
had a clearcut on only one side and a wide--764-ft (50-m)--buffer s t r ip .  The 
f i f th  stream was bordered by a conventional high-lead set t ing,  no special felling 
techniques were used, and there was no buffer s t r ip .  

A third stream had .ii clearcut 

A fourth stream 

Total residue increased in al l  streams after  timber was felled except the 
Residue volume ranged from 1 .2  times greater on one with the wide buffer s t r ip .  

the stream with narrow buffer s t r ip  t o  about 3 . 3  times greater on the stream 
bordered by a conventional high-lead setting without buffer s t r ip .  Most of 
this total residue was large, such as logs. Large residue t h a t  had accumulated 
naturally in these channels was yarded o u t  with the commercial material. As a 
resul t ,  af ter  logs were yarded total residue was reduced below natural levels in 
al l  streams except the one with the wide buffer. Residue volumes in this l a t t e r  
stream remained unchanged th roughou t .  

No change in the volume o f  fine residue was observed in the channel protected by 
the wide buffer af ter  felling o r  yarding of timber. Increases in fine residue 
were observed in a1 1 other streams after  yarding and ranged from 1.1 times 
greater on the stream protected by the narrow buffer t o  4 . 3  times greater in the 
stream bordered by a conventional high-lead setting. Yolumes of fine residue 
af ter  yarding were reduced t o  prefelling levels in one stream where cable-assist- 
felling methods were used; for the other cable-assist operation, fine residue 
volumes remained the same as before yarding. 
narrow buffer, fine residue volumes after  yarding increased slightly over levels 
observed after  felling. In the stream bordered by the conventional high-lead 
operation, fine residue volumes declined after  yarding b u t  were s t i l l  three 
times higher than the prelogging level. 

Finely divided residue (less than  1 cm in diameter) was affected differently. 

In the stream protected with the 

IMPACT OF RESIDUE ON FISH HABITAT 
IN STREAMS, LAKES, AND ESTUARIES 

An excellent review of  the impact o f  residue on fish h a b i t a t  i s  presented 

Small, o r  finely divided residue, may influence fish 
by Narver (1971). 
related t o  residue size. 
habitat by chemically degrading water quality. 
habitat through a direct ,  physical impact on stream channels. 

The impact of residue on fish habitat seems t o  be most closely 

Large residue affects fish 

Finely Divided Residue 

Finely divided residue-such as leaves , needles , and smal 1 branch wood-- 
contain inorganic nutrients, sugars, and polyphenolic compounds. 
conditions, relatively small amounts of residue enter the stream, and these 
compounds act in a positive way t o  add nutrients o r  energy t o  the aquatic 
ecosystem. Increased concentrations of these compounds in stream water may 
follow logging i f  fine residue accumulates in the channel. 

Under natural 

The most significant impact of fine residue on fish habitat i s  i t s  abi l i ty 
t o  reduce dissolved oxygen concentrations in stream water. 
residue, parti cul arly leaves and need1 es , may contain 1 arge amounts of biodegrad- 
able materials. These materials are readily utilized by aquatic micro-organisms 

Finely divided 
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as a source of energy. 
organisms as they degrade the material. 

reaeration of oxygen-depleted water. Residue may obstruct small streams 
reducing velocity and turbulence, b o t h  significant factors in the reaeration 
process. 
may combi ne t o  increase stream temperature. 
the abil i ty of stream water t o  hold dissolved oxygen. 

Oqygen is  extracted from the stream by the micro- 

Residue may 'further influence dissolved oxygen concentration by restricting 

Ponding and the exposure of stream surfaces that often follows logging 
Higher water temperature reduces 

The combination of biodegradation, reduced reaeration, and a lower 
saturation concentration can reduce dissolved oxygen concentrations t o  very 
low levels af ter  logging. Hall and Lantz (1969) report t h a t  following clear- 
cutting in a small watershed in the Oregon Coast Ranges, large quantities of  
fine residue accumulated in limited sections of the stream. Dissolved oxygen 
levels, less than 1 p/m, were observed in these stretches; fish were unable t o  
tolerate these conditions. The remainder of  the stream was well below saturation 
b u t  a t  levels sufficient t o  maintain fish. In  an adjacent unlogged watershed, 
dissolved oxygen levels of  10 p/m were recorded. 
oxygen depletion below a logging unit in another small Coast Range stream. In 
both  i ns tances , severe residue accumul a t i  on i n the stream channel fol 1 owed the 
1 oggi ng. 

Holtje (1971) also observed 

Reduced dissolved oxygen levels have been observed in pools of small streams 
in Virginia af ter  leaf fal l  in the au tumn (Slack 1964, Slack and Feltz 1968). 
Levels below 1 p/m were recorded on both  streams. Dead fish were observed in 
one of these streams. Situations such as this are highly improbable in west 
coast streams. 
increased streamflow flushes l i t t e r  from small channels. 

Leaf fal l  usually occurs early in the rainy season, and the 

Finely divided residue influences fish habitat in more subtle ways t h r o u g h  
i t s  effect upon the food chain. Under natural conditions, residue falling into 
a stream o r  lake i s  attacked by fungi and micro-organisms including bacteria. 
Fisher and Likens (1972) report t h a t  abou t  44 percent of the total energy input 
t o  a small woodland stream came from l i t t e r .  Hynes (1970) notes t h a t  most of 
the energy derived by primary consumers comes from this kind of residue. 
Communities of these consumers may act  upon leaves and needles in the stream, 
each species degrading the material in a different way, making i t  available for  
further decomposi tion. Aquatic insects, such as stonefl ies , and crustaceans 
depend upon fallen leaves fo r  food. These animals, in t u r n ,  are utilized by 
fish. 
salmon fingerlings in Oregon Coast Range streams i s  derived from terrestr ial  
sources. 

Chapman (1966) has shown t h a t  over half the energy obtained by coho 

Predicting what impact high loadings of residue have on the food chain in 
small streams i s  n o t  presently possible; nor can we predict the impact t h a t  
might result af ter  a rapid sh i f t  from a heavily loaded system t o  one in which 
natural residue levels from leaves and needles drop almost t o  zero, such as 
af ter  clearcutting and burning. With exposure t o  sunlight, the stream's plant 
system may sh i f t  t o  a community of photosynthesizing plants until riparian 
vegetation returns; for fish populations, the meaning of this s h i f t  i s  no t  well 
understood. 
af ter  clearcutting may have on the processing of residue materials by micro- 
organisms. 

We also cannot predict what impact changes in stream water chemistry 
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Finely divided residue may also affect  f ish habitat through i t s  impact on 
spawning-gravel composition. Emergence of young salmonids from the gravel into 
the stream water above i s  strongly influenced by gravel porosity. Hall and Lantz 
(1969) have shown that  pronounced reduction in survival occurs when gravels are 
clogged with fine sediments. 
produce a similar impact. Although leachates from the bark of Douglas-fir 
(Pseudotsuga rnenziesii) , 7 odgepol e pi ne (Pinus contorta) , Engelmann spruce (Picea 
engeZrnannii), and alpine f i r  (Abies Zasiocarpa) were not  shown t o  be toxic to  
young f i sh ,  bark concentrations of 10 percent by volume of gravel significantly 
reduced survival due t o  blockage of intergravel water flow. Decaying bark also 
provided a medium for  SphaerotiZus, a filamentous aquatic bacterium. Growths of 
th i s  organism also f i l l e d  the gravel pores, clogged the g i l l  t issue of many fry,  
and caused severe mortal i ty . 

Servizi e t  a1 . (1970) have shown t h a t  bark may 

Large Residue 

Large residue, such as logs or big limbs, may affect  f ish habitat  by changing 
the stream hydraulics a t  the point of accumulation. 
create a small waterfall with a plunge pool, adding t o  the diversity and 
productivity of the stream. 
In some places, these sediments may be beneficial for spawning habitat;  in others, 
such accumulations may bury o r  destroy good spawning s i t e s .  
upon the type of pool formed behind the residue accumulation and the s ize  of 
sediment deposited there. 

Small amounts of residue may 

Upstream, gravel and other sediment may accumulate. 

The resu l t  depends 

Greater accumulations of large residue may act  as a barr ier  t o  fish movement. 

Log jams have 

This problem i s  particularly c r i t i ca l  in the Northwest, where many of the f ish 
species are migratory and the success of  a spawning r u n  may depend upon the f ish 
reaching certain streams o r  stream reaches within some time l imit .  
long been of concern t o  managers of fisheries because of this impedance. 

A phenomenon called a I1flush-out" resul ts  from the accumulation of large 
residue in steep channels, e i ther  naturally o r  from logging act ivi ty  i n  conjunc- 
tion with high flows o r  mass soil  movements. 
damaging to f ish habitat. Channel banks and bed are often badly scoured as the 
wave o f  logs, mud, and water rapidly moves downstream. 
mass and momentum as i t  moves down the channel, picking up material from the 
channel as i t  proceeds. The productivity of stream channels near the origin of 
such events i s  often not significant;  channels may be too  steep t o  provide fish 
habitat  or they may be dry for p a r t  o f  the year. The greatest  damage generally 
occurs downstream as the flush-out moves into a productive area of the stream 
or into a larger stream course. 

Flush-outs are particularly 

The wave seems t o  gain 

The effectslof these mass movement events may l a s t  many years. Channels 
scoured t o  bedrock may n o t  contain gravel for' spawning o r  primary production for 
some time. Scoured banks add fine sediment t o  the stream much more readily t h a n  
when vegetated. Finally, the gravel and other debris from the event add t o  the 
bedload and s i l t a t i on  of the channel in which they are deposited. 
residence time in the sys tem, a1 though never accurately documented, must be 
extremely 1 ong . 

Their 

Flush-outs are frequent in many areas of the Northwest. They occur in bo th  
logged and unlogged watersheds. 
are fa i r ly  infrequent under natural conditions and are associated with major 
storms or  floods probably because, under natural conditions, residue accumulates 

Like most other erosion phenomena, flush-outs 
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slowly in channels. As a resu l t ,  flush-outs pose an infrequent threat  t o  f ish 
habitat  in undisturbed, watersheds. 
habitat  and fish population are able to recover. 
flush-outs increases as a resul t  of logging and road construction may fish 
populations be seriously threatened. Also, although residue from man's act ivi ty  
may be small compared with the natural residue carried in major events, Rothacher 
and Glazebrook (1968) have observed t h a t  residue-from logging may be l ike the 
t o p  foot of floodwater which i s  more damaging t h a n  the res t .  

In  the long interval between events , the 
Only where the frequency of 

Large residue which accumulates in small channels seems t o  have l i t t l e  
effect  upon chemical water quality.  The only direct  evidence of this  comes 
from a study of log storage on water quality (Schaumburg 1970). Leachates from 
Doug1 a s- f i r ,  hemlock (Z'suga heterophy ZZa) , and ponderosa pine (Pinus ponderosa) 
logs varied from nontoxic t o  sligh ly toxic. iochemical oxygen demand BOD 

per m ) of submerged log surface. Segments without bark generally produced 
leachates with a higher BOD than  did those with bark. For most small streams 
typical of forest  watersheds, large residue should pose no threat  t o  chemical 
water quality,  particularly i f  streams continue t o  be free flowing. Only a 
small portion of large material may be submerged during the c r i t i ca l  low-flow 
period. Under such circumstances, the BOD from logs should be insuff icient  t o  
cause s ignif icant  water qua'lity problems. The impact of large residue on the 
quality of water and f ish habitat  in lakes, large r ivers ,  and estuaries depends, 
as Schaumburg (1970) points o u t ,  upon the quantity and type of material , how 
long  this  material remains in the water, and the character and flow of the water. 

varieg from about  0.0033 lb per f t  i (1 g per m 9 ) to about 0.05 l b  per f t  4 5  (1  g 

IMPACT OF RES I DUE TREATMENT 
ON FISH HABITAT 

Few d a t a  describing the impact of residue treatment on f ish habitat  are 
available. 
keep residue o u t  of the channel, should pose no problem for  the aquatic system. 

Most treatments, such as pi l ing,  windrowing, chipping, e tc . ,  which 

Residue accumulations i n  stream channels must be removed w i t h  care. 
Removi ng 1 arge accumul a t i  ons general ly  requi res machinery , such as t ractors .  
Damage to stream banks and bed can be severe when such equipment i s .  operated in 
the channel. 
remove spawning gravel , and perhaps k i l l  eggs in the gravel or  small fish 
l iving in the stream. Much of the material in the stream channel i s  natural,  
as i l lus t ra ted  by Lammel's work (see footnote 2 ) .  
have become incorporated into the banks and bed of the stream. Removing such 
natural resi due during stream cl eanup may seriously damage the channel - - s ta r t  a 
new sequence of channel erosion. In many cases, th i s  natural residue provides 
excellent habitat  for fish and should be l e f t  in place i f  possible. 
(1971 ) therefore recommends t h a t  fishery biologists be consulted t o  determine 
i f  residue removal from small streams i s  necessary a f t e r  logging. 

Lantz (1971) notes t h a t  heavy equipment may cause channel changes, 

Often, these natural- residues 

Lantz 

Removal of residue accumulations from stream channels by f i r e  i s  a l so  
d i f f i cu l t .  In many cases, the material i s  too  wet t o  be burned completely. 
In other cases, the f i r e  may be so intense t h a t  i t  e i ther  i s  d i f f i cu l t  t o  
control o r  severely burns the channel banks o r  area adjacent to the stream so 
t h a t  soi l  eroded from slopes will be immediately washed into the channel. This 
process i s  particularly evident when large accumulations of residue are burned 
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in steep draws. The practice of yarding a l l  residue for  disposal by burning t o  
a central point, located in a draw near the landing, can create a severe source 
of erosion. Fire in  a small channel may also be di.rectly lethal t o  f i sh .  Hall 
and Lantz (1969) reported t h a t  water temperatures rose t o  lethal 1eve.k in a 
small section gf a stream where a slash f i r e  was confined in  a narrow canyon. 

Removing accumulated residue from the stream channel poses a hazard t o  f ish 
habitat .  
the accumulation of residue in the channel. Directional or uphill fe l l ing  of 
trees o r  the use of buffer s t r i p s  t o  stop downslope movement of fel led t rees ,  
although not usually t h o u g h t  of as residue treatments, should be considered as 
such for  protection of 'fish habitat. 

The best treatment from a fish-habitat  viewpoint i s  one that  prevents 

Rothacher and Lopushinsky (1974) have described impact of broadcast slash 
burning on erosion, sedimentation, and water chemistry. They note t h a t  intense 
f i res  that  expose s ignif icant  amounts of  mineral soil  may cause large increases 
in erosion and sedimentation. They also note t h a t  in one watershed study, con- 
centrations of amonia and manganese in the stream water exceeded permissible 
drinking water concentrations for  1 2  days a f t e r  a slash f i r e .  
concentration, which reached 0.44 p/m, was less than the 1 .0  p/m level considered 
harmful to aquatic l i f e .  The ammonia concentration, which reached 7.6 p/m, was 
probably a t  a toxic level (McKee and Wolf 1963). 

The manganese 

The direct  lethal impact of erosion and sedimentation on fish a f t e r  severe 
slash f i res  i s  probably low (Rothacher and Lopushinsky 1974), and probably no . 
lethal impact exis ts  a t  concentrations of less than 20,000 p/m of suspended 
sediment (Cordone  and^ Kelley 1961). Concentrations of 20,000 p/m from surface 
erosion are rare in small forest  streams and persis t  only for  very short periods. 

The greatest  impacts of sediment on fish are indirect and occur a f t e r  
deposition, influencing the i r  habitat  rather t h a n  being directly lethal during 
suspension in the flowing stream. Sediment indirectly influences f ish popula- 
tions , especially salmonids, by affecting the gravel environment where eggs are 
deposited. Si l ta t ion of spawning gravel i s  one of the most important impacts of 
erosion on f ish habitat .  
significantly reduced, thus lowering the dissolved oxygen concentration in the 
vicinity o f  eggs and increasing the concentration o f  carbon dioxide and toxic 
waste products normally borne away by subgravel water. After an extensive 
review o f  l i t e ra ture  on the subject,  Cordone and Kelley (1961) conclude that  
" . . . the effects  of sediment upon alevins and especially eggs of salmonids can 
be and probably often i s  disastrous. Even moderate deposition i s  detrimental . I '  
Hall and Lantz (1969) found t h a t  f ine sediments may reduce the survival of 
salmonid fry by blocking the i r  emergence from the gravel t o  the surface water 
above. 

Circulation of water through the gravels may be 

Bottom organisms are also affected by sediment. The abundance of these 
organisms determines, in large measure, growth and condition of f ish populations. 
Again, Cordone and Kelley (1961) reviewed the work of several authors which 
pointed o u t  the importance of these organisms t o  f ish populations and the 
reduction in bottom organism numbers with sedimentation. 
sedimentation may change the species composition of the invertebrate community 
and reduce the available food supply for  f ish even though invertebrate biomass 
remains the same. Organisms which are available as food t o  fish and inhabit a 
gravel-bottomed stream may be replaced by burrowing organisms i f  gravels are 
covered by fine sediments. This l a t t e r  group of organisms i s  generally less 
available t o  f ish.  

In some circumstances, 
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The impact of sedimentation on aquatic p l a n t s  i s  much more d i f f i cu l t  t o  
determine. Much of the energy input into small streams i s  derived from the 
photosynthetic act ivi ty  of lower plants, such as algae. 
may reduce the photosynthetic act ivi ty  of aquatic plants by reducing the amount 
of l i gh t  penetration in water. 
plants i s  d i f f i cu l t ;  very l i t t l e  research has been done on this  aspect of sediment 
concentration and stream ecology. 

Continued high turbidity 

Measuring the impact of turbidity on aquatic 

Turbidity i s  l ikely t o  be less of a problem for  primary productivity in 
small mountain streams than  i s  sedimentation. High turbidi t ies  usually occur 
only during winter months when rainfal l  and .runoff are high. 
a1 tered watersheds, stream turbidi t ies  are generally low during summer months 
and between winter storms (Brown and Krygier 1971). Sedimentation, on the other 
hand, may reduce primary producti vi ty by buryi ng stream gravel s , the growing s i  t e  
for most of  the algae in small streams. Sedimentation such as  th i s  i s  l ikely t o  
be more severe on streams with l o w  slope. 

Even on severely 

In  summary, burning as a residue treatment has the potential for  affecting 
fish habitat  i f  serious erosion ensues. The impact i s  l ikely t o  be subtle--not 
directly evident as a f ish k i l l ,  for  example, b u t  one which may influence fish 
numbers, condition, and growth th rough  i t s  effect  upon the spawning environment 
and the aquatic food chain organisms. 

Residue treatments, such as removal from stream channels o r  disposal by 
burning, may influence f ish habitat  i f  these treatments affect  the vegetation 
near the stream channel. 
riparian brush such as salmonberry (Rubus spectabiZis) and vine maple (Acer 
circinatwn). Streamside vegetation provides shade, essential for  keeping small 
stream temperatures a t  acceptable levels.  Large temperature changes--12"-25" F 
(6.7"-11.4" C)--have been measured a f t e r  riparian vegetation was removed by 
logging and slash burning, exposing small streams t o  sunlight (Brown and Krygier 
1970, Levno and Rothacher 1967) .  Removing streamside vegetation may also reduce 
the number of insects available t o  f i sh .  Insect d r o p  from overhanging vegetation 
i s  an important source of food for f i sh .  Insect production from the stream i s  
also influenced by water temperature. Only preliminary information i s  now 
available, b u t  studies in the Oregon Coast Ranges indicate a less diverse popu- 
lation of insects in a stream draining a clearcut watershed than  in one draining 
an adjacent unlogged watershed.3/ This means t h a t  the food source for  f ish may 
be less stabile in the clearcut watershed. 
streamside vegetation should be avoided on valuable fish streams. 

This vegetation includes n o t  only trees b u t  also 

T h u s ,  i t  i s  evident t h a t  removal of 

Chipped residue, i f  allowed t o  accumulate in stream channels, would 
probably act similarly t o  fine logging residue, decreasing dissolved oxygen. 

CONCLUSIONS 

Several conclusions abou t  residue and residue treatment and i t s  impact on 
fish habitat  can be drawn from our current knowledge of the problem; 

Unpublished data, Oregon Wildlife Commission, Corvallis, Oregon. 
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1. The accumulation of residue i n  stream channels occurs naturally in 
1 arge amounts, parti cul arly in ol d-growth forests . 

2. After timber i s  fel led,  residue volumes may t r ip le  in streams with no 
buffer s t r ips  or other special measures such as cable-assisted felling 
designed t o  mi nimi ze accumul a t i  ons . 
may be yarded o u t  of the stream, fine residue volumes may remain a t  
1 eve1 s higher than before logging . 

A1 though most of the 1 arge residue 

3 .  Fine residues affect fish habitat by reducing dissolved oxygen levels 
in surface water and by interfering with the circulation of surface and 
i ntergravel water. 

4. Large residue affects fish habitat by influencing stream hydraulics, 
the s tabi l i ty  of bed and banks during "flush-outs," and by blocking 
fish migration. 

5. Residue must be removed from streams with care t o  minimize damage t o  
fish habitat. If done improperly, mechanical removal of residue o r  
burni ng of residue accumul a t i  ons i n stream channel s may damage stream 
banks and bed, adding sediment t o  the stream. 

6. Vegetation immediately adjacent t o  the stream i s  an important p a r t  of 
the aquatic habitat, influencing bo-th water temperature and food supply 
for the f ish.  Protecting this streamside vegetation during logging and 
residue treatment i s  essential for valuable fish streams. 

I n  view of these conclusions , the fol  lowing recommendations are made about 
current practices : 

1. Buffer s tr ips o r  special felling techniques should be used t o  minimize 
debris accumulation in valuable streams during logging. 

2 .  Removing accumulations of large residue from steep channels and ravines 
should be continued as a means of limiting "flush-outs." 

3.  B u r n i n g  stream channels and ravines t o  eliminate residue accumulations 
should be done with caution and only as a las t  resort. 

4. Hardwoods and other streamside vegetation should be protected as a 
means of control 1 ing water temperature and channel damage during logging 
and residue treatment o r  removal. 

RESEARCH UNDERWAY 

A variety of research projects t h a t  focus on some aspect of residue and i t s  
impact on the aquatic environment are underway in the Pacific Northwest. 
studies range from fundamental research on residue degradation by aquatic 
organisms t o  research seeking t o  quantify the residue accumulation in streams, 
produced by several logging techniques. 

These 

Residue breakdown by aquatic bacteria and the utilization of resulting 
nutrients by algae, insects, and fish are being studied by the Department of 
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Fisheries and Wildlife, Oregon State  University, Corvallis. 
sponsored by the National Science Foundation's International Biological Program. 
Carbon cycling i n  the aquatic community of a small forest  stream i n  the Western 
Cascades will be studied, using radioactively tagged carbon. 
carbon cycl ing process a f t e r  clearcut logging on th i s  small stream will be 
observed. 

This project i s  

Changes in the 

The ef fec t  of finely divided logging debris on dissolved oxygen i s  being 
studied a t  Oregon State  University as part  of the Department of Forest 
Engi neeri ng ' s 1 oggi ng impacts research. 
Service, will quantify the biochemical oxygen demand of Douglas-fir, hemlock, 
and alder (AZnus rubra) leaves and branch wood. Toxicity t o  f ish and chemical 
composition of extracts from these materials will also be determined. The goa 
of this  research i s  t o  prepare a predictive model for  assessing the impact on 
dissolved oxygen of logging residue accumulation in streams. 

The study , sponsored by the U.  S . Forest 

A second study, also in the Department of Forest Engineering, will invest , -  
gate the process by which organic material i s  incorporated into the gravel bed 
of small streams and the residence time of this  material in the gravel. Coupled 
with the BOD study, this  work should enable inferences t o  be made about the 
long-term effects of residue on the quality of water in the subsurface 
environment. 

Quantifying the amount of residue, both natural and man-caused, which 
accumulates in streams i s  the objective of a third study of the Department of 
Forest Engineering a t  Oregon State University. Lammel I s  work (see footnote 2 )  
i s  a part of th i s  study. The study, which includes 13 streams, will follow 
residue accumulation before and a f t e r  fe l l ing of t rees ,  after,yarding, and a f t e r  
cleanup on several types of logging operations. This study i s  closely linked t o  
the other work in the Department of Forest Engineering and the Department of 
Fisheries and Wildlife and will provide excellent da ta  for  interpreting the 
results of these more fundamental studies. 

Two projects dealing with residues appear in the Water Resources Research 
Catalog, Volume 6 ,  1970, published by the Office of Water Resources Research. 
One project,  Limnological Effects of Organic Watershed L i t t e r ,  i s  being 
conducted by Colorado State  University. 
bioassays of f ish and invertebrates to  determine subacute effects  of l i t t e r  
leachates on survival, growth, and larval development. The other project,  
Degradation of Riparian Leaves and the Recycling of Released Nutrients in a 
Stream Ecosystem, i s  located a t  the University o f  Louisville. The study follows 
leaf degradation and i t s  impact on a stream over a 4-month period. 

The project focuses on long-term 

A similar project, newly funded by the National Science Foundation, i s  
The project,  Woodland Stream being conducted a t  Michigan State  University. 

Ecosystems, will determine the role of dissolved and particulate organic matter 
in stream ecosystems; this  i s  probably the most intensive work on stream eco- 
systems now underway in the United States.  

The Hubbard Brook Ecosystem study in New Hampshire, also sponsored by NSF, 
continues t o  provide excellent information on the functioning of small streams 
in northern hardwood forests in both natural and 7ogged s i tuat ions.  
research program i s  conducted by several eastern universit ies and the Forest 
Servi ce. 

This 
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RESEARCH NEEDED 

The greatest single research need in the area of logging residue and fish 
habitat i s  the integration of physically and biologically oriented studies over 
a wide range of forest-stream-logging situations. Research on comparable 
residue treatments, for example, must consider the aquatic portion of the 
watershed i f  a ful l  evaluation of different residue treatment systems i s  t o  be 
made. 
meaningful unless they can be interpreted as t o  the forest type and the physical 
and economic limitations of  the logging system used. Evaluation o f  the impact 
of logging residue on the aquatic environment will require some highly sophisti- 
cated, as well as integrated, research. Understanding the impact of residue and 
residue treatments on fish h a b i t a t  requires more th,an simple observation--such 
as fish number. The response of the entire aquatic ecosystem must be understood 
i f  the ultimate impact upon fish i s  t o  be discovered. 
integrated research in mind, several residue problems require immediate 
inves t i  gation. 

Similarly, aquatic studies on residue loadings in streams are not  very 

With this need for 

Some of the greatest damage t o  streams and fish habitat results when avalanches 
of residue occur in steep, often ephemeral stream channels. Several questions 
bearing on this and related problems must be answered. 

1 .  What is  the relationship between channel characteristics including 
slope, shape, and condition of bottom, mass o r  volume of residue in 
the channel, and the frequency of  debris avalanches o r  flush-outs? 

2.  What cri ter ia  can we use t o  predict the relative hazard caused by 
residue in a given channel? How can the impact of logging procedures 
be predicted and fully evaluated? 

3.  What is  the impact of  periodic debris avalanches on the aquatic 
h a b i t a t  a t  the si’te of occurrence and downstream? 

4. What i s  the recovery time of the channel and aquatic system af ter  such 
events? 

5. W h a t  corrective measures can be devised t o  hasten recovery of a 
damaged stream and what are their comparative costs? 

6. In  what situations should natural  and logging residue be removed o r  
l e f t  in the stream? What are the safest and least  costly methods 
of removal? 

7. What logging procedures can be used t o  prevent residue accumulation i n  
the channels? What are the relative costs? 

The effects of residue on fish habitat may be better understood when the 
foregoing questions are answered, b u t  the land manager will s t i l l  have the task 
of evaluating the alternative courses of action. The task  i s  made complex by 
the many combinations of uses possible on most forest lands and the fact  t h a t  
many of these uses- are often conflicting. 

Water, the habitat for f ish,  i s  also a valuable resource for recreation, 
industry, power production, and many other uses. The timber and associated 
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nontimber resources o f t en  require management measures not  always compatible w i t h  
the most favorable  fish h a b i t a t .  Thus ,  the u l t imate  answer t o  the res idue- f ish  
h a b i t a t  problem wi l l  come when t r a d e  o f f s  i n  resource values and production cos t s  
can be described. 
production he t h i n k s  soc i e ty  wants, w i t h  some knowledge of  gains and s a c r i f i c e s  
i n  each segment of the f o r e s t  ecosystem. 

Then the land manager can s e l e c t  the goals i n  resource 
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AIR QUALITY INFLUENCES 

Owen P. Cramer 

ABSTRACT 

Fire has aZways been an integra2 p a r t  of the fores t  
environment with destructiveness and smoke from wi Zdfire 
directZy proportionaZ t o  the accumuZation of fZammabZe 
residue. 
inverse Zy r e  Zated t o  the comp Zeteness of combustion which 
varies greatZy with fue  2, terlrperature, arrangement, moisture, 
and air supp Zy . 
f i r e ,  and die-down s tages  are discussed as are e f f e c t s  of 
di f f eren t  fue  Z arrangements and b m i n g  procedures. Con- 
vective c o Z m  and smoke pZwne behavior are af fected by 
weather factors as we22 as by f i r e  s i ze  and in tens i t y .  
Though a Zoea2 excessive concentration of f o r e s t  smoke may 
occur temporarily, on a gZobaZ basis removaZ mechanisms are 
keeping pace with aZ2-components except CO2 which i s  sZowZy 
and steadi Zy increasing. A i r  po2 Zution nuisance from 
fores try  prescribed bumivtg can be minimized by use of 
a smoke management system that  matches smoke production t o  
atmospheric dispersion conditions. 
increasing accwrmZation of fores t  residue under a f i r e  
excZusion poZicy can onZy Zead to  increasing conflagrations 
and attendant severe smoke episodes. Management of the a i r  
resource must not be divorced from management of other 
resources that  make up the f o re s t  environment. 

Amount of smoke from prescribed burning i s  

Emission characterist ics of startup, fuZ Z 

The present trend of 

Keywords: Air pollution--forest f i r e  smoke, smoke management, 
forest  emissions; a i r  management. 

THE AGE OF AWARENESS 

The minor components of the atmosphere or any portion thereof are no longer 
taken for  granted, particularly i f  they are visible and man-related. 
good reason why man's contributions t o  the a i r  need t o  be examined. 

There i s  

T h r o u g h  the years, a i r  pollution episodes have taken many l ives ,  and a steady 
environment of polluted a i r  has shortened many others. B u t  these conditions 
have occurred where heavily populated areas were also heavy producers of 
sulfur dioxide and other byproducts of manufacturing or heating with sulfur- 
containing fuels.  Even then, emergency conditions might have been avoided 

F- 1 



had i t  n o t  been for man's penchant for concentrating his population and 
manufacturing in valleys o r  basins. This i s  important because a l l  the notorious 
manmade a i r  pollution episodes in history are phenomena of the lower layers of 
air-- the lower 4,000 feet  (1 ,219 m) a t  most, b u t  more l ikely,  the lower 1,000 
feet  (305 m ) ,  and usually in a.val1ey or basin. 

The a i r  i s  normally s t r a t i f i ed ,  particularly so a t  night; and  the pollution 
episod,es occur when the s t ra t i f ica t ion  i s  extreme for several days without appre- 
ciable wind. 
layers b u t  are trapped in increasing concentration in the lower layers. 

I n  these s i tuat ions,  emissions do no t  r i s e  and mix w i t h  upper 

People s t i l l  concentrate in valleys and basins where they evaluate a i r  
pollution severity in proportion t o  i t s  obstruction o f  v i s ib i l i t y .  
they also become aware of o d o r ,  bye-stinging, effects on plants,  soi l ing,  and 
even i r r i t a t i on  of the respiratory system. 
blamed on nonspecified "a i r  pollution," they are actually due t o  specific chemi- 
cals and combinations thereof t h a t  incidentally may o r  may n o t  have any relation 
t o  vis ible  components of a i r  pollution. And, in particular,  these symptoms may 
or may not  be related t o  the emissions from pyrolysis o r  combustion o f  forest-  
type fuels.  We will examine more closely in this  paperdhe impact o f  forests on 
atmospheric purity and the impact of residue and i t s  treatment on ambient a i r  
qual  i ty .  

Occasionally, 

Though these effects  are often 

Recognition of a i r  pollution as an undesirable phenomenon has stimulated 
many concerns. 
of substances in the atmosphere and will thereby bring a b o u t  serious changes 
in the world's climates (Bryson 1968). 
laws and regulations has appeared since the mid-1950ts, aimed a t  reversing the 
trend of increasing indiscriminate disposal into the atmosphere. The coincident 
increase in attention t o  the environment and the popular discovery of the long 
known science of ecology have been accompanied by rei terat ion by ecologists t h a t  
f i r e  has been an essential factor in the development and maintenance of certain 
species and forest  ecosystems (Weaver 1974, Mutch 1970, Heinselman 1970). 
Finally, there i s  considerable interest  in learning the identity and character- 
i s t i c s  of products released from the combustion of forest  fuels and similar 
waste wood. 

One i s  the possibili ty t h a t  man i s  changing the natural balance 

A great proliferation of State and Federal 

TRENDS IN ATMOSPHERIC COMPONENTS 

The increased attention given a i r  pollution in recent years would seem t o  
imply t h a t  a i r  quality must be considerably worse than i t  used t o  be. 
ing th i s ,  one must carefully distinguish between s t r i c t l y  local a i r  quality and 
composition of the ent i re  atmosphere. 
indicate a trend in only one component--C02. Authors agree t h a t  the concentra- 
tion of C O z  has increased 0.7 p a r t  per million (p/m.> per year and t h a t  the present 
concentration i s  a b o u t  322 p/m (Ilachta 1972) ,  up from about  290 p/m in 1880 
(tlachta e t  a1 ._ 1969). Though  C O 2  i s  a major product of combustion of cellulose 
materials (more than 1% tons per ton  of woody fuel (Hall 1 9 7 2 ) ) ,  the increase i s  
generally at t r ibuted t o  fossil  fuel burning. B u t  a l l  of man's ac t iv i t ies  con- 
tr ibute  only 0.7 percent as much C O 2  as i s  estimated t o  come from natural sources. 

In  check- 

Measurements of the general atmosphere 

Suspended particulate i s  apparently also increasing, b u t  thus f a r ,  more on 
a lati tudinal rather t h a n  global scale.  Whereas no increase has been noted in 
60 years in the tradewind bel t  as measured on Mauna Loa (Machta 1972), Soviet 
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da t a  indicate increasing turbidity a f t e r  1940. Aerosol (very fine particulate) 
was found t o  have doubled over the North Atlantic in the past 60 years, although 
no change was detectable over 90 percent of the oceanic regions (Cobb 1973). 
increase in particulate,  estimated a t  30 percent per decade (Lovelock 1971 ) , 
appears t o  be concentrated in the heavily populated and industrialized North 
Temperate Zone. 

. 

The 

Important t h o u g h  global trends may be, they are generally obscured by vari- 
C O z  concentration, for example, was found ations in weather a t  the local level. 

t o  be subject t o  overriding .fluctuations i n  natural sources and more closely 
related to  weather conditions than  t o  urban area pollution (Clarke and Faoro 
1966). Apparent changes in emissions are sometimes presumed on the basis of 
observed changes in local concentration. B u t  local concentration and dispersion 
are dominated by weather conditions, e.g. ,  days with calm wind and stable a i r  vs. 
windy days with deep instabi l i ty .  The variabi l i ty  of weather from one short 
sampling period t o  another and from year t o  year i s  so great t h a t  no certain con- 
clusions can be reached about  change in amount of emissions without allowing for 
the influence of  weather variables (Schmidt and Velds 1969).  

The local concentrations of various kinds of contaminants are of  immediate 
concern. Concentrations depend greatly upon weather conditions t h a t  cause emis- 
sions ei ther  t o  quickly disperse through a great volume of a i r ,  t o  accumulate 
near the i r  source, or t o  move t o  some other place where they may add t o  local 
concentrations, be removed by natural processes , or undergo change. 

The effects  of forest  emissions on a i r  quality are varied. Emissions from 
the burning of forest  fuels include the vis ible  fine particulates of smoke and 
C02, which may add minute fractions t o  global amounts; b u t  i t  i s  a t  the local 
level t h a t  smoke i s  of greatest  concern. The living forest  also emits CO2 and 
other substances often considered pollutants when released by man. 
the photochemical1 reactive terpenes which are chemically similar t o  (and some 
more reactive than!( important olefins in au to  exhaust (Westberg and Rasmussen 
1972) .  
tion locally (Robinson and Robbins 1969). The decaying materials on the forest  
f l o o r  emit co2, methane and other hydrocarbons, and ammonia. On the other side 
of the ledger, C02 i s  taken up  in photosynthesis in forming wood and other p l a n t  
materials a t  a ra te  t h a t  increases with the concentration of the gas. A recent 
development i s  t h a t  soil bacteria and fungi are a major sink fo r  CO and other 
contaminants (Inman e t  a l .  1971).  Though this  may become an important considera- 
tion in planning open space in pollution problem areas, our immediate concern i s  
w i t h  emissions related t o  forest  residues. 

These include 

In t o t a l ,  the terpenes are much more plentiful t h o u g h  in less concentra- 

AS' important as trends in concentrations of various substances i n  the a i r  
i s  the trend of increasing knowledge of what  substances go into the a i r  and what 
becomes of these substances. More t h a n  half the aerosol presently in the lower 
atmosphere comes from secondary processes--chemical reactions in the gas phase 
between such components as volat i le  hydrocarbons, NO,, NH HzS, SO2, and 0 . 
Man contributes now about  6 percent of the total  aerosol $idy and Brock 1990). 

LEGAL REQUIREFIENTS 

Fire has always been a component of the forest  environment. Foresters have 
substituted prescribed f i r e  for some wildfire.  
i s  from man's ac t iv i t ies  a n d ,  hence, becomes potential pollution and subject t o  
legal restr ic t ions.  

B u t  smoke from prescribed f i r e  
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In the haste t o  quickly reverse t.he deterioration of certain portions of 
the environment in problem areas,  lawmakers developed a strategy f o r  rapid 
action. What appeared t o  be the most serious conditions were tackled f i r s t .  
New laws were passed t o  carry o u t  single purpose objectives--clean up water 
(Federal Water Pollution Control Act 1956, 1970);  clean up a i r  (Clean Air Act 
1965, 1970) ;  clean u p  solid waste (Solid Waste Disposal Act 1965, 1970);  clean 
u p  the environment (National Environmental Pol icy Act, 1970) .' The resulting 
agencies became programs in the Environmental Protection Agency in 1971. 

Existing laws with broad environmental assignments received less  emphasis. 
The directive of the Multiple Use-Sustained Yield Act (1960) for  ''management of 
a l l  the various renewable surface resources of the national forests  so t h a t  they 
are util ized in the combination t h a t  will best meet the needs of  the American 
people" seemed t o  have been eclipsed by the emphasis given t o  single resources. 
The purpose of the Federal Water Pollution Control Act of 1956 as amended in 
1970 i s  " t o  enhance the quality and value of our water resources and t o  establish 
a national policy for  the prevention, control, and abatement of water pollution." 
Purpose of the 1972 amendments was similar. 

The purpose of the Clean Air Act i s  " t o  protect and enhance the quality of 
the Nation's a i r  resources so as t o  promote the public health and welfare and 
the productive capacity of i t s  population.. . . ' I  

The National Environmental Pol icy Act ( N E P A )  , expressing concern for the 
ent i re  environment, establishes the responsibility of the Federal Government t o  
"assure.. .healthful , productive, and es thet ical ly  and cul tural ly  pleasing 
surroundings , ' I  "at ta in the widest range of  beneficial uses of the environment 
without degradation , ' I  and "enhance the qual i ty of renewable resources.. . ' I  

as supplementary t o  policies and goals "set f o r t h  in existing authorizations of 
Federal agencies." B u t  the resulting action programs seem t o  have been aimed 
primarily a t  a i r  and water quality.  

Since the a i r  resource and water resource are integral parts of the forest  
environment, management of the forest  environment must be a balanced procedure 
t h a t  provides for  enhancement of a1 1 the resources--soil , forests ,  wild1 i f e ,  
forage, water, a n d  a i r  "in the combination t h a t  will best meet the needs of  the 
American people." This means t h a t  a i r  resource management decisions must be a 
p a r t  of overall environmental planning. Such an approach s t i l l  requires, how- 
ever, assurance of a i r  quality such ''as t o  promote the public health and welfare." 
In addition, the NEPA says, and the Supreme Court has held (U.S. Environmental 
Protection Agency 1973), t h a t  the quality o f  the environment and of the a i r  i s  
n o t  t o  be degraded. Several guidelines are provided: 

1. National ambient ai'r quality standards indicate permissible maximum levels 
of specified pollutants such as nitrogen oxides, sulfur dioxide, photochemi- 
cal oxidants , carbon monoxide, hydrocarbons, and particulates.  

2.  In addition, the nondegradation principle says t h a t  the a i r  quality may n o t  
be worse than  i t  i s  now even i f  i t  i s  considerably more pure than the ambient 
a i r  standards permit. 

3. States and local a i r  quality control d i s t r i c t s  have the responsibili ty of 
translating the national ambient a i r  quality standards into emission 
standards and of promulgating plans fo r  achieving and enforcing the ambient 
a i r  standards. Federal agencies are expected t o  "comply w.ith Federal , State ,  
in te rs ta te ,  and local requirements respecting control and abatement of  a i r  
pollution" (Sec. 118, Clean Air Act of 1970) .  
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4. A t  each step from Federal standards toward local regulations, requirements 
may be increasingly stringent except as otherwise provided for .  

Traces of a substance somewhere in the atmosphere and pollution caused by 
t h a t  substance are different things. I n  this  a r t i c l e  we consider pollution as 
the presence of  a substance in concentrations t h a t  produce undesirable effects 
on man and his environment. These effects  and concentrations have been described 
in a ser ies  of "c r i te r ia"  documents by the predecessors of the Environmental 
Protection Agency (EPA) for the more important pollutants (U.S. National Air 
Pollution Control Administration 1969) .  
for which control measures are required. I t  would seem t h a t  a condition of  
pollution requires the presence of the offending substances in proximity t o  
people, plants, animals, or materials, or where atmospheric transparency i s  
needed, in a concentration and for a duration t h a t  actually tends t o  produce the 
undesirable effects .  Because of the profusion of emission sources in a metro- 
p o l i t a n  area and the frequent weather conditions t h a t  cause these emissions t o  
accumulate close t o  the i r  sources, a i r  pollution there i s  of real significance. 
Advection of polluting substances in significant q u a n t i t y  from source areas 
into other pollution-prone or pallution-sensitive areas does occur. B u t  the 
mere presence of a substance with pollution potential somewhere in the atmos- 
phere b u t  of insufficient concentration o r  duration or in a location or s i tu-  
ation t h a t  precludes any of the undesirable effects from occurring cannot 
reasonably be classed as pollution. I t  may, of course, temporarily degrade 
the quality of some p o r t i o n  of the atmosphere; b u t  th i s  seems often t o  be an 
academic question with 1 imi ted practical application t o  environmental effects 
or management. 

Toxic substances have been identified 

There appear t o  be some omissions from our present legal approach t o  elim- 
inating o r  minimizing forest  smoke in the environment. For one, the possibili ty 
of trade offs  with other environmental factors has been neglected. An environ- 
mental solution i s  n o t  required, only an a i r  quality solution. 
against wildfire,  prohibition of forest smoke might better be redirected toward 
achieving a minimum total production of smoke from w.ildfire plus prescribed f i r e ,  
and particularly toward m i n i m u m  exposure of sensitive areas t o  concentrations of 
such smoke. Designation of  ambient a i r  quality standards without defining ei ther  
ambient or sampling designs t o  be used in determining ambient conditions has l e f t  
the question of smoke concentration i n  nonpopulated areas or in layers above the 
surface in limbo. Further legal considerations would stem from designation of 
each forestry burn as a new source. 
measuring degradation of a i r  qual  i t y ,  especially w i t h  respect t o  particulate from 
new sources (U.S. Environmental Protection Agency 1973) without consideration of 
smoke from ei ther  forest  wildfires or prescribed burning, raise additional 
questions abou t  the legal aspects of smoke from forestry uses of f i r e .  

Ineffective 

Recent effor ts  t o  establish a base for  

Forestry uses of f i r e  are classified as open b u r n i n g  from nonpoint sources. 
and ,  a long  with agricultural burning, have been given some degree of  exemption 
from the usual prohibitions against open b u r n i n g .  These are temporary exemptions 
because open burning i s  generally considered by a i r  quality protection agencies 
t o  be an unacceptable procedure regardless of purpose, fuel ,  method, or location. 

Inevitably, smoke from wildfire and prescribed f i r e  will continue t o  be of  
potential importance t o  local a i r  quality. We do have some control over the 
smoke produced by such fires--over wildfire smoke t h r o u g h  hazard reduction tech- 
niques and suppression e f for t s ,  and over prescribed f i r e  smoke by smoke manage- 
ment. Since foresters can have considerable influence on smoke from both  sources, 
examining the effects  of such smoke on the environment, of which a i r  i s  one p a r t ,  
i s  highly appropriate. 
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F I R E  Irj THE ENVIRONMENT 

Fire has been a n a t u r a l ,  often destructive, and in many fores t .  types a 
common component of the forest  environment. Fire has determined the present 
species composition of natural forest  types and was most l ikely essential in 
the actual development of individual t ree species (Mutch 1970),  particularly 
those represented in the f i r e  climax types such as Douglas-fir (Pseudotsuga 
menziesii (Mirb. ) Franco), ponderosa pine (Pinus onderosa Dougl . ex Loud. ) ,  
and lodgepole pine (Pinus eontorta Dougl . ex Loud.7.  

Natural ponderosa pine forests ,  for example, experienced l igh t  periodic 
f i r e s ,  probably started by lightnin , every 4-18 years as indicated by old 
stump scars (Hal 1 1971, Weaver 19743 . This developed the character is t ical ly  
open, many-aged forest  with l i t t l e  potential for destructive f i r e .  With the 
exclusion of f i r e ,  young stands a re  now typically even-aged, often stagnated, 
and they constitute a serious f i r e  hazard b o t h  before and a f t e r  thinning. 
Species composition i s  changing toward more tolerant ,  less  f i r e  res i s tan t  species. 
Successful management of ponderosa pine may depend on restoring f i r e ,  in the form 
of periodic l igh t  underburning, a s ’ a  routine p a r t  of the s i lvical  routine (Weaver 
1974). 

In western Oregon where lightning i s  less  frequent, Douglas-fir forests  
date from large, severe f i r e s  t h a t  killed the preceding forests .  
growth stands carry charred bark as evidence of lesser  f+ re s .  
goes into overmaturity, the dead material on the ground accumulates, and the 
understory space i s  taken over by more shade-tolerant species. 
la tes  toward the day of another destructive f i r e  and a new generation of Douglas- 
f i r .  
remove the excess accumulation of unutilizable woody fuel .  
stands under management, mortality i s  l ikely t o  be salvaged as i t  occurs, leaving 
comparatively l i t t l e  residue a t  the time of final harvest. 

Most old- 
B u t  as the stand 

The fuel accumu- 

The forester t r i e s  t o  prevent the destructive f i r e  and often uses f i r e  t o  
I n  younger, healthy 

Silvical practices for management of Douglas-fir duplicate some of the 
results of wildfire without the destruction and r i sk .  Old-growth stands are 
logged, opening the surface t o  sunlight; and the excess residue i s  removed, 
sometimes by burning, t o  provide fu l l  exposure f o r  planted or natural repro- 
duction. On h o t ,  dry s i t e s  where less than ful l  exposure i s  desired, the 
she1 terwood harvest-regeneration system i s  used; a portion of the overstory i s  
l e f t  t o  provide partial  shade until the new s tand  i s  established, simulating 
the moving shade canopy of the f i re-ki l led stand. 

Wildfire i s  s t i l l  naturally present in the forest  environment, despite 
Over the l a s t  50 years, wildfire acreage has man’s endeavors t o  remove i t .  

def ini te ly decreased in a l l  forest  areas. This trend has been especially dramatic 
in the Sou th  where over 2,000,000 acres (809,400 ha)  o f  forest  land are routinely 
burned by prescription each year (Hough 1973). In Pacific Northwest National 
Forests, wildfire acreage decreased from 1910 t o  1940. Compared with 175,000 
acres (70,822 h a )  of forest  burned in an average f i r e  season around 1910, the 
figure since 1940 has averaged closer t o  20,000 acres (8,094 h a )  per year. 
Though fuel avai labi l i ty  i s  obviously important, many other factors including 
f i r e  detection, speed and effectiveness o f  i n i t i a l  attack, road accessibi l i ty ,  
etc.  make a s t a t i s t i ca l  evaluation of the effect  o f  slash disposal on s ize of 
wildfire uncertain. 
have often reported t h a t  control l ines are easily held, spo t  f i r e s  are readily 
contained, and spread and severity of b u r n  are much less  where hazard reduction 

However, many of the people engaged in wildfire suppression 
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ac t iv i t i e s  such as slash disposal have been completed. 
spread has been great and control effor ts  next t o  impossible. 
some combinations of extremely dry weather periods and dry lightning storms - 
have resulted in large acreages of wildfire in unabated problem fuels.  

In untreated areas, 
In  recent years, 

In the Pacific Northwest, use of broadcast burning t o  dispose of logging 
slash has been decreasing for some time, and use of the piling and burning method 
has increased. A greater increase, however, has been in acreage of unabated 
slash receiving extra protection in l ieu of treatment, particularly in partial  
cut stands which are also on the increase (table 1 ) .  A factor in the decrease 
in burning has been a i r  quality requirements t h a t  eliminate many potential bu rn-  
i n g  days because of  inadequate smoke dispersion (Cramer and Westwood 1970). As 
a resu l t ,  total  hazard from fuels remaining a f t e r  logging has been increasing. 
Fuels in forest  areas naturally subjected t o  periodic burning, and from which 
f i r e  has been excluded, are a l s o  increasing. 
of smoke from forest  sources, wildfire and prescribed f i r e  combined, i s  f a r  below 
what i t  was in the early 19OO's, with fuels on the increase and the usual methods 
for abating them severely limited, the chances for smoke episodes from large wild- 
f i r e s  are growing. This trend may well lead t o  actual increases in total  smoke 
from forest  sources in addition t o  increasing damage of more permanent nature 
to  other resources, the inevitable resul t  of wildfire. 

Although the average annual  amount 

Table 1 .--Cornparison between 1963 and 3 9 7 2 d  areas o f  slash created 
and sZash treatment on National Forests of the Pacif ic 
Nort h e  s t Region 

( I n  thousand acres) 
_-  

Method 1963 1972 

Clearcut 
Partial cut 
Broadcast burn  
Pile and bu rn  
Receiving extra protection: 

C 1  earcut 
Partial cut 

57 63 
284 549 

45 26 
0 87 

0 36 
51 2 91 2 

: a/ From "Annual  Sl.ash Status Report," R6-5150-2, USDA Forest 
Service, Region 6. 

Though f i r e  i s  being used less as a routine tool for eliminating excessive 
residue, especially by broadcast burning,it i s  s t i l l  essential for residue 
removal where there i s  no satisfactory a1 ternative. The environmental trade off 
i s  of a preventive nature. Under a policy of residue management, the total  fuel 
burned and smoke produced over a long  period of time will be reduced. The area 
burned by destructive wildfire will certainly be less ,  and the smoke from 
prescribed burning would be produced only when dispersion conditions are favorable. 
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Effectiveness of f i r e  hazard abatement in reducing t o t a l  smoke emissions 
from fores t  sources cannot be fu l l y  determined in terms of a i r  qual i ty  in 1 or 
2 or even 5 years. Weather i s  highly variable from year t o  year,  and the factors  
t h a t  determine t r a j e c to r i e s ,  accumulation, or dispersion of smoke are no excep- 
tion.  Factors controll ing the occurrence, spread, and duration of  f o r e s t  f i r e s - -  
such as lightning storms, d r o u g h t ,  and periods of strong dry winds--also vary 
greatly from year t o  year. Forest residue management policies will have no 
e f fec t  on smoke from wildfires during damp, minimum sever i ty ,  f i r e  seasons. 
years w i t h  severe f i r e  weather, the e f fec t s  of residue management on a l l  the 
environmental resources will have the greates t  impact; b u t  those years,  which 
are  rea l ly  what  f i r e  suppression planning and hazard reduction are  a l l  a b o u t ,  
come a t  i r regular  in tervals  as f a r  a p a r t  as 10 years. 
f i r e  hazard abatement can only be determined i f  the e f fec t  of weather i s  f i r s t  
eliminated. 
(Cramer 1959), f i r e  season weather severity indexes need t o  be used t o  detect  
changes in pattern of  f i r e  occurrence that  may be caused by changing fo res t  
residue management policy. 
needed fo r  detecting any difference i n  a i r  quali ty from what might normally be 
expected in a given l oca l i t y  for  any given weather condition. 

In  

The real effectiveness of 

As was done fo r  determining-the trend in number of man-caused-fires 

Indexes based on pertinent weather factors  are  also 

NONDEGRADAT ION 

Nondegradation may be viewed from an absolute or re la t ive  standpoint. 
the absolute standpoint, degradation means addition of any impurity regardless 
of amount. This would seem t o  say tha t  the atmosphere i s  pure, b u t  t h i s  i s  n o t  
the case. I n  addition t o  oxygen and nitrogen, i t  includes a mixture of varying 
amounts of  many substances. Natural sources such as plant and animal respiration 
and decay, lightning and lightning f i r e s ,  duststorms, and volcanoes p u t  many 
more times the par t i cu la te ,  hydrocarbons, C O ,  C O Z Y  sulfur compounds, NO , and 
other chemicals into the atmosphere t h a n  man does. And these a l l  have t h e i r  
charac te r i s t i c  residence times and removal mechanisms (Robinson and Robbins 
1969) .  
local concentration may be temporarily excessive. 
a b o u t  absolute degradation becomes rather academic. 

From 

The atmosphere has great  capacity t o  dispose o f  these mater ia ls ,  t hough  
This would imply t h a t  concern 

Relative degradation requires a base for  comparison. Atmospheric purity 
varies diurnal ly ,  from day t o  day, and  year t o  year as a r e su l t  of natural 
fac to rs ,  primarily weather. 
which these fluctuations have been eliminated such as by long-term averages. 
With respect t o  smoke from fo r e s t  areas ,  selection of the base involves some 
choices: 

Degradation can only be judged against  a base from 

1 .  The condition t h a t  existed before the white man. In the Pacific Northwest, 
there was much more burning t h a n  today. 
burned every 4-18 years from lightning f i r e s  (Weaver 1974) .  
f i r e  annually t o  keep the main west-side valleys open. 
dous fo r e s t  f i r e s ,  described in ear ly  day accounts (Morris 1934) and deter-  
mined by ages o f  present stands, occurred west of the Cascades. 

The en t i r e  ponderosa pine region 
Indians used 

Occasional tremen- 

2. The period of increasing intensi ty  of fo res t  f i r e  control--1912-40. A great  

Where fo res t  fuels  had been reduced by 
T h o u g h  number of man-caused f i r e s  

b u t  decreasing number of  large fo res t  f i r e s  occurred. 
f i r e s  became common a f t e r  logging. All accidental and lightning f i r e s  were 
extinguished as rapidly as possible. 
periodic f i r e s ,  they began t o  accumulate. 
increased w i t h  increasing fo r e s t  use, to ta l  acreage burned decreased. 

Hazard abatement 
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3 .  Intensive f i r e  suppression and substitution of increased protection for 
hazard reduction (1940 t o  the present). 
except in years with bad f i r e  weather. 
burned destructively in areas of fuel accumulation. 
f i r e s  may be increasing. 
decreased; use o f  pile  burning greatly increased; extra protection of unabated 
hazard greatly .increased. 

Total acreage burned remained low 
Large f i r e s ,  mostly from lightning, 

Acreage burned by wild- 
Acreage burned in broadcast burning greatly 

Selection of a particular year as the basis for judging degradation would 
be meaningless unless the relat ive f i r e  danger were taken into account. 
a more important factor i s  the buildup of fuel which i s  l ikely t o  contribute t o  
wildfire acreage and smoke regardless of ( i f  n o t  partly because of)  a i r  quality 
requirements. Fire control special is ts  and ecologists (Hall 1971, Wilson 1970, 
Weaver 1974) are recognizing t h a t  the e f for t  t o  completely exclude f i r e  from the 
forest  has resulted in potential for increased f i r e  and smoke. 

Possibly 

A more rigid requirement for decreasing smoke from hazard reduction f i r e s ,  
before satisfactory alternatives t o  burning are available, i s  l ikely t o  further 
increase the number of destructive large f i r e s .  
permit correction of the current management policy of withholding f i r e  would be 
a broader policy of nondegradation of the total  environment. Such a policy 
should reduce the forest  f i r e  hazard so as t o  achieve a balance of minimum total 
emission from prescribed f i r e  and wildfire and minimum acreages of destructive 
wildfire and fuel complexes l ikely t o  support destructive wildfire. In  the 
process of achieving and maintaining such a balance, any prescribed burning 
should be accomp’l ished by techniques t h a t  minimize emissions, and t h r o u g h  smoke 
management systems t h a t  minimize forest  smoke contributions t o  actual a i r  
pollution. 

A better solution t h a t  would 

WOOD WASTE AND COMBUSTION 

Forest residues are composed of organic compounds, mainly cellulosic 
material, seemingly almost the erfect  fuel since under complete combustion 

from living ce l l s ,  and a trace of sulfur.  
certain forced-draft open p i t  o r  bin incinerators. B u t  in the process of nearly 
complete combustion, the temperature reaches levels a t  which nitrogen oxides, , 
primarily i n  the form o f  NO, are produced. 

i t  converts into into HzO and c 8 2 with l i t t l e  else b u t  mineral ash, nitrogen 
This may nearly be accomplished in 

In nature, combustion i s  less complete (see Hall (1972) f o r  a more complete 
discussion of’ the composition and emissions of forest  fue ls ) .  
many chemical processes t h a t  may be interrupted a t  various stages, thus produc- 
ing a great many products of partial  combustion. 
with dry fuel burning well ventilated a t  a high temperature. Smoldering combus- 
tion without flame produces the most byproducts, including the most vis ible  
smoke . 

I t  consists of 

Combustion i s  more complete 

There are many situations in forest  management where i t  i s  desirable, i f  
no t  necessary, t o  dispose of huge quantit ies of accumulated forest  residue-- 
material t h a t ,  for various reasons, i s  unwanted. Nature’s fa te  for  th i s  would 
be decay, which also produces emissions, o r  wildfire. 
i s  much too slow when large amounts are involved; and wildfire,  usually under 
the most severe weather conditions, i s  n o t  a solution b u t  a very serious threat 
t o  the ent i re  forest .  
appl ied under carefully preselected conditions t o  accomplish the necessary j o b  
with leas t  negative impact on the environment, i s  currently a necessary tool 

To forest  managers, decay 

Prescribed f i r e ,  an adaptation of a natural process, 
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for  removing excess forest  residue in many situations.  
burned in recent years, an estimated 10 million tons (907,200 metric tons) of 
logging resi.due were eliminated annually by burning in Oregon, Washington, and 
northern California in 1962-64. 
about half th i s  amount in a 10-day period. The Ti'llamook f i r e ,  in a s'ingle 
afternoon i n  August 1933, produced emissions something l ike 2% times the 1962-64 
regional annual average slash disposal. 

Though less  has been 

The Wenatchee lightning f i r e s  of 1970 consumed 

I n  contrast ,  prescribed burns are separated in time and space,, thereby 
providing a dilution factor.  Additional' dilution a t  ground level downwind i s  
provided by the equivalent t a l l  stack effect  of a s t rong  convection column t h a t  
often l i f t s  a slash smoke plume 5,000 feet  (1,524 m )  or more. Dilution or even 
complete separation of smoke from surface receptors in smoke-sensitive areas i s  
often provided by an i n i t i a l  difference in elevation of several thousand feet--  
an additional section on the t a l l  stack effect .  

In 10 Oregon and 5 Washington counties t h a t  extend into what the National 
Air Pollution Control Administratjon (NAPCA)  ca l l s  the Willamette Valley Metro- 
politan Area, over 1,350,000 tons (1,224,720 metric tons) of logging slash 
burned in 1968, producing an estimated 6,780 tons (6,151 .metric tons) of 
particulate,  43,400 tons (39,372 metric tons) of C O Y  2,170 tons (1,969 metric 
tons) o f  hydrocarbons, and 1_,340 tons (1,216 metric tons) of NO (Hoffman 1970), 
according t o  NAPCA's estimates. Nationally, forest  combustion sources have been 
credited with 24 percent of the particulate emissions (Dieterich 1971). Smoke 
from combustion of forest  residues definitely goes into the air--hopefully, we 
have a choice of producing i t  where, when, and how we choqse or of accepting the 
unpredictable timing and additional destructiveness of wildfires. 

EMISSIONS FROM DIFFERENT KINDS OF FUEL AND ARRANGEMENTS 

Smoke from the use of f i r e  in forestry has generally been called a i r  pollu- 
tion without benefit of discriminating analyses t o  determine j u s t  what wood smoke 
i s  composed of or what i t  may do as a pollutant. The same gross generalizations 
apply t o  fuel and burning technique. Many kinds of fuels are burned in a slash - 
f i r e  and a somewhat different group in wildfire.  Each type of fuel i s  unique in 
chemical composition, s ize ,  shape, moisture, arrangements, pyrolysis products, 
and combustion characteristics and products. Individual f i r e s  are l ikely t o  be 
unique in composition of different fuels ,  temperature and heat energy generation 
ra te ,  moisture and ventilation levels,  fuel volume, combustion r a t e ,  and duration 
of various stages of f i r e  from s t a r t  t o  smoldering remnant. With these many 
variables, i t  i s  extremely'unlikely t h a t  a l l  smokes from some kind of f i r e  bu rn-  
ing in some kind of forest  fuel will be similar. I n  Australia, Vines e t  a l .  
(1971) found, for  example, t h a t  the nature and size of smoke particulate "vary 
significantly from f i r e  t o  f i r e  and even time t o  time during one f i r e . "  To 
effect  control over deleterious substances among smoke components, we need t o  
know what  i s  produced and by which combination o f  fuel and burning condition. 

Complete combustion of most forest  fuels would produce CO?, water vapor, 
ash, heat, and minor traces of other gases, with probably no visible emissions. 
B u t  complete combustion seldom takes place. A s  described by Hall (1972), forest  
fuels going into a f i r e  will emit products by s t raight  d i s t i l l a t i on ,  by pyrolysis 
or destructive d i s t i l l a t i on  a t  higher temperatures, and by glowing combustion. of 
the remaining charcoal. Some o f  the products of these processes bu rn  and some 
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do n o t .  The resulting emissions are made up  of the pyrolysis and d i s t i l l a t i on  
products and various combinations of the i r  components in a l l  degrees of 
oxidation--some in gaseous form, others condensed on carbon part ic les ,  some as 
vapors. According t o  Hall (1972), "To sum u p  these complex processes, the amounts 
of substances burned, escaping unchanged, or a1 tered by heat and intermolecular 
reactions, or by partial  oxidation, present in f in i te  possibi l i t ies  in the matter 
of final products." 

different  proportions; 
in l iving ce l l s ,  proportion of lignin and cell.ulose, e tc .  
as well as the manner in which i t  i s  burned influences the chemicals emitted. 

Individual fuel components will contribute different kinds of chemicals in 
Forest fuels vary in amounts of hydrocarbons, nitrogen 

Hence, the fuel burned 

Some 

FUEL 

me re 

prominent forest  fuels with different  chemical characteristics are: 

Conifer duff Grass Dead sound wood: 
Coni f e r  need1 es Herbs Conifer 
Conifer twigs Brush Hardwood 
Conifer bark Ferns Hardwood and brush foliage 
Rotted wood--brown Moss and 1 ichen 
Rotted wood--white 

EMISSIONS FROrl LABORATORY TESTS 

Of the many different kinds of fuels involved in forestry u s of f i r e ,  a 
few have had limited analyses from laboratory burning testsT7 (Darley e t  

a1 . 1966).  

Similar values o f  2.4  t o  4 .4  l b  of hydrocarbon per ton  (1 .2  t o  2 .2  kg per 
metric ton) o f  fuel burned were reported for small samples of Douglas-fir, 
western redcedar (Z'huja pZicata D o n n ) ,  and western hemlock (Tsuga heterophyZZa 
(Raf.) Sarg . )  slash (Fritschen e t  a l .  1970). see footnote 1 )  
report particulate produced ranged from 11 t o  17 l b  per ton I 5.5 t o  8.5 kg per 
metric ton).  In the laboratory f i r e s ,  they were able t o  detect differences t h a t  
indicated. head f i r e s  produce three times the particulate produced by backing 
f i r e s .  Grass f i r e s  produced 16 lb  of particulate per ' ton (8 kg per metric t o n ) .  
A smoldering f i r e  in l i t t e r  and duff was found t o  produce 3 t o  10 times as much 
particulate as the same material aflame. 

Darley e t  a l .  

From the laboratory d a t a ,  we know t h a t  the hotter the f i r e ,  the more complete 
the combustion; hence, the less particulate,  hydrocarbon, and  CO.  Floisture 
decreases f i r e  intensi ty ,  hence i t  increases the products of incomplete combus- 
t i o n .  This implies t h a t  living foliage and small l ive twigs, brush, and 
herbaceous growth  will produce more smoke, a fac t  of which most backyard burners 
are already aware. Dry fuels or h o t  f i r e s  burn more completely with less  smoke. 

When we know the products emitted by 
preparation of fuel and burning procedure 
and burn  them as completely as possible. 

various fuels ,  we can designate the 
t h a t  will involve the desired fuels 
For example, piled materials can exclude 

Y El l i s  F. Darley, Harold H .  Biswel1,-George Miller, and John Goss. Air 
pollution from forest  and agricultural b u r n i n g .  Paper presented t o  Western 
States Section/The Combustion Ins t i tu te ,  Seat t le ,  Wash. 
1972. 

10 p.  , April 24-25, 
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the d u f f ,  herbs, brush, and  rotted wood t h a t  would be burned by broadcast burning, 
or preparation might require a l l  material over 4 inches (10 cm) in diameter t o  
be piled and burned and small material t o  be crushed in place o r  chipped and 
scattered. 

FUEL COLIPLEXES IN THE FOREST 

The forest  i s  composed of a considerable assortment of fuels.  I n  some kinds 
of f i r e ,  such as wildfire,  they al l  b u r n ,  usually under comparatively dry condi- 
tions b u t  with the inefficiency of a head f i r e  burning under par t ia l ly  limited 
oxygen supply. This i s  demonstrated by the occasional spectacular explosions and 
huge sheets of flame t h a t  ignite smoke rich in pyrolysis products well above the 
ground over fas t-movi ng wi 1 df i res.  The wi 1 d f  i re  a1 so burns a 1 arge proportion 
of l ive foliage, small living twigs, herbaceous material, and the duff accumula- 
tion on the forest  floor (Flartin and Brackebusch 1974) .  Particulate emissions 
from the head of a w.ildfire in the South  have been estimated a t  58 lb per ton 
(29 kg per metric t o n )  of fuel consumed in compari n with 1 t o  10 lb per t o n  
(0.5 t o  5 kg per metric t o n )  from prescribed fire.!!? Emissions of CO and hydro- 
carbons would be expected t o  vary similarly. 

Emissions from the various kinds of burns depend greatly on factors affect-  
ing the temperature of  the b u r n .  Duff o r  rotten wood by i t s e l f  will b u r n  slowly 
a t  a comparatively low temperature, w i t h  l i t t l e  flame, hence, w i t h  considerable 
smoke. 
higher temperatures, more of the pyrolysis products of the low temperature fuels 
will be consumed in the flames of other fuel components. The heavier concentra- 
tions of fuel are l ikely t o  produce less  emission of incomplete combustion 
products per t o n  of fuel burned t h a n  are l igh t  amounts. Hence, large open piles 
are more e f f ic ien t  than  a broadcast burn, and the broadcast slash b u r n  more 
e f f ic ien t  t h a n  a l igh t  underburn or an agricultural f ie ld  b u r n .  

If duff or rotten wood i s  p a r t  of a complex of fuels t h a t  generates 

I n  prescribed burns, there are various combinations of fuels ,  depending on 
the type of bu rn  and  i t s  objective. Any broadcast slash burn consists o f  a 
diverse mixture of hot-burning dry material , slow and ineff ic ient ly burning 
d u f f ,  dry resinous foliage, and a selection of green herbaceous, brush, and small 
tree materials. Some of the fuels are close t o  the ground and will n o t  get 
optimum a i r  supply. Burning i s  usually done when the soil  beneath i s  damp and 
the adjacent forest areas are suff ic ient ly damp t o  prevent rapid spread from any 
wayward embers. Hence, some of the fuel burned will be damp, and some of the 
f i r e  will be comparatively cool depending on type, amount, and arrangement of 
fue,l,and the efficiency of the combustion mixed. Since the usual broadcast b u r n  
i s  in heavy amounts of fuel ,  much of the incompletely burned emissions of cooler 
burning fuels will be further oxidized in the hotter combustion of other fuels.  

Even less  e f f ic ien t  combustion would be expected of  the l igh t  prescribed 
underburn conducted t o  remove some of the excess undergrowth and residue accumu- 
lating on the forest  floor.  This type of bu rn  i s  usually conducted when only 
p a r t  of the duff i s  dry enough t o  b u r n .  I t  may be only hot  enough t o  ki l l  

z’ Robert W .  Cooper. Trade-offs between smoke from wild and prescribed 
f i r e s .  
Fires Proceedings, F t .  Collins, Colo. ,  Oct. 23-26, 1973 (in preparation for  publi- 
cation by Committee on Fire Research, National Academy o f  Sciences, Washington, 
D . C . ) .  

International Symposium on Air Quality and Smoke from Urban and Forest 
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small trees u p  t o  a few 
will remove dry branches 
and the t o p  of the duff 
then dry small trees and 
and logs, and the l i t t e r  
slow moving, poorly vent 
Heat produced i s  low and 

nches in diameter and may no t  even consume brush. I t  
concentrations of dead fallen stems, excess l i t t e r ,  

ayer. A second b u r n ,  sometime l a t e r ,  will consume the 
brush killed by the f i r s t  f i r e ,  a layer o f f  old stumps 
and dead branches added in the interim. The f i r e  i s  
la ted,  and often in fuel j u s t  barely dry enough t o  bu rn .  
the emissions undoubtedly high per ton of fuel .  

A t  the other end of the scale i s  the f i r e  produced by a method s t i l l  under- 
going f ie ld  tests-- the p i t  or portable bin incinerator with a high volume forced 
a i r  supply. This kind of burning has the characteristics of a limited combustion 
chamber and ample a i r  supply delivered by a blower. 
a p i t  or bin of approximate dimensions up t o  10 by 10 by 40 fee t  (3  by 3 by 1 2  m ) .  
Forced d r a f t  from the t o p  of one side i s  directed down and across the combustion 
chamber. The resulting f i r e  i s  extremely ho t  and combustion e f f ic ien t .  Visible 
emissions are mostly limited t o  the startup period or the few seconds following 
the dumping of a load of fuel into the f i r e  releasing a cloud of ashes and a 
few wisps of smoke. 'This type of burner i s  excellent for large fuels which i t  
completely consumes, t h o u g h  i t  accepts any fuels and burns them rapidly and 
completely regardless o f  moisture content a t  a ra te  of 10-15 tons (9-13.5 metric 
tons) per hour.  
construction where space and time are limited, or where holdover f i r e  may be 
a r i sk ,  soil  may be vulnerable t o  broadcast o r  piled burn, o r  where vis ible  
emissions preclude open burning. I t s  limitations include high cost ,  limited rate  
of burning, and suitable p i t  s i t e  or rqad for the mobile burner. 
also require yarding the residue t o  the burner, an operation t h a t  may be too  
costly or too damaging t o  other environmental components of some s i t e s .  

Combustion takes place in 

I t  i s  probably best adapted t o  special situations such as road 

Both versions 

If fuel i s  insufficient t o  support a broadcast b u r n ,  i t  i s  usually piled. 
T h e  process of piling, i f  properly done, eliminates duff except beneath the 
p i le ,  and much of the other f iner  fuels which may become detached from larger 
material. B u t  
quality o f  piles varies--soil in pi les ,  as a resul t  of improper technique or  
wrong equipment , causes prolonged smoldering and risk of holdover f i r e .  
assembled clean piles burn  more eff ic ient ly than a broadcast burn  because of 
better ventilation, higher temperature generated by the greater concentration 
of fue l ,  and m i n i m u m  amounts of green or smoldering-type fuels.  

Cat piling o r  windrowing includes most of the woody material. 

Properly 

A recently added required a1 ternative, yarding unutilized materia7 (YUM) 
assures greater cleanup of clearcut areas. All pieces larger than a certain 
minimum (e.g. ,  10 f t  long and IO inches in diameter o r  3 m long and 25 cm in 
diameter) are yarded into a huge jackstrawed pi le  or deck. This pi le  may be 
burned sometime well into the rainy season when danger of spot f i r e s  from 
embers i s  n i l .  
will bu rn  ho t  with considerably less vis ible  emission t h a n  the same material 
broadcast burned. This procedure may n o t  be desirable i f  the amount of f ine 
material and brush remaining af te r  YUFling s t i l l  presents suff ic ient  obstruction 
and hazard t o  require burning. 
more appropriate. 

The pi le  consists of only the heavy wood fuels a n d ,  once s tar ted,  

Then broadcast burning without YUMing would be 
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SMOKE PRODUCTION CHARACTERISTICS 

Besides varying in composition, smoke from forestry uses of  f i r e  also varies 
during the stages of any given bu rn .  SinceXhe f i r e  t h a t  produces the smoke also 
produces heat, a convective column of rising ho t  gases usually forms over a f i r e ,  
l i f t i ng  the smoke above f i r e  elevation in proportion t o  the f i r e ' s  ra te  of  energy 
release. 
d r i f t s  i n  response t o  a i r  motions a t  t h a t  level.  We will call  the nonbuoyant 
smoke from a specific source, a pZme (see la te r  discussion). Prevailing weather 
conditions greatly influence column and plume behavior. 
are of great importance i n  maintaining a i r  quality while using f i r e .  

A t  the t o p  of the column or wherever the smoke loses i t s  buoyancy, i t  

These characteristics 

STAGES OF SMOKE PRODUCTION 

A l t h o u g h  the smoke produced by any f i r e  largely depends on what the fuel 
i s ,  smoke production characteristics can be divided into s tar tup,  ful l  f i r e ,  
and die down periods. During the startup period, a much larger proportion of 
unburned d i s t i l l a t i on  and pyrolysis products will be emitted direct ly  w i t h o u t  
burning. The f i r e  will be generally cool and the combustion ineff ic ient .  In 
heavy fuels ,  this  stage i s  shortest .  

In  the ful l  f i r e  or mature stage, the f i r e ,  for i t s  particular fuels ,  
moisture, and arrangement, burns a t  maximum temperature and ra te .  The emissions 
wil l  be leas t  because combustion i s  most complete and the rate  of energy produc- 
tion greatest .  

In the final stage, the temperature i s  lower, flaming gives way t o  glowing 
combustion, and remaining fuels may produce a higher proportion of  CO and a 
greater amount of  unburned d i s t i l l a t i on  products and particulates (see footnote 
1 ) .  This stage i s  probably the most troublesome because most of the heat energy 
i s  gone, the emissions may accumulate o r  d r i f t  a t  f i r e  elevation, and this  stage 
in scattered heavy fuels may l a s t  longer t h a n  the other two. 

Size of  f i r e ,  particularly with piled fuels ,  i s  also important in deter- 
mining relat ive efficiency of the combustion process primarily by influencing 
temperature. Laboratory tes t s  indicate minimum production of particulate,  total  
hydrocarbon, and CO irrespective of type of  wood waste or moisture content 
while temperature in the combustion zone remained above 1,100" F (593" C )  
(Prakash and Murray 1972) .  The same general relation has been reported by Darley 
e t  a l .  (1966) working with agricultural wastes. I n  pi les ,  fuel elements in 
close proximity are heated. by r ad i a t i on  from adjacent fuel elements. Fuels 

'near the edge of  the f i r e  are heated less by b o t h  radiation and conduction, 
hence, are l ikely t o  bu rn  cooler. 
temperature by conduction from cool a i r  entrained into the f i r e .  Thus, the less  
the edge effect  or the larger the pi le ,  the higher the average temperature of the 
f i r e  and the more complete the combustion. The smaller the p i le ,  the greater the 
proportion of the pi le  near i t s  periphery and the less  complete the combustion. 

Edge fuels are also subject t o  reduction of 

Implications with respect t o  impact on a i r  quality are: 

1 .  Prepare fuels and f i r ing  plan t o  minimize the time in s t a r t u p  and die down 
stages. 
fuel composition, arrangement, and moisture by covering, and t o  prolong the 
f u l l  f i r e  stage by periodic "chunking in . "  

This favors pi le  burning since there i s  more opportunity to control 
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2. 

3 .  

4. 

5. 

6. 

7. 

In the burning plan for  area burning, make maximum use of the backing f i r e  
in l ieu of a head f i r e .  Darley e t  a l .  (see footnote 1) found greater emis- 
sions produced per unit of fuel by a head f i r e ,  possibly because i t s  rapid 
movement cuts off an adequate supply of oxygen t o  the inter ior  of the f i r e ,  
and a large proportion of the broad flaming front i s  in the startup stage. 
A head f i r e ,  moving more rapidly, will burn  off the l igh t  flashy fuels in a 
comparatively cool , ineff ic ient  flame, unsupported by the hotter f i r e  of the 
slower burning, larger fuels.  I n  a backing f i r e ,  there i s  more likelihood 
of overlap between startup and fu l l  f i r e  stages, thus assuring better 
combustion of the d i s t i l l a t i on  products of the startup phase. 

In the broadcast b u r n ,  much of the area may have only a l igh t  cover of fuel 
t h a t  will produce a comparatively cool and inefficient f i r e .  Fuel concen- 
trations will b u r n  hotter l ike piles.  
the fuel ,  the smoldering or die down stage will be reached ear l ie r  t h a n  
with piled fuel.  

Because of the scattered nature of 

The f a s t  moving wildfire,  burning in bo th  green and dead fuels ,  i s  probably 
less  e f f ic ien t  than any controlled bu rn .  
quickly, the flaming front i s  l ikely t o  be predominantly in the startup 
stage so t h a t  much pyrolyzed material escapes unburned. 
depth limit a i r  supply t o  the inter ior  of the flaming front ,  further l imit-  
ing efficiency of combustion. 
volume i s  l ikely,  further reducing burning efficiency. 

Though i t  burns large areas 

I t s  width and 

Low concentration of fuels in weight per unit  

The prescribed underburning f i r e  i s  also likely t o  be comparatively cool 
with ineff ic ient  combustion except when i t  reaches concentrations of dry 
fuel.  A backing underburn would be more eff ic ient  t h a n  a head-fire underburn. 

flaximum efficiency of combustion i s  gained with a continuing f i r e  to  which 
fuel i s  added a t  a ra te  t h a t  keeps i t  in the ful l  f i r e  stage and provides 
for combustion of the d i s t i l l a t i on  products emitted by the added fuels in 
the startup stage. Efficiency may be further enhanced by forced draf t  and 
recirculation of emissions assuring adequate oxygen , complete combustion of 
emissions, and a continuing h o t  f i r e .  
l imits the die down stage. Forced d r a f t  burners have been shown t o  produce 
almost no visible emissions. 

Fuels such as d u f f  and rotted wood tend toward glowing combustion, hence by 
themselves will be smoke producers. If th i s  kind of material i s  omitted 
from the b u r n ,  as in the yarded piles of slash and other clean pi les ,  more 
e f f ic ien t  combustion i s  l ikely. 

Concentration of fuels and heat 

SMOKE CONVECTIVE COLUflN BEHAVIOR 

, The smoke column over a f i r e  i s  similar t o  a chimney. To operate, i t  
requires a source of h o t  gases a t  the base--the hotter the gases, the better i t  
operates. B u t  the convective Ilchimney" i s  affected by mechanical and thermal 
conditions in the a i r  around i t .  The "chimney" operates as long as the energy 
of the column i s  greater t h a n  that  of the outside wind forces acting upon  i t .  
The energy of the column i s  buoyant energy which translates into upward momentum. 
Buoyant energy depends on the difference in temperature between the gases within 
the column and the outside a i r  surrounding i t .  
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The temperature of  the r is ing h o t  gases always decreases with height as a 
resu l t  o f  mixing with entrained outside a i r ,  radiational cooling, and expansion. 
The smaller the column diameter, the more rapid the e f fec t  o f  radiational cooling 
and par t icular ly  of mixing with the outside a i r .  The large,  very h o t  column 
sustains considerable momentum and mixes less  with the ambient a i r .  
(1964) has observed intense convective columns acting as sol id obstacles,  the 
h o r i z o n t a l  a i r f l ow  sp l i t t i ng  and f lowing  around the column. This holds t rue 
only as long as the upward momentum of gases in the column exceeds the horizontal 
momentum of the winds i n  the ambient a i r .  Because the large,  ho t  column i s  a 
more e f f i c i en t  "chimney," i t  will achieve maximum smoke r i s e .  For th i s  reason, 
producing the ho t tes t ,  largest  convective coJumn- possible f o r  the given b u r n i n g  
j o b  by h i g h  temperature burning over a maximum area i s  desirable.  Of course, 
other considerations, such as desired intensi ty  of b u r n  and danger of excessive 
horizontal indraf t  winds i n t o  the f i r e ,  must be weighed. 

Countryman 

Column buoyancy also changes w i t h  the temperature of the ambient a i r  th rough  
which i t  ascends. 
buoyancy i s  lost.  
w i t h  height varies considerably w i t h  the weather s i tuat ion.  
remain constant, or increase. 
height, as within an  inversion, the a i r  temperature may equal that  of the r is ing 
h o t  gases a t  a considerably lower elevation. For th i s  reason, inversions often 
stop the r i s e  of  a convective column. 

When column and  ambient a i r  temperatures become equal, 
The ra te  a t  which the temperature of the outside a i r  changes 

I t  may decrease, 
When the temperature of the a i r  increases w i t h  

Convective smoke columns r i s e  t o  greates t  height t h r o u g h  ambient a i r  t h a t  
cools rapidly with increasing height; i . e . ,  t h r o u g h  a i r  t h a t  i s  l e a s t  s table .  
S tab i l i ty  i s  an  airmass character is t ic  and i n  moist airmasses i s  evidenced by 
type o f  clouds--vertical clouds and development of  cumulus clouds i n  unstable 
a i r  t h a t  supports vertical  mot ion,  and horizontally s t r a t i f i e d  clouds i n  a i r  that  
suppresses vertical  motion., 
and s table  airmasses i n  autumn (Schroeder and Buck 7970), t hough  s t a b i l i t y  
changes from day t o  day w i t h  changing weather patterns i n  every season. 

Unstable airmasses are  most common in spring months 

Degree of  s t a b i l i t y  i n  the surface layers i s  closely related t o  diurnal 
conditions. 
t h r o u g h  which convective mixing  takes place. I n  mountainous t e r r a in ,  t h i s  heat- 
i n g  produces upslope winds t h a t  terminate in rising thermals of  warmer a i r  above 
the peaks and ridgetops. 
surface during the day i s  called the mixing Zayer. 
smoke column r i s e  i s  aided by natural currents of r is ing heated a i r  w i t h i n  the 
mixing layer. 
the m i x i n g  layer. 
over f l a t  country (Cramer 1972) .  S t rong  convective columns may r i s e  completely 
t h r o u g h  the mix ing  layer a n d  carry smoke t o  potentially warmer layers,  from which 
i t  cannot descend unless the en t i re  layer descends as i n  subsidence or mountain 
wave- type winds . 

On sunny days, surface heating gradually warms a deepening layer 

The depth heated by turbulent convection from the 
During the heat of the day, 

Lesser plumes without a defined column become diffused throughout  
I n  mountainous areas,  the mixing layer extends higher t h a n  

D u r i n g  c lear  nights, as a sequel of surface cooling, the mixing layer i s  
replaced by a surface inversion layer.  
i s  further fed by cold a i r  drainage off  the slopes. 
above this very s tab le  layer i n t o  a i r  t h a t  i s  only s l igh t ly  more s table  than 
d u r i n g  the day. 
r i s e  from valley locations; on the other hand ,  ascent from f i r e s  above the inver- 
sion, t h o u g h  less  than d u r i n g  the day, will s t i l l  be substant ia l .  Application 
of t h i s  information t o  prescribed burning can be summed: 

This nocturnal inversion in the valleys 

For t h i s  reason, convective columns a t  night may be limited in 

Ridges and peaks may extend 
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1.. Fires in a l l  locations will push smoke t o  the highest elevation i f  burned so 
as t o  produce a strong convective co18umn during the hottest  p a r t  of the day. 

2.  Fires in mountain areas may be expected t o  produce strong convective columns 
a t  night from locations above the valley inversion. 

3.. St rong  convective columns will often place most of the smoke produced during 
the mature f i r e  stage completely above layers of a i r  t h a t  come in contact 
with the eart 'h 's  surface. 

4. Smoke from f i r e s  with weak convective columns will be dispersed within the 
mixing layer during the day b u t  a t  night will be dispersed vert ical ly  very 
l i t t l e .  

5. If the f i r e  prescription limits intensity of f i r e ,  the convection column can 
be reinforced by providing maximum area aflame through such techniques as 
prewired c i rcu i t s  of incendiary devices for area ignition (Schimke e t  a l .  
( 1 969 ) . 

SMOKE PLUME BEHAVIOR 

Nonbuoyant smoke from a particular source b u t  n o t  in a well-defined convec- 
t ive column 
i s  subject t o  the motions of the ambient a i r  in which i t  l i e s .  I t  may come 
direct ly  from a weak f i r e ,  from a f i r e  on a windy day, or from the t o p  of a 
convective column t h a t  has reached neutral buoyancy. 

i s  called a pZwne. A plume lacks definite boundar,ies or shape and 

Once a smoke column has cooled t o  the plume stage, condensation o f  vapors 
into particulate i s  probably complete. As i s  described in more detail  l a t e r ,  
change in distribution of par t ic le  sizes i s  very slow a f t e r  smaller particles 
have agglomerated t o  the 0.1- t o  1 . 0 - p  class (Robinson and Robbins 1971). 
of the particulate i s  t o o  small t o  f a l l  o u t  so t h a t  the dominant processes are 
l ikely t o  be diffusion and removal related t o  precipitation processes. 

Most 

Plume behavior i s  closely related t o  atmospheric motion controlled by wind 
and s t ab i l i t y .  In stable a i r  and a l igh t  wind, even a small smoke source can 
form a l o n g  narrow band t h a t  remains identifiable fo r  miles. Plumes issuing 
into s t i l l  n i g h t  a i r  near the surface tend t o  follow the drainage with l i t t l e  
dilution and t o  col lect  in low places. 
f i r e s  remaining af te r  major burning operations t h a t  i s  most l ikely t o  be of 
concern in smoke-sensitive areas. Smoke from a large source will spread o u t  
horizontally in a sheet a t  the level a t  which i t  reaches neutral buoyancy. In 
unstable a i r ,  the normal horizontal gustiness and vertical thermals and turbulent 
motions will tend t o  disperse the plume t h r o u g h  the unstable layer within an 
expanding cone-shaped volume. 
quite shallow in the winter t o  15,000 fee t  (4,572 m )  deep over the inter ior  in 
the summer, subject t o  airmass, cloudiness, and windspeed. 

I t  i s  th i s .charac te r i s t ic  of smoldering 

The surface unstable o r  mixing layer varies from 

Smoke plumes above the mixing layer acquire a characteristic temperature- 
pressure relationship (potential temperature) t h a t  remains nearly constant. 
Behavior and trajectory o f  these plumes can be predicted from the potential 
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temperature and wind structure of the airmass/ and the upper wind  patterns-- 
factors familiar t o  a fire-weather forecaster. 
developed t o  approximate dispersion of pollutant plumes in metropolitan areas 
within the mixing layer. They are useful fo r  estimating effect  on pollution 
concentration, patterns of changes in locations, numbers, heights, and amounts 
of emissions from usual metropolitan area sources b u t  are less  applicable in 
complex mountainous terrain with transient point sources, sparse observing 
s tat ions,  and dominating terrain influences. 

. 

Many diffusion, models have been 

IMPORTANCE OF FOREST EMISSIONS 

The forest  obviously i s  compwed of a complex of  higher plants,  animals, 
fungi , and bacteria t h a t ,  while l iving, carry on respiration involving uptake 
and release of various gases t o  the a i r .  
dead materials decompose, also involving uptake and release of various gases. 
The most r a p i d  conversion of forest  materials, b o t h  living and dead, into 
atmospheric components i s  t h r o u g h  f i r e .  

Wastes from the living organisms and 

Regulations of  sources of  forest  smoke t r ea t  such smoke as a pollutant 
t h a t  must be ei ther  severely limited o r  ent i rely eliminated. 
t h a t  wood smoke contains toxic,  i r r i t a t i ng ,  or harmful chemicals t h a t  contribute 
significantly t o  the effects  of  a i r  p o l l u t i o n  on health, welfare, plants, animals, 
materials, and possibly weather. A l t h o u g h  additional research i s  needed t o  
identify the specific compounds produc-ed by prescribed f i r e  in the usual component 
fuels ,  the rather considerable evidence t o  date rates wood smoke components on a 
par  with the normal products of such' processes as forest  respiration, photosyn- 
thesis ,  and decay t h a t  are going on continuously in the forest  (Hall 1972) .  
Natural forest  emissions are more prevalent b u t  a t  greater dilution. 
i f  smoke from forest  fuels actually constitutes a serious complex of pollutants,  
then the threat of significant pollution episodes from the extremely dense smoke 
of forest  wildfires becomes an even more important consideration. 

This would imply 

However, 

F I R E  E[,lISSIONS 

Whereas emissions from the growing forest  and from decaying forest  residue 
are more or less continuous, emissions from f i r e  are more spasmodic and i n  denser 
local concentration. Emissions from prescribed f i r e  are normally limited t o  
periods of moderately dry weather with l igh t  winds; i . e . ,  t o  conditions under 
which b u r n i n g  can be accompTished and the f i r e  kept under control. The practice 
has generally been t o  awai t  such favorable conditions. 
t ions,  the definition of  "favorable conditions" has become further limited. 
Fortunately, i t  i s  within man's discretionary power t o  select  the weather, time, 
place, manner, and fuel of prescribed burns so t h a t  the f i r e  i s  controlled a n d '  
the emissions are released when they will be the leas t  nuisance. 

Under a i r  quality res t r ic-  

'I Owen P.  Cramer. Imp1 ications of atmospheric potential temperature 
Paper presented structure on the distribution of  aerosols in western Oregon. 

t o  Pacific Northwest International Section Meeting, Air Pollution Control 
Association, Salem, Oregon, Nov. 9 ,  6 p .  1967. 
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Man has 1 i t t l e  control over the conditions during which conflagration-scale 
wildfires occur. He knows t h a t  the weather will be extreme--very dry and windy. 
Control usually depends on the weather moderating. Destruction of property, 
forest ,  wildlife,  and soil  are the greatest concern--the smoke of a conflagration, 
t h o u g h  often dense, i s  only incidental. Yet, some of the his tor ic  a i r  pollution 
episodes around the world have resulted from forest conflagrations (Plummer 1912, 
Murphy e t  a l .  1970). Inconsequential as the smoke from a conflagration may be 
in comparison w i t h  damage, i t  i s  this  renegade smoke t h a t  has real a i r  q u a l i t y  
significance and which, i f  we wait until a conf7agration i s  burning before worry- 
ing abou t  i t ,  i s  impossible t o  cope with. Fortunately, conflagrations can be 
reat ly  reduced, t h o u g h  possibly no t  completely prevented, by fuel management 9 Martin and Brackebusch 7974). Fuels t h a t  wou7d support a conflagration are 

removed by various means including prescribed f i r e .  So, here i s  a trade off- - a 
small amount of smoke, where burning i s  necessary, under conditions when the 
smoke can be managed, i n  trade for the extreme damage of the conf7agration and 
incidentally i t s  potential f o r  producing a smoke pollution episode. 
standpoint of environmental trade off , and considering a1 1 the resources involved 
and the duration o f  the effects ,  a l l  the advantages seem t o  be with conflagration 
prevention. 

From the 

Unfortunately, emissions from forestry uses of  f i r e  have no t  always been 
released under conditions producing the leas t  impact. 
good v i s ib i l i t y  f o r  f i r e  detection purposes has been a consideration of f i r e  
control agencies for decades , smoke management systems for minimizing impact 
on atmospheric t r a  
the l a s t  few years- 8 p  $1 (Cramer and Graham 1971) .  Despite these effor ts  and 
the potential f o r  greater progress , memories of  the presmoke-management days 
linger.  And occasionally, a l l  the variables, such as weather, of a prescribed 
burning operation do no t  work o u t  as planned. Such uncertainty i s  n o t  unique 
t o  prescribed burning--even the most sophisticated emission control devices 
mal function occasionally. A 1  t h o u g h  some parts of the country have weather, 
terrain,  and forest  conditions t h a t  favor  satisfactory operation of  smoke 
management systems, in other regions ideal conditions may be rare. Because of 
the great diversity of  si tuations t h a t  control the impact of prescribed burning 
on atmospheric transparency, the type of smoke management plan and the kinds of  
restr ic t ions imposed should be designed t o  f i t  the local problem. 

Though the maintenance of 

p rency f o r  other purposes have been proposed i n  only 

L i t t l e  research has been conducted direct ly  on the effects  of forest  smoke; 
and because forest  smoke i s  of such transitory nature and rarely the only impurity 
present, a precise evaluation of the impact of smoke from forest  fuels cannot be 
made a t  th i s  time. 
of i t s  .more plentiful components and their  properties. 

Statements can be made about  i t s  prevalence and abou t  some 

?’ William R.  Beaufait and Owen P. Cramer. Prescribed f i r e  smoke disper- 
sion principles. U.S. Department of Agriculture, Forest Service, Northern 
Region (in-Service dis t r ibut ion) ,  Flissoula, Plontana, 1 2  p .  , i l l u s .  , 1969. 

51 James A. Pharo. An interim smoke management guide for the South,  
Pa r t  I :  Head and backfires. 
Fire Laboratory , Macon, Georgi a , 1972. 

Unpublished manuscript on f i l e  a t  Southern Forest 
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Recently, Biswell61 reported beneficial effects  of forest  smoke. Research 
currently underway indicates t h a t  a few seconds exposure t o  smoke k i l l s  the 
spores of some important forest  pathogens including Cronartiwn harknessii. Smoke 
may also accelerate the rate  of decay of forest  residue. Finally, the carbon 
part ic les ,  l ike 
cleansing the a 

The amount 
burned. I n  the 
decreased u p  t o  
about  1910. Th  
usually by burn 

activated carbon in a gas mask, adsorb pollutant gases, thereby 
r.  

of smoke in the atmosphere i s  a function of the area of forest  
Pacific Northwest, the area burned annually in forest  wildfires 
the 1940's under the policy of wildfire exclusion established 
s policy required the abatement of hazardous logging slash, 
na. B u t  such factors as better ut i l izat ion.  immoved f i r e  

control, a n d  moredrecently, limitations on amount and timing of' slash burning 
fo r  a i r  quality reasons have reduced the practice of broadcast burning over the 
past 20 years. In November 1968, the Oregon Forest Log (Oregon State Department 
of Forestry 1968),for example, reported a reduction in slash acreage burned 
annually on State and private lands in western Oregon from 149,000 acres (60,300 
ha)  in 1949 t o  56,000 acres (22,663 ha) in 1968. 

Persistence and travel of forest smoke in the a i r  have long been recognized. 
The movements of vast smoke plumes from huge forest  f i r e s  have been recounted in 
the l i t e ra ture  by many authors (Munn and Bolin 1971, Morris 1934, Plummer 1912) .  
The most recent accounts dealt  w i t h  the great Canadian f i r e s  of  1950 and the 
resultant smoke clouds over the Eastern United States ,  British I s les ,  and even 
Gi bra1 tar .  

The importance of forest  smoke components may be part ia l ly  judged by amounts 
emitted in comparison with amounts emitted by other natural and manmade sources 
and the average residence time in the atmosphere. 
authorities on combustion of forest  fuels give the following approximate 
emissions f o r  each ton  of fuel :  

To begin with, various 

Pounds per ton burned 

U .  S.  Environmental 
Protection Agency, 
Office of Air 
Programs (1 972) Darley e t  a1 .I! Cooper/ 

Water Vapor 

co 
Hydrocarbons 
Suspended particulates 
Nitrogen oxides 

C O 2  
60 
20 
1 7  

2 

About 1,000 
1,600-2,500 

40-1 40 
4-18 

11-17 17-58 

6/ Harold H. Biswell. Problems of prescribed burning and smoke in urban 
International Symposium on Air Quality and Smoke from Urban and Forest areas. 

Fires Proceedings, For t  Collins, Colo.,  Oct. 23-26, 1973 (in preparation for  
pub1 ication by National Academy of Sciences). 

See footnote I .  

See footnote 2 .  The 58 l b  i s  for  wildfire.  
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No attempt will be made here t o  duplicate the discussion of the chemistry of 
wood smoke components presented by Hall (1972) .  The total amounts of forest 
emissions are compared w i t h  emissions from man's act ivi t ies  and na tura l  sources 
in table 2. 

Emission factors for  burning of forest 'fuels are anything b u t  precise because 
of the great variation in fuels,  fuel arrangement, moisture, ventilation, and 
type of bu rn ing- - f l aming  vs. glowing and head f i r e  vs. backing f i r e .  The oppor-  
tunity for selecting the most favorable conditions for complete combustion, hence 
least  emission, i f  f u l l y  utilized, should provide significantly lower emission 
factors for prescribed b u r n i n g  t h a n  for  wildfire. 

Carbon monox:ids.--With the identification of  five isotopic varieties of CO 
by an Argonne National Laboratory team (Stevens e t  a l .  1972) ,  the most important 
source of  CO has recently b en found t o  be oxidation of methane by OH in the 
worldwide m ~ ~ n t  of 60 X 10 tons (54.4 x lo8 metric tons) per year (Weinstock 
and Niki 1972, Maugh 1972). 

Man releases 2.7 x 108 tons (2.4 x lo8 metric tons) of CO annually, mostly 
from incomplete combustion i n  gasoline engines. 
percent as much as the natural breakdown of methane, the au to  i s  important because 
i t s  emissions are concentrated in the surface layers i n  he v i l y  populated areas. 

of CO (Robinson and Robbins 1969) or about  6.3 percent as much as au to  emissions, 
almost entirely in remote areas and largely exhausted t o  higher elevatfons. More 
t h a n  five times the amount o f  CO from forest fuels comes from atmospheric reac- 
tions of terpenes, almost entirely from natural sources (Robinson and 'Robbins 
1969). Air residence time varies from as l i t t l e  as 70 days in summer over land 
areas (Weinstock and Niki 1972) t o  an average of 0.1 year. Close t o  the surface 
in the presence of soil micro-organisms, CO residence time, under controlled 
conditions, may be reduced t o  hours. 

8 

Though comprising only 4.5 

Forest f i res  are credited with 11.3 x lo6 tons (10.25 x 10 8 metric tons) per year 

Since the CO component of the atmosphere i s  ho ld ing  constant (Weinstock and 

B u t  

Niki 1972) and since burning o f  forest fuels contributes only one six-hundredth 
of the CO from natural sources, the contribution from forest burning does n o t  
appear t o  be of great importance except conceivably i n  isolated situations. 
i n  an experimental 18-acre (7.3-ha) slash b u r n  conducted by University o f  
Washington, scientis ts  found t h a t ,  in bo th  ground. smoke and the smoke plume 
a l o f t ,  CO concentrations decreased rapidly t o  ambient levels (Fritschen e t  a l .  
1970). Vines e t  a l .  (1971) did find a 5- t o  20-fold increase of CO over clean 
a i r  i n  smoke plumes from prescribed burns i n  Australia, f a r  less than  the CO 
concentration in a large ci ty.  

Hydrocmbons.--The most prevalent hydrocarbon in the atmosphere i s  methane, 

Tree foliage 

which i s  nonreactive photochemically and which originates primarily from decom- 
position of or anic matter under swampy conditions a t  a world rate of 310 x lo6 
tons (281 x 10 metric tons) per year (Robinson and Robbins 1968). 
i s  the greatest natural  source of reactive hydrocarbon, emitting terpene-class 
organics a t  a rate of 175 x l o 6  tons (159 x 06 metric tons) per year, approxi- 

olefins from man's ac t iv i t ies  (Rasmussen 1972). The 1 .2  x lo6 tons (1.1 x 10 
metric tons) per year of reactive hydrocarbons from forest burning (Robinson and 
Robbins 1968) i s  comparatively minute compared with the constant natural emission 
o f  similar compounds. 
become a smog problem. 

i mately 6% times the 27 x lo6  tons (24.5 x 10 b metric tons)  per year of reacti e 

Only under very unusual circumstances would these emissions 
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Table 2 .  --Sources and amounts of some atmospheric components 

~~ 

Chemical 

Hydro c a r bo n &I 

Methane 

Terpenes 

O le f i ns  

React ive 

N0/N02d 

NO 

NO2 

Source 

Autos 

Forest  f i r e s  

Terpene react ions 

Oceans 

Ox idat ion o f  CH4 

Bac te r i a l  decom- 
pos i t i on ,  swamps, 
paddies, e t c .  

Tree f o l i a g e  

Man's a c t i v i t i e s  

Forest f i r e s  

Reduction o f  N 
compounds 
anaerob ica l ly  
by bac te r i a  

Forest  f i r e s  

Foss i l  f u e l  
combusti on 

Other combustion 

Annual amount 
worl  dwi de 

193 x l o 6  tons 

11.3 x l o 6  tons 

60 x l o 6  tons 

150 x l o 6  t ons  

6 x l o 9  tons 

1.6 x l o 9  tons 

1.75 x 108 tons 

2.7 x l o 7  tons 

0.25 x 10 tons 6 

501 x l o 6  tons 

0.8 x l o 6  tons 

51.3 x 106 tons 

0.8 x 106 tons 

Emission f ac to rs  

(Forest  f u e l s )  
(40-140 1 b/ton) 
Ponderosa p ine  s lash 
195 k 18 l b / t on  

4 - 18 l b / t o n  

Green brush : 
27.4 k 8.8 l b / t o n  

11 i 2 l b / t o n  
ponderosa p i  ne 
s lash 

NOx 2 l b / t on  from f o r e s t  
type f u e l s  

C harac t e r i  s t  i cs 

Nonreact ive 

Feac t i ve 

React i ve 

15% t o  40% methane and 
e thy lene 

Natura l  sources o f  NO/NO2 
exceed man's 15 t o  1 

NO/N02 p a r t i c i p a t e  i n  
photochemical react ions 
i nvo l v i ng  SO2 and r e a c t i v e  
hydrocarbons ( o l e f i n s  from 
combustion sources and 
terpenes from the biosphere) 

See footnotes a t  end o f  tab le ,  p. 23. 
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Chemical 

N H ~  

P a r t i c u l  a t e d  

Table 2 .--Sources and amounts of some atmospheric components-- continued 

Source 

B i o l o g i c a l  
a c t i o n  most ly  
i n  s o i l  

Combust i on 

Forest  f i r e s  ( U . S . )  

Prescr ibed burn 

Worldwide 

( U . S . ) :  
South 
West 

Woody m a t e r i a l s  

Ponderosa p i  ne 
s lash 

From gases: manmade 

na tu ra l  (H2S,NOx, 
(SO2 ,NO, ,HC ; 

NH3 , HC) 

Grass 

Aerosol from 
terpenes, hydro- 
carbons, e t c .  
(na tu ra l  ) 

S o i l  dust  

Sea s a l t  

Annual amount 
wor l  dwi de 

1,160 x l o 6  tons 

4.2 x l o 6  tons 

(2.1 x 186 tons)  
3.3 x 10 tons 

8.75 x 104 tons) I 21 .O x 104 tons) 

296 x l o 6  
905 x l o 6  

220 x 106 tons 

200 x 106 

1,000 x 106 

Emission f a c t o r s  

17 l b / t o n  f u e l  

17 l b / t o n  
14 l b / t o n  

11 - 17 l b / t o n  

12 f 2 l b / t o n  

16 l b / t o n  

Charac t e r i  s ti cs 

Tar 55%, soot  25%, ash 20% 

P a r t i c u l a t e  from head f i r e s  3X 
greater ,  3-1OX more p a r t i c u l a t e  
when smoldering than f 1 ami ng 
i n  l i t t e r  and d u f f  

30% i n  zone 30"-60" N. l a t .  

&/ McConnell e t  a l .  (1971); Weinstock and N i k i  (1972); Swinnerton e t  a l .  (1970); Dar ley e t  a l .  (see t e x t  
f oo tno te  1) ;  Sandberg e t  a l .  ( i n  press). 

!?! 

C/ 

Dar ley e t  a l .  (see t e x t  f oo tno te  1);  Dar ley e t  a l .  (1966); Rasmussen (1972); Sandberg e t  a l .  ( i n  press). 

Robinson and Robbins (1970); U.S .  Environmental P ro tec t i on  Agency, O f f i c e  o f  A i r  Programs (1972). 

Vines e t  a l .  (1971); Dar ley e t  a l .  (see t e x t  f oo tno te  J ) ;  Sandberg e t  a l .  ( i n  press) ; Robinson and Robbins (1971). 
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Suspended particu2ates.--The vis ible  quality of smoke i s  due to particu- 
la tes  in the s ize range 0.4 t o  0.8 p (micron). Because i t  can be seen, th i s  
pa r t  of  forest  fuel emissions receives the most attention. There are three main 
factors.  ( 1 )  I t  obstructs v i s ib i l i t y .  ( 2 )  Visible emissions, regardless of 
composition, are associated by the public with a l l  the bad qual i t ies  of a i r  
pollution,. (3) Suspended particulates have been designated as an emission com- 
ponent t h a t  must be controlled primarily because of i t s  association with SO2 in 
urban atmospheres. 
(Hall 1972) .  

Incidentally, SO2 i s  negligible in smoke from forest  fuels 

Though no increase in photochemical products was reported during periods 
of smoke from r ice straw burning in the Sacramento valley, Evans e t  a l .  (1973) 
found defini te  increases in ozone with time in the t o p  of smoke plumes from 
prescribed burning of eucalyptus l i t t e r  in Australia. 

L i t t l e  work has been done direct ly  on smoke particulate from forest  fuels.  
Vines e t  a ? .  (1971), by a i r c r a f t  sampling of smoke from large-scale prescribed 
burns  in eucalyptus forests ,  found the typical composition t o  be 55 percent 
globular par t ic les  assumed t o  be t a r s ,  25 percent soot ,  and 20 percent ash. They 
found t h a t  the i r  par t ic le  sizes were mostly esssthan 1 p with the majority about  

agrees with the findings o f  others. 
0.1 1.1 in diameter with a concentration of 10 !! -10 part ic les  per cm3. This s ize 

Particulate effects  vary with s ize (McKee and Church 1969): 

less than  0.1 1.1, cloud nucleation and possible weather modification; 
0.4-0.8 1.1, maximum l ight  scattering and reduction of v i s ib i l i t y ;  
1.0-5.0 1-1, maximum deposit in lung. 

With respect t o  weather e f fec ts ,  Hobbs and Locatelli (1969) found the number 
of ice nuclei nearly quadrupled in forest  f i r e  smoke in comparison with ambient 
a i r  in the Washington Cascades. This i s  a very small increase compared with the 
increase in total  par t ic les ,  indicating t h a t  only a small proportion of the 
particles from t h a t  particular forest  f i r e  were ice nuclei. 
reported t h a t  simulated forest  f i r e  smoke produced no increase in cloud condensa- 
tion nuclei, and Hobbs e t  a l .  (1970) reported sawmill waste burners were pro l i f ic  
sources o f  cloud condensation nuclei. Schaefer (1969) noted d i s t i nc t  overseeding 
effects  downwind from such particulate-producing phenomena as industrial and 
metropolitan areas, African bush and forest  f i r e s ,  blowing s o i l ,  and Hawaiian 
sugarcane burning. 
droplet or ice crystal clouds too  small t o  f a l l  o u t .  Apparently, more investi- 
gation i s  needed of cloud-nucleating properties of forest  fuel smokes. 

B u t  Ruskin (1971) 

The effects  reported were extensive areas of very fine water 

Possibly smoke from forest  fuels does n o t  have uniform properties of 
nucleation because i t  i s  composed of many different chemicals. And these vary 
between fuel s ,  completeness of combustion, and presence and amounts of various 
ash materials that  influence the choice between flaming and glowing combustion. 
Thus, the suspended particulate of forest  smoke has many possible components 
with many possible properties. 

The tieterogeneity of particulate and i t s  apparent teaming u p  w i t h  other 
chemicals have led t o  possible oversimplification. 
a1 t h o u g h  standards based on health c r i t e r i a  have been set for  suspended particulate,  

Hemeon (1973) points o u t  t h a t ,  
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i t s  composition has n o t  been defined. 
actually based on the effects  of particulate,  b u t  rather on the synergistic 
effects  of the minute particles i n  combination w i t h  S02. 
i s  not logical t h a t  unspecified particulate be regulated as a health hazard 
since there has been no evidence of adverse effect  of particulate on people 
since the virtual abolition of coal smoke. Forest smoke i s  almost devoid of 
sulfur ,  so there is  a def ini te  question as t o  whether the c r i t e r i a  s e t  for  regu- 
lation of particulate in the presence of SO2 really are pertinent t o  wood smoke. 
Though most forest  smoke i s  unlikely t o  mix with an SO2 source, i f  i t  does i t  
might be expected t o  act  as do other particulate sources. 
i s  no experimental evidence upon which t o  formulate c r i t e r i a  f o r  forest  smoke. 

He contends t h a t  the regulations are not 

Hemeon holds t h a t  i t  

Unfortunately, there 

Secondary standards re la te  t o  protection of pub1 i c  welfare, and th i s  
includes v is ib i l i ty .  Smoke particulate from incomplete combustion o f  forest  
fuels i s  important especially as a reducer of v i s ib i l i ty .  This i s  obviously 
important in such situations as surface smoke .plumes crossing vehicular 
thoroughfares. 
interferes w i t h  enjoyment of the dis tant  scenery. 

Visibi l i ty  reduction i s  also undesirable where i t  unreasonably 

Nitrogen oxides.--Nitric oxide ( N O )  is primarily impor tan t  because of i t s  
participation in photochemical smog processes which in turn produce damaging 
chemicals such as 03, N02, and PAN (peroxyacetylnitrate). NO i s  n o t  a combustion 
product b u t  forms in amounts t h a t  increase with temperature wherever air  i s  
heated higher than  1,540" C (2,804' F )  (Hall 1972, U.S. National Air Pollution 
Control Administration 1970), a temperature t h a t  may be exceeded in extremely h o t  
f i r e s  (Countryman 1969). 
generally broken down t o  gaseous nitrogen by f i r e .  Darley (personal communica- 
t i o n )  has found NO release up t o  70-80 p/m during the few seconds of peak 
temperature in t e s t  f i res .  On a global basis, natural production of NO, appar-  
ently mostly by soil  organisms, exceeds man's production by 15 t o  1 ,  and forest  
f i r e s  are an insignificant source (Robinson and Robbins 1968). 
Protection Agency recently indicated t h a t  NO2 (which forms readily in sun1 i g h t  
from NO and oxygen) i s  not the prob7em i t  was once thought to be (Air and Water 
News 6/11/73). 
measuring the concentration (Federal Reference Method) indicated amounts 200 
percent of actual amounts. 

Nitrogen compounds i n  living plants and soi l  are 

The Environmental 

The change resulted from findings t h a t  previous methods for 

FROM THE LIVING FOREST 

If one considers the atmosphere pure except for emissions from man's 
ac t iv i t i e s  plus possibly duststorms, volcanoes, and forest  f i r e s ,  i t  i s  enlight- 
ening t h a t  photochemically reactive hydrocarbons released by 1 iving t ree f o l  iage 
exceed the reactive hydrocarbons released by man -on  a ra t io  of 6 to  1 (Rasmussen 
1972) .  These compounds include many gaseous olefins t h a t  react in the atmos- 
phere w i t h  NO2 to form the minute particulate t h a t  gives r i s e  to the so-called 
blue haze, reactions reported by Went (1960). Though the atmospheric photo- 
chemical ac t iv i ty  i n  nature greatly exceeds t h a t  from man's emissions, i t  i s  
generally well dispersed and offers no problem. Lovelock (1971) did report, 
however, t h a t  tropical forests appeared in s a t e l l i t e  pictures t o  be covered by 
ei ther  a blue photochemical haze, or by smoke from slash-and-burn agricultural 
practice, t o  a greater extent t h a n  industrial regions of North America or Europe. 

FROII THE DECAYING FOREST 

Hall (1972) reviewed the findings on release o f  chemicals that  might be 
otherwise classed as pollutants into the a i r  by dying vegetation and deciduous 
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trees a t  the time of  leaf abscissi,on i n  the f a l l .  These include the reactive 
hydrocarbons--ethylene, isoprene, a-pinene (Rasmussen 1972).  Accumulations of 
vegetative material under swampy conditions produce marsh gas or methane, the 
most common hydrocarbon t h a t  i s  always present in the atmosphere. The breakdown 
of methane in t u r n  provides the greatest  source of CO (Weinstock and Niki 1972) .  
None of these sources appear t o  be subject t o  appreciable manipulation by residue 
management. 

AIR POLLUTION REMOVAL MECHANISMS 

Many substances continuously flow into the atmosphere from natural sources 
including living as well as decaying organic matter, volcanic ac t iv i ty ,  dust- 
storms, and lightning f i r e s .  To these are added man's sources. Yet the 
atmosphere maintains a balance with only C O 2  apparently increasing, and some 
fear t h a t  particulate may be headed in the same direction in portions of the 
North Temperate Zone. Continuing ,balance requires t h a t  removal mechanisms 
operate a t  the same annual rate  as the sources. 
more slowly than  sources or are a t  locations dis tant  from the source, considerable 
interim accumulation may occur, and vast areas may be cov.ered as the burdened 
airmass moves from source t o  sink. 

Where. removal mechanisms operate 

The processes and rates of removal of the various components in forest  fuel 
emissions can influence management of the ac t iv i t ies  t h a t  produce them. Precipi- 
tation processes remove considerable material, mostly particulate b u t  also gaseous 
compounds; and the occurrence of precipitation can be predicted with some s k i l l .  
The amount of moisture and s t ab i l i t y  of the airmass, the probable trajectory, and 
atmospheric circulation pattern give indication of likelihood of precipitation. 
To protect a i r  quality,  long  lasting emissions might be withheld from dry a i r -  
masses t h a t  show l i t t l e  prospect of supporting precipitation. 

Atmospheric reactions may a1 t e r  emitted chemicals e i ther  to  produce chemicals 

Gases or vapors may react to  form particulate 

t h a t  may be less  desirable or t o  form other chemicals t h a t  are suff ic ient ly 
innocuous t o  be considered a sink. Many kinds of reactions may occur, some 
dependent on sunlight and some not .  
which may act as precipitation nuclei or be washed o u t .  

A t  the surface, other removal mechanisms operate. Plants take up  and 
Soluble chemi- 

All 

metabolize some gases such as C O 2 ,  03, N02, and so2 (Hill 1971). 
cals are l ikely t o  be removed during long passages over bodies of water. 
surface mechanisms may operate slowly unless there i s  vertical mixing. 
these mechanisms play a parjt in keeping emissions from forest  fuels in balance. 
Residence times, background concentrations in comparison with national ambient 
a i r  standards, and removal mechanisms are summarized in table 3 .  

B u t  

CARBON MONOXIDE 

Recent discoveries have shown t h a t  the breakdown of methane in the a i r  
produced CO a t  a ra te  20 times t h a t  of a l l  combustion sources (Weinstock and 
N i k i  1972) and t h a t  soil  micro-organisms in the United States alone have a 
capacity to remove 3 times man's worldwide CO production. Of course, th i s  
i s  subject t o  the limitations of a process acting only a t  the surface; b u t  
CO may also be oxidized in large quantit ies in the atmosphere by the hydroxyl 
radical ( O H )  (Robinson and Robbins 1969). Since CO can be removed by soi l  
fungi a t  an average ra te  of  8.44 m g / d  (7.53 x 10-2 lb/acre) per hour (Inman 
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Table 3.--  Background, residence times, and removal mechanisms of some atmospheric components 

T o t a l  annual 
emiss ion ( g l o b a l )  

Average 
background 

Na t i ona l  s tandards 
Residence 

t ime  
Removal 

mechanism 

9 
Ox ida t i on  
CO+OH+C02+H 

Uptake by s o i l  m ic rob io ta  

Chemical 
Pr imary Secondary 

0.1-0.3 p/m 9 p/m 8 h max* 

35 p/m 1 h max* 

(Same as 
p r  i mary ) 

10  days i n  
sumner 

0.1 y r  

6,221 x l o 6  tons  
n a t u r a l  sources 

274 x l o 6  tons man's 
sources 

Hydrocarbon& 0.24 p/m 

3 h max* 

(Same as 
p r imary  ) 

(Same as 
p r  f ma ry 1 

1,600 x l o 6  tons 
n a t u r a l  sources 

175 x l o 8  tons 
n a t u r a l  sources 

27 x l o 6  tons 
man's sources 

Methane 

Terpenes 

O l e f i n s  

1.5 yr 

Few hours 

Few hours 

Ox ida t i on  t o  CO 

Photochemical r e a c t i o n s  
w i t h  NO/N02, 03 forming 
o t h e r  gaseous compounds 
and p a r t i c u l a t e s  

NO/N02d 

NO 

NO2 

NO/NO2 

0.05 P/m 

501 x l o 6  tons  
n a t u r a l  sources 

2 p/b l a n d  

A l l  o t h e r  areas 
0.2 p/b 

4 p/b l a n d  

A l l  o t h e r  areas 
0.5 p/b 

65"N - 65"s 

65 No- 65"X 

4 days Ox ida t i on  by 03 
Photochemical r e a c t i o n s  

52.9 x l o 6  tons  
man ' s sources 

3 days M ic rob i  a1 degradat ion 
combines w i t h  H20 t o  form 
n i t r i c  a c i d  which reac ts  
w i t h  ammonia t o  form 
ammonium n i t r a t e ,  a 
hygroscopic  p a r t i c l e  

NH$ 1,164 x lo6 tons 
n a t u r a l  sources 

6 p/b 1 week o r  l e s s  Gaseous depos i t i on  
Aerosol  depos i t i on  
( r e a c t i o n  w i t h  SO2 t o  form 
(NH 1 SO 
Oxidat ioA t o  n i t r a t e  

P a r t  i cu 1 a t e s g  2,300 x l o 6  tons 
n a t u r a l  sources 

Organic 1-5 mg/m3 
Ammonia a y o s o l s  

N i t r a t e  e roso l  s 

S u l f a t e  ae osols 

I n s o l u b l e  10 mg/m3 
i n  m idd le  l a t i t u d e s  

<1 w/m 
<1 mg/mg 

2-5 mg/mli 

75 mg/m3 
Annual 
geometr ic  
mean 

260 mg/m3 
24 h max* 

60 mg/m3 
Annual 
geometri  c 
mean 

150 mg/m3 
24 h max* 

Va r i es  by 
s i z e  and 
composi t ion 

<12 h 

4 . 0 1  u rad ius- - agglomerate 

<0.1 p r a d i u s  --agglomerate 

0.1-1 u rad ius- - ra inou t ,  

>1 p radius--washout and 

r a p i d l y  

more s low ly  

more p e r s i s t e n t  

f a l l o u t  

296 x l o 6  tons 
man's sources 

*Not t o  be exceeded more than  once p e r  year .  

Robinson and Robbins (19681, Weinstock and N i k i  (1972), Inman e t  a l .  (1971), Anonymous (1972). 

!?! Robinson and Robbins (19691, Weinstock and N i k i  (1972), Rasmussen(l972). 

d Robinson and Robbins (1970). 

L!/ Robinson and Robbins (1971). 
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e t  a l .  J971), or by the average soi l  i n  temperate zone climates a t  a rate  o f  210 
tons/mi 
pH, organic content, and species of fungi, there may be possibi l i t ies  for enhanc- 
ing  CO removal i n  regions of concentration by providing open areas where soil  
mic9-organisms, possibly such as those i n  the forest  f loor ,  may flourish. 
17 so i l s  tested, soil  from northern California coast redwoods consumed CO a t  the 
most rapid rate .  B u t  high concentrations for prolonged periods--over 50 p/m for 
25-40 days--reduced the rate' of CO removal. 

(736 kg/ha)  per year, and since th i s  rate  varies by temperature, soil  

Of 

Though CO may s t i l l  be important  i n  large metropolitan areas, sc ien t i s t s  
of the Ins t i tu te  of Environmental Medicine a t  the New York University Medical 
Center believe CO has decreased in urban atmospheres since 1922 due to changes 
in fuel for space heating and power production and may now be lower than  a t  any 
time since man f i r s t  learned to use f i r e  (Eisenbud and Ehrlich 1972). Because 
of i t s  comparatively low concentrations i n  forest  smoke, short a i r  l i f e ,  and 
adequate removal mechanisms, CO from burning of forest  fuels does not appear t o  
be an important a i r  contaminant on a global long-term basis. However, i t  could 
conceivably add temporarily t o  local CO concentrations i f  the trajectory o f  
the smoke i s  short and near the surface. 

HYDROCARBONS 

Many different  chemicals including gases, l iquids,  and solids of many 
densities and representing a broad spectrum of react ivi ty  make u p  the hydrocarbons 
found i n  emissions from combustion of forest  fuel {Hall 1972). These dozens of 
compounds can be grouped t o  some extent by chemical reactivity in the atmosphere; 
this  wil l  help i n  describing the i r  removal mechanisms. 

Some gaseous hydrocarbons, such as the olef ins ,  are chemically reactive and 
may produce additional f ine particulate as blue haze. 
present i n  suff ic ient  concentration, the olefins may enter into some o f  the 
photochemical smog-type reactions, forming particulate and other gases. Some 
nonreactive hydrocarbons such as methane may gradually be oxidized t o  form CO 
and OH. Components of  the soi l  may also take up some of the reactive hydro- 
carbons such as ethelyne (Abeles e t  a l .  1971). 
about the specific removal mechanisms for most hydrocarbons l ikely to be in forest  
fuel smoke. Since there i s  some indication t h a t  plants and soil  may take up some 
hydrocarbon, possibly i n  some localities,,maintaining the soil  and i t s  plant cover 
i n  a condition most favorable t o  hydrocarbon removal may be important in the 
residue management process. 
sources other t h a n  the forest  are a problem. 

I f  NO or NO2 are  also 

A t  th i s  time, not much i s  known 

This would most 1 i kely be where hydrocarbons from 

SUSPENDED PARTICULATES 

Suspended particulates,  even more than hydrocarbons, are  an extremely 
heterogeneous g roup  that  incl udes a mu1 t i  tude of substances w i t h  different 
properties. Vines e t  a l .  (1971) divided the particulate related to smoke from 
forest  fuels into broad divisions of tarry droplets, soot, and ash. 
also be concerned with the minute particulate which must be assumed to resu l t  
from subsequent photochemical reactions involving the gaseous terpenes and 
01 ef i ns . 

We must 

Though direct  research on removal of forest  smoke particulate has not 
been done, we can draw some conclusions from related research. F i r s t ,  we 
should note t h a t  particulate is removed--glcbal accumulation has n o t  been 

F-28 



observed a1 t h o u g h  increased turbidity in the heavily populated and industrialized 
North Temperate Zone has already been reported. 
conceded t o  be the great cleanser of the atmosphere (Robinson and Robbins 1971), 
b u t  most of the research has been on removal of radioactive particles.  
(1970) observed t h a t  particles less  t h a n  1 p are no t  l ikely t o  be removed by 
collision with raindrops; b u t  probability of such removal i s  increased by elec- 
t r ica l  charge; and many precipitating cloud systems are charged, especially 
those w i t h  ice phase precipitation. Snowflakes (present in higher or  colder 
clouds) are more l ikely t o  carry an e lectr ical  charge and have been observed t o  
col lect  the minute Aitken particles less than 0.02 p. 
complex than below-cloud washout and i s  believed t o  be more effective (Engelmann 
1970) for  both submicron part ic les  and gases. 

Precipitation i s  generally 

Fuquay 

Incloud scavenging i s  more 

Robinson and Robbins (1 971 ) summarize the knowledge of removal characteris- 
t i c s  of  various s ize classes of particles.  The smallest, less  t h a n  0.01-p 
radius, agglomerate readily i n t o  larger particles about  0.1-P radius. 
process i s  completed in a few hours i n  dry a i r .  W i t h i n  a waterdrop cloud, 
agglomeration proceeds more rapidly with these minute particles picked u p  by 
cloud drop1 e t s  w i  thin minutes . 
particles in the 0.01- to 0.1-p radius class ,  which also .decrease in number in 
favor of larger particles abou t  0.1-).I radius. 

This 

Simi 1 a r  processes proceed more slowly for 

Particles 0.1 ~ . l  t o  1.0 p in diameter are most important .  This n o t  only i s  

Aggl omeration and bel ow-cl oud scavenging 

the predominant s ize class of smoke particles b u t  also includes the important 
common sulfate  and photochemical aerosols. 
i bl e t o  the usual removal mechanisms. 
by precipitation are quite inefficient.  
the most l ikely removal process. 
r a t i o n  lead t o  larger s ize particles t h a t  become increasingly susceptible t o  
removal in precipitation. 
were readi'ly coll ected by raindrops. 

This s ize par t ic le  i s  l eas t  suscept- 

Inclusion in cloud and rain droplets i s  
Successive cycles of drop formation and evapo- 

By comparison, particles larger than  1 ~ . l  in radius 

Of the many k i n d s  of particulate found i n  the atmosphere, the greatest  
proportion are hygroscopic, hence, excel as droplet nuclei. Ammonium sulfate  
and other particulates produced by chemical combination of gases (HzS, S02, NH3, 
NO, N02, hydrocarbons other t h a n  methane) within the atmosphere account for  
abou t  one-half the aerosol matter on a g loba l  basis (Junge 1972) .  

Particles acting as  e i ther  condensation nuclei or ice nuclei are most l ikely 
t o  be removed in a precipitating cloud system as moisture condenses on them; that  
i s ,  by rainout. Hobbs and Radke (1969) found cloud condensation nuclei increased 
by a factor of 2.5 in smoke from slash burning. 

Though we can be reasonably certain t h a t  much smoke particulate would be 
removed by the condensation, coalescence, and precipitation processes t h a t  go on 
within active clouds, l i t t l e  research has been done on na tura l  processes of 
removal of smoke from the atmosphere. 
of the precipitation nuclei were combustion products. 
processes seem t o  be the primary mechanism for  removing smoke from the atmosphere, 
smoke residence time can best be minimized by burning when smoke will enter a 
precipitating cloud system. 
expectancy of a trajectory toward a moisture gathering source region and 
precipitation favoring circulation patterns. 

Mason (1957) reported t h a t  95 percent 
Since precipitation 

A compromise would be into a moist airmass w i t h  an 
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Nitrogen o&&s.--NO and NO are photochemically active and tend t o  change 
from one t o  the other i n  the sun?ight. 
reactive hydrocarbons, a long ser ies  of reactions occur t o  produce ozone, PAN, 
and other compounds damaging t o  decorative and agricultural plants,  materials, 
and even forest  t rees .  

reaction and change into various aerosols. 
from urban pollution, the nitrogen oxides, produced in very small amounts by 
forestry uses of f i r e ,  are no t  a problem. 

In  the presence of manmade o r  na tura l  

If SO i s  present, particulate ammonium sulfate  i s  
formed. The average a i r  resi  5 ence time o f  NO and NO2 i s  short because o f  

Particularly in forest  areas away 

S M 0 K E MANAG EM E NT PO S S I B I LlTlE S 

Permitting open burning of unwanted sol id waste, thereby placing great 
tonnages o f  combustion products i n  the a i r ,  may be quite unacceptable t o  a l o t  
of people as at tested t o  by laws ei ther  prohibiting or severely regulating open 
burning. 
the culture of needed wood and ,  a t  the same time, increasing the risk of a 
severely damaging f i r e ,  i s  also quite unacceptable. Accomplishing the waste 
removal j o b  by other methods may also have environmental and economic conse- 
quences t h a t  are unacceptable, aga in ,  to a Jot of people. So we must examine 
the possibili ty t h a t  on balance the carefully regulated use of f i r e  may be less  
unacceptable than  other a l ternat ives ,  in some situations.  B u t  i f  f i r e  becomes 
a plausible al ternat ive,  i t  i s  l ikely t o  be only on the basis t h a t  the undesir- 
able effects  of smoke are acceptably minimized. This may be done by attention 
t o  fuel preparation, as discussed above, and by t a k i n g  fu l l  advantage of  the 
f l ex ib i l i t y  permitted in scheduling t o  achieve the optimum diffusion, diversion, 
separation, obscuration, and washout o f  each smoke from each particular source; 
L e . ,  by smoke management. 

B u t  permitting these solid wastes to accumulate, thereby inhibiting 

Smoke management approaches the concept o f  maintaining a i r  quality by 
avoiding unacceptable combinations of concentration, duration, and place. 
stated i n  the 1971 Annua l  Report of the Council on Environmental Quality (p .  213): 

As 

Measuring p o l l u t a n t s  by tons emitted also ignores their  geographical 
distribution. We are generally concerned w i t h  the concentration of 
pollutants i n  a particular place, b u t  measuring total  weight of 
of emissions t e l l s  us nothing about  their  concentrations. 

In particular,  smoke management i s  aimed a t  excluding smoke in excessive concen- 
trations from areas where 'it would be a nuisance or would add to an existing 
a i r  quality problem. The tonnages of smoke components processed in nature's 
atmospheric cleansing systems without making or contributing t o  a local pollution 
problem, in view of the findings reported above, are deemed t o  be primarily of 
academic interest  and w i t h o u t  important environmental impacts. B u t  w i t h  smoke 
persistence and the rigid requirements of ambient a i r  standards on suspended 
particulate,  real practical problems face smoke managers. 

A smoke management system, to be successful, must sa t i s fy  certain conditions: 

1. I t  must be possible t o  define certain airspaces and surface areas from which 
prescribed bu rn  smoke in specified concentration must be excluded. 
areas woul d i ncl ude metropol i t an  centers w i  t h  the i r  own chronic a i r  qual i ty 
problems. This presumes the avai labi l i ty  of other airspace for smoke trans- 
port and dispersion. 

Such 
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2. Accurate predictions must be available of the factors governing smoke column 
r i s e ,  depth of the mixing layer, direction and speed of winds a t  plume height, 
and ra te  of dispersion of smoke a t  the f i r e  and along the smoke trajectory. 

3 .  Procedures are necessary for  interpreting weather forecasts in terms of 
amounts of fuel t h a t  may be burned in various locations. 

4. Burning operations must be under administrative control. 

5. The burner must have physical control over burning procedure t o  produce the 
necessary convective column or f i r e  intensity and also to stop the f i r e  i f  
dispersion conditions become unfavorable. 

W i t h  these requirements sa t i s f ied ,  smoke impact on a i r  quality can be managed 
by deferring burning when conditions are not favorable and by selective burning 
when conditions are favorable (Dell e t  a l .  1970). Determination of the burning 
to be allowed may be based on such processes a s : ( l )  diffusion, ( 2 )  diversion, 
( 3 )  separation, and ( 4 )  obscuration and washout. 

DI FFUS I ON 

By molecular motion, turbulence, and small eddies, smoke plumes tend to  mix 
with and disperse i n t o  the a i r  around them. In many forest  situations,  the area 
needing treatment by f i r e  i s  i n  the same elevation range as sensitive areas near- 
by. Here, in the absence of a strong convection column t o  l i f t  the smoke to a 
higher level or of wind t o  d i lu te  and move i t ,  diffusion may be the predominant 
means of smoke dispersion. Under such conditions, burning may have t o  be delayed 
until the conditions of turbulent mixing  and depth of the mixing layer provide 
for the necessary dilution of the expected volume of smoke w i t h i n  the available 
downwind distance. Allowance f o r  diffusion of smoke plumes in the layer of  air  
i n  contact w i t h  the surface and a plume r i se  model form the basis for  an exis t-  
ing smoke management system (see footnote 5) for Georgia. 
distance and depth of mixing layer i s  the principle behind one option of the 
systems used by forestry agencies i n  Oregon and Washington, and by the Forest 
Service in California. 
Predictions of the weather conditions and the existing concentration of a i r  
impurities are a l s o  necessary. 

Diffusion w i t h  

The basic parameters are wind, s t ab i l i t y ,  and distance. 

Air qua l i ty  implementation p lans  fo r  metropol i t a n  areas and evaluation of 
effects  of new emission sources are usually based on diffusion models t h a t  simu- 
l a t e  the patterns of concentrations resulting from known emission sources under 
various wind and s t ab i l i t y  conditions. 

DIVERS1 ON 

In many forest  situations i t  may be possible to await a wind direction t h a t  
will simply blow the smoke away from sensitive areas. 
the weather forecaster 's  sk i l l  t o  predict wind. I t  i s  particularly applicable 
to  burns producing a t  l eas t  a par t ia l ly  elevated plume t h a t  will n o t  cause a 
problem a t  the surface in the vicini ty  of the f i r e .  This principle i s  used in 
the West where most forest  areas are remote from sensitive areas. I t  i s  n o t  
appropriate for  low energy f i r e s  i n  populated areas unless used in combination 
w i t h  diffusion requirements. 
are additional sensitive areas downwind. 

This option makes use of 

Diffusion becomes a consideration also i f  there 
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S E PARAT I ON 

With stable a i r ,  as a t  night and during the cooler p a r t  of the year, a i r  
s t ra ta  are thermally prevented from mixing vert ical ly .  Because such a condition 
tends t o  hold  metropolitan area emissions in the surface layers,  i t  also prevents 
any emission o r  smoke plume in a higher layer from descending into lower layers. 
Mountainous terrain often extends up into a i r  s t ra ta  t h a t  are thermally separated 
from valley a i r  t h a t  may cover smoke-sensitive areas. 
the additional elevation gained by the convective column, provides f o r  complete 
avoidance o f  contamination of low-elevation sensitive areas from forestry 
smokes originating a t  higher elevations. 

Terrain elevation, plus 

OBSCURATION AND WASHOUT 

The discussion above of removal mechanisms would seem t o  indicate t h a t  a 
most effective device for  satisfying a i r  quality requirements of prescribed 
burning i s  venting the convective column direct ly  into a precipitating cloud 
system. This immediately l imits the type o f  burn to heavy accumulations of 
fuel , usually in prepared piles.  I t  also requires accurate detailed forecasts 
of plume r i s e  and cloud levels t o  identify conditions under which a plume will 
enter the precipitating cloud layers. The theory i s  t h a t  the hygroscopic smoke 
part-icles will ac t  as condensation nuclei around which droplets will form, then 
coalesce and precipitate.  The theory needs further checking, b u t  processes of 
precipitation do require par t ic le  nuclei fo r  sub1 imation o r  condensation. Much 
of the burning in Pacific coast forests i s  of large piles o r  of smaller covered 
piles t h a t  can be ignited a f t e r  the a u t u m n  rains.  Release of smoke into the 
clouds of a saturated airmass from which precipitation i s  already fal l ing 
promises quick removal of soluble gases and particulate in nature's a i r  
scrubber--the same principle applied in scrubbers for removing particulate and 
gases from stack emission. 

MI N I 1-1 I Z I NG EM I SS I ONS 

An obviously desirable a1 ternative i s  burning with zero emissions. Convert- 
ing wood into water vapor and co2 i s  theoretically possible, b u t  conditions are 
usually such t h a t  many partial  combustion products are released in the form of 
particulate,  CO, and gaseous hydrocarbons and relatives.  Insofar as the objec- 
tives o f  prescribed burning will permit, the fuels should be as dry and burned 
as ho t  as possible t o  achieve the most complete combustion. 
the lower the combustion temperature, the less  e f f ic ien t  the combustion process, 
and the denser the smoke. 
fraction of the smoke components g iven  off i n  glowing combustion. 

The damper the fuel ,  

I n  addition, flaming combustion produces a small 

Combustion can be aided by improving the a i r  supply. This may be accom- 
plished to some extent by arranging fuel for a i r  space and minimizing soil  in 
piles.  
or bin simulates the effiency of an incinerator. Effectiveness o f  an open 

A blower helps, and a s t rong forced-draft 'in a confined burning p i t  
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pit  incinerat.org/ and of a portable open bin incineratorE/ for burning even 
large damp material almost without  visible emission has been demonstrated. 

SMOKE MANAGEMENT SYSTEMS 

State and local agencies charged w i t h  achieving ambient a i r  standards have 
several approaches for  regulating the various kinds of prescribed burning f o r  
forestry purposes and known in a i r  pollution parlance as nonpoint sources open 
burning. The easiest control is  to  ignore any subsequent problems and prohibit 
all  such b u r n i n g .  This i s  environmentally irresponsible unless satisfactory 
alternative treatments have been found adequate. One approach has been t o  pro- 
h i b i t  b u r n i n g  on a large propor t ion  of days on the basis of an index such as the 
a i r  pressure a t  16,000 t o  19,000 feet (4,877 t o  5,791 m ) .  
meteorological measurement, i t  has l i t t l e  relation t o  the wind and s tabil i ty 
conditions t h a t  must be considered t o  determine whether smoke dispersal from a 
particular forestry prescription burn i n  mountain areas will be away from smoke- 
sensitive areas. 

Though this i s  a 

A more direct approach is  the use of a smoke management system based directly 
on the weather conditions t h a t  will affect smoke dispersal, existing a i r  quality, 
amounts t o  be burned, kind of f i r e ,  and relative locations of bu rn  and smoke- 
sensitive areas. According t o  J .  P h i l  Campbell, Undersecretary of Agricul ture 
(1971), "Real possibilities exist in smoke management systems 
concentrations and ut i l ize favorable atmospheric conditions."fl/ Some approaches 
for such a system are: 

hich limit smoke 

1 .  A system for  the South based on ( a )  fuel loading, (b) rate of spread, 
( c )  visibi l i ty,  and ( d )  atmospheric stabil i ty (see footnote 5 ) .  
i s  designed for  mostly f l a t  country and comparatively light burning w i t h o u t  
strong convective columns. 

This system 

2. For San Francisco Ba area where a strong inversion is  nearly always present, 
a system requires (aJ a t  least a 2,500-foot (762-m) mixing layer, ( b )  wind 
greater t h a n  10 m i / h  (4.47 m/sec), and (c)  wind direction t h a t  will minimize 
any smoke nuisance (Thuillier and Sandberg 1971).  

Michael B. Lambert. ' Efficiency and economy of an a i r  curtain destructor 
USDA Forest Service Equipment Develop- used for slash disposal in the Northwest. 

ment Center, San Dimas, Cal i fornia .  
Agricultural Engineers, Chicago, I l l inois ,  December 11-15, 1972. 

Paper Presented t o  American Society of 

Raymond L. Weholt. Combustion of wood wastes. The Camran Corporation, 
Seattle, Washington. Paper presented t o  Pacific Northwest International Section, 
Air Po l lu t i on  Control Association, Eugene, Oregon, Nov. 17., 1972. 

- J .  P h i l  Campbell. Environmental improvement in the seventies. Paper 
presented t o  Environmental Seminar, U.S. Department o f  Agriculture, Washington, 
D . C . ,  Jan. 5, 1971. 
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3 .  Bates e t  a1.121 have proposed use of stepwise discriminant analysis of 
weather variables related t o  v i s ib i l i t y  t o  estimate the acreage of grass 
straw t h a t  may be- burned in the Willamette valley without reducing v i s ib i l i t y  
below designated minimums. 

4. Forestry agencies in Oregon and Washington use a smoke management system 
based on the principles described above of diffusion, diversion, separation, 
and obscuration and washout (Cramer and Graham 1971). 
used for  several years and has greatly reduced complaints about slash smoke. 

This system has been 

5. The Southern States of Alabama, Florida, Louisiana, North Carolina, South 
Carolina, Texas, and Virginia have worked closely with a i r  pollution control 
agencies t o  develop specific guidelines under which prescribed burning can 
be done.=/ 
prohibited during a i r  stagnation, Five States require a wind t h a t  will blow 
smoke away from sensitive areas, and v i s ib i l i t y  c r i t e r i a  must be met in five 
States. 

Details vary be-kween States;  b u t  in general, burning i s  

Smoke management i s  no t  a simple process and thus fa r  has not lent  i t s e l f  
t o  complete automation, t h o u g h  progress toward th i s  end i s  being made in the 
Pacific Northwest Region. 
yield accurate resu l t s ,  the problems imposed by local wind systems, topography, 
and a changing s t ab i l i t y  profile have n o t  been solved (Singer and Freudenthal 
1972) .  

While simple a i r  transport and diffusion models 

AIR QUALITY MANAGEMENT CATEGORIES 

From the standpoint of managers of an environment made up of a l l  the natural 
resources, management of a i r  quality i s  one important consideration b u t  n o t  
necessarily the controlling consideration. In the case in point, forest  residue 
also requires management, sometimes with techniques t h a t  may af fec t  a i r  quality. 
B u t  most a i r  quality regulations are concerned solely with a i r  and are directed 
a t  sources and situations common t o  a i r  stagnation basins and metropolitan areas 
where most a i r  quality problems occur. Problems in these areas are often of such 
a nature that l i t t l e  f l ex ib i l i t y  i s  possible. 
forestry uses of f i r e  n o t  contribute to metropolitan area a i r  quality problems. 
B u t ,  because o f  the nature of forestry burning operations and the i r  mostly remote 
locations , more a1 ternatives are physically open t o  the forest  resource manager 
t h a n  i f  he were operating within a metropolitan area. The resource manager needs 
t o  know how his burning o@erations f i t  into the a i r  quality picture. 
necessarily taken into account by existing implementation plans for  achieving 
ambient a i r  standards, the considerations discussed below are important to 
determination of the real impact o f  forestry burning on a i r  quality.  

And i t  i s  extremely important tha t  

Though n o t  

E/ E.M. Bates, D . O .  Chilcote, and N.A.  Hartmann. 
ing versus atmospheric v i s ib i l i t y  in the Willamette valley of Oregon. 
presented a t  the 4th National Conference on Weather Forecasting and Analysis, 
American Meteorological Society, Portland, Oregon, May 1-4, 1972. 

Agricultural f i e ld  burn-  
Paper 

131 Ernst V .  Brender and Hugh E. Mobley. Rules and regulations about  
prescribed burning and a i r  quality. 
Georgia, 6 p . ,  1973. 

Southern Forest Fire Laboratory, Macon, 
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SOURCE 

Forest fuels are  burned in many configurations from the low energy backing 
underburn, through piles of a l l  sizes and distribution patterns, t o  the large 
broadcast b u r n  in heavy fuels. Each type of burn  has i t s  own typical smoke 
production pattern--some w i t h  1 t t l e  convection energy placing the smoke plume 
in low layers and others produc ng strong convective columns. Large s ize and 
r ap id  ra te  of energy release may seem t o  indicate merely greater emissions, b u t  
they also indicate a stronger convection column and higher elevation release-- 
d is t inc t  advantages for  getting smoke above the mixing layer, or "pollutosphere" 
as Professor Fred Decker a t  Oregon State University, Corvallis, terms i t .  Most 
forestry smoke sources have some f l ex ib i l i t y  in burning pattern t h a t  may be 
used t o  accommodate differences i n ,  weather. 
hence can be scheduled to avoid periods of potential a i r  pollution a l e r t s .  The 
largest ,  most important, .as well as most uncertain source of serious p o l l u t i o n  
from forests  i s  wildfire. Fortunately, the threat of devastating and polluting 
wildfire i s  lessened by abatement of serious fuel accumulations w i t h  prescribed 
burns scheduled under smoke management. 

They a l l  a re  f lexible  i n  t i .ming,  

LOCAT I ON 

Most a i r  quality regulations are aimed a t  sources within the areas where 
the pollution problems generally occur. 
within pollution problem areas,  in many parts of the country there are b o t h  
substantial horizontal and vertical separation of forestry burn ing  from smoke- 
sensitive areas. W i t h  proper use of  weather factors influencing convection 
and direction of smoke plume movement, th i s  separation of .  forestry smokes 
from metropolitan a i r  pollution problems can be increased. 
burns t h a t  must follow the most rigid limitations because of proximity t o  
pollution problem areas. 

Though some forestry burns may be 

This i s  n o t  t o  ignore 

Vertical and horizontal differences in location and separation by weather 
regime may be ignored i n  s t a t i s t i c s  t h a t  lump a l l  emissions from a so-called 
airshed. The implication i s  t h a t  the tonnages l i s ted  a l l  affect  the a i r  
qual i ty  of the problem areas i n  the bottom of the airshed. 
valley in Oregon, most forestry burn ing  i s  no t  in the valley b u t  i n  the bordering 
Coast and Cascade Ranges where i t  i s  separated by e levat ion  differences of  
1,000 t o  3,000 fee t  (300 t o  900 m )  as well as by distances of up to 50 miles (80 
km).  Cramer and Westwood (1970) showed t h a t ,  because of the prevailing weather, 
slash burning in the Cascades could be accomplished w i t h o u t  getting smoke . 
into the valley. Yet in the i r  "Willamette Valley Metropolitan Area Air Pollutant 
Emission Inventory'' (Hoffman 1970) , the National Air Pollution Control Administra- 
tion included a l l  the slash burned west of the crest  of the Cascades, east  of the 
crest  of  the Coast Ranges, and in one county (Lane), east of the coast i t s e l f  as 
slash in the Willamette valley. There i s  not necessarily a relation between 
tonnages emitted into the a i r  over an area and concentrations a t  a specified 
level i n  a particular place. 

In the Willamette 

WEATHER SITUATION 

Air pollution potential i s  greatest  when there is l i t t l e  wind and conditions 
These 

They do not necessarily occur a t  a l l  eleva- 
for convective r i se  and mixing with a deep layer of a i r  are unfavorable. 
stagnant conditions can be avoided. 
tions simultaneously. Air stagnation i s  typical in l o w  elevations--valley$, 
basins, f l a t  country--at night. I n  the mountainous West, substantial winds often 
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occur in the night and early morning hours across the ridges and peaks while 
only the gentle downvalley winds d r i f t  th rough  the canyons. 
tions vary w i t h  the weather situation as the fire-weather forecaster i s  well 
aware. The degree of s t ra t i f ica t ion  and the weather properties o f  each stratum 
vary. Because of t h i s ,  terrain configuration has varying effects .  These 
thermally separated s t r a t a  can be effectively used t o  keep smoke away from 
levels where i t  i s  n o t  wanted. Differences in s t ra t i f ica t ion  cause an airshed, 
so designated f o r  a particular weather condition, to be of no significance i n  
other weather. An effective b u r n i n g  and smoke management system must, there- 
fore,  be keyed t o  changing weather conditions, t o  local weather affecting a 
particular f i r e ,  and t o  weather in smoke-sensitive areas. 

B u t  these condi- 

Local circulation patterns t h a t  reinforce low elevation a i r  quality prob- 
lems develop when combination of terrain and three-dimensional weather patterns 
are favorable. 
prevents polluted a i r  from escaping through the persistent inversion. Similar 
maritime inversions are typical a long  the Pacific coast during the warmer months. 
Low elevation emissions become trapped, b u t  h i  h elevation sources are excluded 
by the same inversion. Lyons and Olsson (19723 describe a nearly closed system 
t h a t  develops i n  the lake breeze system near the shore of Lake Michigan. Large 
metropolitan centers, which act  as heat sources, develop a weak convective 
circulation t h a t  below stable a i r  tends t o  concentrate emissions i n  and over 
the c i ty  center. 

The Los Angeles basin diurnal system (Edinger e t  a l .  1972) 

SCALE 

Most chronic a i r  pollution problems are in metropolitan areas in basins or 
valleys subject t o  frequent periods of a i r  stagnation. 
(scale)  of pollution problems runs from the heavy concentration of CO a t  the 
c i t y ' s  busiest intersection a t  quitt ing time t o  the global threat  of increasing 
particulate and CO2.  The term ''ambient a i r  quality" can be applied t o  situations 
anywhere on th i s  scale.  A l t h o u g h  the area and a i r  layers affected by any given 
forestry burn  vary by source, location, and weather, the effect  on air  quality 
needs t o  be considered i n  scale of pollution situation involved. A consideration 
i n  scheduling each b u r n  should be the answer t o  the question, "What ambient a i r  
qual i ty w i  11 I affect?"  Intel 1 igent management of a i r  qual i t y  requires consider- 
ation of a l l  scales. Whereas emphasis here i s  given t o  the horizontal dimension, 
a vertical dimension and a time scale are  implied, t h o u g h  more variable. Scale 
names discussed below are adapted from the terms used for  meteorological situa-  
tions t h a t  dominate the distribution of emissions. 

B u t  the spatial  extent 

MicroscaZe situations are up t o  1 mile (1.6 km) i n  extent. They m i g h t  
involve the accumulation of smoke from a small f i r e  i n  a ravine or  other low 
place, particularly a t  n i g h t .  An individual campfire i s  on th i s  scale. Maximum 
vertical extent on the order of 100 fee t  (30.5 m )  and duration of 1 or  2 hours 
would be character is t ic .  

ToposcaZe or Zoea2 scaZe situations are u p  t o  10 rni'fes (16.1 km) in diameter 

Nighttime valley accumulations of dr i f t ing  smoke from residual 

Vertical extent of toposcale a i r  quality systems would be less  than 

and are control led by larger topographic features. 
character is t ical ly  have a i r  qual i ty  problems a t  t h i s  scale w i t h  problem centers 
a t  the microscale. 
slash f i r e s ,  one or two mil ls ,  or from night emissions in a c i t y  are  usually a t  
th i s  scale. 
1,000 fee t  (305 m )  with duration u p  to 8 hours. These situations are  usually 
diurnal and are  terminated by the heating and mixing of the a i r  trapped below 
the nighttime inversion w i t h  higher layers and advection away by daytime breezes. 

Many metropol i t an  areas 
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They do not form during windy weather. 
t o  larger,  longer lasting mesoscale accumulations and will be more persistent 
during cooler, more inversion-prone seasons o f  the year. 

Toposcale accumulations may -contribute 

MesoscaZe a i r  quality conditions occur in major terrain basins and extend 
from the large metropolitan area t o  a contiguous area encompassing several metro- 
pol i tan areas a l l  essentially within the same meteorological and geographical 
influences. 
and the Puget Sound area frequently form mesoscale pollution systems. In  a l l  
of these areas, a climatic factor ,  the maritime inversion, and the obstructing 
mountains form a l i d  and sides t o  the system (f igs .  1 and 2 ) .  With a maximum 
height or ceiling nearly 4,000 f ee t  (1,219 m )  and a la teral  extent nearly 150 
miles (541 k m ) ,  the mesoscale situation may l a s t  u p  t o  2 weeks. Most of the 
concern with polluted a i r  deals with th i s  scale. 
recur in the same areas and can be outlined on a map and in vertical atmospheric 
cross section with temperature analysis. These systems also depend on semi- 
s t agnan t  wind and limited vertical a i r  motion and are predominantly seasonal. 
They are terminated by increased winds o r  change in airmass in connection w i t h  
changing syn.optic scale weather patterns. Many of the recurring a i r  pollution 
problems a t  th i s  scale and most a i r  quality regu1ations.are aimed a t  the 
ambient a i r  quality a t  the lower mesoscale o r  the toposcale. 
do no t  exis t  during windy conditions which prevent accumulation of emissions in 
a limited volume. 

The Los Angeles basin, the San Joaquin valley, the Willamette valley, 

These situations usually 

These systems 

Aimass  or synoptic scaZe pollution occurs when a i r  stagnates over a .  large 
source region possibly from many mesoscale pollution source areas for a week or 
more, each day acquiring more impurities t h a t  spread a b i t  deeper. This scale 

Slightly Stable 

Feet 
-10,000 

Figure 1 .--Common mesoscale and local afternoon dispersion conditions west of 
the Cascades during the warm season. 
seasons. 

The mixing layer i s  shallower i n  cooler 
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F i g u r e  2.--Conutwn n i g h t t i m e  or e a r l y  n w r n i n g  c o n d i t i o n  d u r i n g  the warm s e a s o n  
w e s t  of the Cascades .  Downslope breezes d e v e l o p  on s t i l l ,  clear n i g h t s .  
S i m i l a r  s t r a t i f i e d  c o n d i t i o n s  w i t h o u t  downs lope  breezes m y  p e r s i s t  t h rough-  
o u t  the day  d u r i n g  the colder s e a s o n s  and d u r i n g  r a i n y  w e a t h e r .  

may exceed 1,000 miles (1,609 km) in extent and may involve a i r  layers th rough-  
o u t  the tropopause, usually 25,000 t o  50,000 feet  (7,620 to 15,239 m). Airmass 
pollution conditions pass t h r o u g h  two stages--the stationary or formative stage 
in the source region and the moving stage. 
t e r i s t i c s  f o r  weeks. As i t  moves, i t  may pick up additional impurities so t h a t  
by the time i t  has moved across the continent, i t  i s  visibly contaminated t o  the 
stratosphere. I f  the airmass i s  dry, the processes of agglomeration and fa l lout  
will be slow though  the impurities may be dispersed as the airmass loses i t s  
identity,  being transported a t  different  speeds and directions a t  diffe'rent 
elevations. I f  the airmass i s  moist or  has a long trajectory over tropical 
waters and becomes moist, precipitation processes may be expected in which 
the particulate acts  as condensation o r  ice nuclei and the resulting snow or 
rain tends t o  dissolve or  wa,sh out other par t ic le  and gaseous materials. The 
vast smoke clouds from forest  conflagrations reach th i s  scale and have been 
known t o  cross oceans (Plummer 1912) and move from one region t o  another. A t  
th i s  scale,  smoke from Alaskan forest  f i r e s  has covered the Pacific coast,  and 
airmasses arriving along the Pacific coast from Asia have been noticeably brown. 
Air pollution on the airmass scale may influence cloud and precipitation 
processes in t h a t  particular airmass. 

The airmass may retain i t s  charac- 

HemisphevYic scaZe pollution has been observed i n  radioactive debris from 
tes t s  of nuclear weapons. 
contamination becomes general. 
because the g loba l  circulation patterns sooner or 'later r u n  the a i r  th rough  the 
scrubbing processes of precipitating weather systems. 
the weather, i s  s t r a t i f i ed ,  and does not mix with the lower layers,  hence would 
retain any impurities considerably longer. 

Eventually, the individual plumes diffuse and the 
There i s  l i t t l e  danger of th i s  in the troposphere 

The stratosphere i s  above 

Though  smoke components generally do 
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not  accumulate a t  the hemispheric scale,  the contribution of CO and particulate 

tribution of forest  burning t o  the overall CO2 and particulate production i s  
s l igh t ,  hence must be proportionately s l igh t  t o  the long-term trend. 

t h a t  appear t o  be increasing are of some concern. On the globa ? scale,  the con- 

PURPOSES, TRADE OFFS, ALTERNATIVES 

A decision t o  use f i r e  t o  accomplish a resource or environmental management 

W i t h  f i r e  
j o b  i s  only one of a ser ies  of decisions in which the resource manager must 
weigh advantages against disadvantages of the a1 ternatives available. 
may come smoke, so the disadvantages of smoke must be outweighed by the advan- 
tages of f i r e  over some al ternat ive n o t  involving b u r n i n g .  
t h a t  should enter into the decision might include: 

The kinds of values 

1 .  Shor t-  and long-term impacts and risks.  

2. Onsite and o f f s i t e  effects.  

3.  Effects on other essential resources--soil , timber, water. 

4. Risk of more serious consequences in the future. 

TRADE OFFS 

Perhaps some guide1 ines can be suggested for considering a1 ternative forest  
residue treatments. 
environment might be attempted with the most undesirable effect  a t  the t o p :  

A scale of importance of effect  of treatment on the human 

Clearly a safety hazard 
Damaging to health 
Damaging t o  l i f e  support; i . e . ,  renewable resources--forests, grazing, 

Damaging to property, plants, animals 
Damagi ng  t o  the basic nonrenewabl e. resources (soi 1 ) 
Degrading to recycl ab1 e resources--air and water 
Damaging t o  recreation and enjoyment 

soil  productivity, agriculture 

In addition, the damage or deleterious conditions should be classif ied by: 

Permanence of effect  Visual or material effect  
Certainty o f  effect  or avoidability 
Proportion o f  population affected 
Local o r  dis tant  influence effects  
Cumul a t i  ve effects  

Susceptibility t o  correction 
Emotional , economic , physical 

Time for recovery 

As has been discussed, burning i s  n o t  j u s t  a single uniform treatment--many 
variations are used. The composition of the emissions, the trajectory of the 
plume, the height of the smoke, the amount of time i t  remains in the a i r ,  i t s  
visual exposure, the d u r a t i o n  of the source, a l l  vary with the k ind  of b u r n i n g .  
Careless timing o r  lack of consideration of other factors should not cause con- 
demnation of the use of a l l  f i r e ;  burning can usually be done without causing a 
nuisance. Regulations should be aimed a t  preventing the smoke nuisance, not a t  
prohibition of the use of f i r e .  
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I n  weighing al ternat ives ,  i f  production of smoke nuisance i s  an important 
consideration, the character is t ic  kinds of smoke production by various burning 
procedures should be considered. These vary from almost no vis ible  emission 
from open, direct-fed incinerators, t o  the possibili ty of burning covered piles 
during precipitation when the smoke will n o t  only n o t  be seen, b u t  much of i t  
w i l l  be rather quickly removed by precipitation nucleation and washout. 

Flexibili ty of choice i s  essential here as in any other n a t u r a l  resource 
consideration with many factors involved and endless possible combinations of  
si tuations.  The land  manager must take into account the possibili ty of 
conflagration-type f i r e  with i t s  accompanying environmental destruction i f  he i s  
unable t o  reduce accumulation of  h i g h  hazard fuels t o  a reasonable level and 
keep i t  there. 
possible temporary annoyance from prescribed f i r e  smoke. 

The consequences of a conflagration are tremendously greater than 

The environmental resource manager must have a sc ien t i f ica l ly  sound basis 
for  making decisions on treatments. t h a t  affect  the environment. He must be 
certain t h a t  he i s  n o t ,  for example, sacrificing long-term productivity and 
protection from destructive conflagration for a few hours of smokeless sky, 
the current balance of environmental law notwithstanding. 
of the forest  environment as long as there have been forests .  
in the atmosphere j u s t  as long.  rlanaging a l l  f i r e  climax forests  w i t h o u t  f i r e  
may not  be possible. 
and smoke, the forester  needs strong sc ien t i f ic  backing for  his residue manage- 
ment decisions. 

Fire has been a p a r t  
Smoke has been 

To enable h i m  t o  minimize undesirable impacts of  b o t h  f i r e  

CONCLUSIONS 

NET EFFECT OF RESIDUES AND TREATMENT ON THE A I R  RESOURCE 

Concern f o r  the a i r  resource in making decisions about prescribed burning 
of forest  residue should be only one of many concerns for  the various resources 
and factors t h a t  comprise the forest  environment. The most important a i r  quality 
emergency from forest  emissions and one t h a t  must be aggressively prevented comes 
from the catastrophic f i r e  with i t s  destruction of a l l  forest  resources with 
long-lasting effects .  The small prescribed burns, designed expressly t o  prevent 
catastrophic f i r e s ,  can be scheduled during weather conditions t h a t  assure smoke 
dispersal with minimum effect  on a i r  quality,  particularly in smoke-sensitive 
areas. 
favorable dispersion conditions; fuel accumulation increases the 1 ikel ihood of 
a conflagration and attendant extreme smoke conditions. 

. 

Indeed, extra e f for t  should be made t o  remove excessive fuels under 

Existing a i r  quality regulations designed for  metropolitan area problems 
are n o t  generally applicable to the usually remote, higher elevation residue 
reduction f i r e s  t h a t  often have suff ic ient  energy t o  place the i r  smoke plumes 
f a r  above the layers of atmosphere t h a t  come in contact with the surface. 
Smoke behavior and dispersion depend on weather which i s  changeable and provides 
a great variety of dispersion conditions. 
using available fire-weather information match the dispersion condition t o  the 
burning j o b ,  hence can accommodate a considerable amount of prescribed burning 
w i t h o u t  serious effect  on a i r  quality.  
on i t s  merits with respect t o  convective r i s e ,  plume trajectory, elevation, and 
a i r  quality impacts as well as from the standpoint of effects  of the b u r n  and 
a1 ternative treatments on related resources. 

Smoke management systems intensively 

Each prescribed burn  should be considered 
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Emissions from many prescribed burns can be minimized by specifying condi- 
tions that  will produce leas t  emission; i . e . ,  d r ies t  fuel ,  hottest  f i r e ,  so i l-  
free pi les ,  and shortest  smoldering time. 
an open forced-draft incinerator may be used. Where quick removal i s  desired, 
residue piles may be covered for  burning into a precipitating cloud system. 
Light underburns with 1 i t t l e  convective energy and the smoldering remnants of 
hotter f i r e s  cause the greatest  problems for  smoke management. 

Where visible smoke i s  not tolerated, 

Large amounts of particulates and gaseous emissions originate from forestry 
residue prescribed burns. 
of their  importance. According t o  the U.S. Council on Environmental Quality 
(1973): 

B u t  the amounts themselves are n o t  direct ly  indicative 

The weight of a i r  pollution emissions i s  only a rough measure of a i r  
pollution. 
the dispersion of the pollutants once they leave the sources determine 
actual a i r  quality. 
of a pollutant. 

Indeed, the geographic concentration of pollution sources and 

Also, weight does no t  take into account the effects  

This conclusion i s  par t icular ly appropriate t o  judgment of the impact of forestry 
burning on a i r  quality. 

An entirely different  emphasis would be jus t i f ied  for smoke from woody fuels 

B u t  forest  f i r e  smoke has been in the a i r  since 

i f  t h a t  smoke had demonstrably caused the problems for which a i r  pollution i s  
collectively blamed, such as damage t o  health, corrosion, damage t o  plants, or  
photochemical eye-stinging smog. 
forests were on earth; and a f t e r  thoroughly examining the l i t e ra ture ,  wood chemist 
J .  Alfred Hall (1972) concluded: 

I have found no evidence t h a t  involves the combustion products o f  forest  
fuels im permanent injury t o  human health. 

The sulfur content o f  wood i s  negligible .... 
Hydrocarbons.. .are in large p a r t  similar t o  or identical with products 
of nature omnipresent in the environment. Only small traces of photo-  
chemically active compounds of low molecular weight are produced. 

As for  carbon monoxide, evidence o f  increased concentrations a t  short 
distances from going f i r e s  i s  lacking. 

The temperatures attained in burning forest fuels are generally too low 
t o  permit formation of n i t r i c  oxide (except). . .briefly in explosions of 
concentrations of flammable gases, especially in wildfires.  

Particulate matter . . , .  In  the i r  chemical nature ... are probably indisting- 
uishable from many components of the atmosphere, produced in normal 
natural processes. 

I n  general, the only penalty inf l ic ted upon the environment by prescribed 
burning i s  a ma71 and temporary decrease in v is ib i l i ty .  
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I have found no new evidence in more recent l i t e ra ture  t h a t  would materially 
a l t e r  these conclusions, t h o u g h  DarleyE/ has found NO produced briefly in labo- 
ratory f i r e s .  
obvious safety hazard. Foresters should, i n  time, be able t o  establish a balance 
characterized by minimum major smoke episodes and minimum nuisance from prescribed 
f i r e  smoke. They will do this  w i t h  hazard reduction, by f i r e  where necessary and 
in conformance with a smoke management system t h a t  minimizes smoke concentrations 
i n  areas where i t  i s  intolerable. They will also take aggressive action t o  pre- 
vent the very large f i r e s  with extensive dense smoke over which there i s  no 
control. 
there will l ikely be major smoke episodes and an increase in prescribed burning 
before th i s  balance o r  equilibrium point can be reached. 
ut i l izat ion,  a1 ternative residue treatments, and increasingly effective f i r e  
suppression, such an equilibrium p i n t  will be well below the natural production 
of smoke from lightning f i r e s  and b u r n i n g  by Indians. 

This i s  n o t  t o  deny t h a t  smoke i s  an annoyance and sometimes an 

Because of present limitations on abatement of forest  fuel hazards, 

Because of improving 

NEEDED RESEARCH 

Many aspects of the presence of forest fuel smoke in the atmosphere are 
unknown and offer opportunities for  research. 
of a decision matrix permitting selection of residue treatment method on the 
basis of effects  on the complete environment over the short and long term. 
Treatments would include b u t  would n o t  be restr ic ted t o  various forms of b u r n i n g .  
Effects would include the impact o f  managed smoke. 
knowledge i s  needed to f i l l  a l l  the blanks in such a matrix. Some of the 
questions t h a t  need answers follow. 

A general need i s  for  development 

Considerable additional 

1. 

2. 

3 .  

4. 

5. 

Specifically,  how effective are precipitating cloud systems in removing 
particulate and gas components of forest  smokes? 

What are the important components in forest  smokes from the major kinds of  
fuels in bo th  flaming and glowing combustion; w h a t  processes are these 
components involved i n  under various atmospheric conditions and in mixture 
with other substances commonly found in the a i r ;  and what are their  removal 
mechanisms? 

What are the actual toxicological properties of smokes from the various 
forest  fuels? 

How can the f ie ld  forester readily estimate the convective column strength 
he can generate from a given combination o f :  ( a )  fuel composition, loading, 
and arrangement; ( b )  fuel moisture condition; (c )  s ize of area aflame; 
( d )  wind profile;  and ( e )  atmospheric s tab i l i ty?  

What amounts of what atmospheric gases are taken up and released by various 
microbiota in the forest  floor under diverse forest  situations? 

- 14’ E l l i s  Darley. Laboratory t e s t s  of combustion products from wood fue 
International Symposium on Air Quality and Smoke from Urban and Forest Fires 
Proceedings, Fort  Collins, Colorado, Oct. 23-26, 1973 (in preparation for  pub1 
cation by National Academy of Sciences). 

S .  
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6. Can an index be developed based on weather factors and assuming constant 
emission of a l l  usual sources that will indicate the level of a i r  quality 
t o  be expected i n  a particular local i ty  for given season and weather con- 
ditions? (Necessary for j u d g i n g  effect  of intermittent nonpoint sources 
1 ike forestry burning. ) 

7. What methods can be developed for predicting in more detail  the diurnal 
patterns of s t ab i l i t y  and wind profile over wide areas of mountainous 
terrain f o r  application to individual f i r e  and smoke dispersion problems? 

8. What are the detai ls  of some of the typical important weather situations 
t h a t  permit good smoke dispersion and of those t h a t  create smoke dispersion 
problems? 

9. What i s  the normal balance of emissions t o  and uptake from the atmosphere 
of hydrocarbons, CO and C02, and nitrogen compounds in various typical 
forest  situations? 

10. What smoke dispersion coordination aids can be developed t h a t  will monitor 
and project plume locations and smoke densities in several s t ra ta  and in 
a i r  stagnation areas a t  the surface for routine use i n  scheduling burns? 

SUGGESTIONS FOR REVISION OF CURRENT PRACTICE 

Forest residue situations are evaluated primarily on the basis of esthetics 
and short-term a i r  quality. An environmentally balanced decisionmaking process 
i s  needed t h a t  will permit evaluation of forest  residue situations on the basis 
of such long-term environmental factors as risk of destructive f i r e ,  deteriora- 
t i o n  of forest  production, and consideration of other resource, environmental, 
and economic val ues . 

To avoid what seem t o  be inevitable serious smoke episodes from conflagra- 
tion-type wildfires in areas where residue has been steadily increasing, a new 
program of aggressive hazard reduction including prescribed b u r n i n g  under smoke 
management i s  needed wherever such burning can be environmentally accommodated. 

Smoke from rekindled or escaped prescribed f i r e s  needs t o  be eliminated; 
greater attention t o  soi l- free piling, mopup, and wet season burning of covered 
piles i s  needed. 

INDICATIONS FOR EQUIPMENT 

Visible smoke has been a deterrent t o  the use of open burning as a residue 
treatment. A principal diff icul ty  with prescribed burns, including pi le  burns, 
has been smoky glowing combustion from residual f i r e  which incidentally also 
acts  as a source of firebrands t h a t  may cause the unwanted burn ing  of adjacent 
areas during and following dry and windy weather. 
has come w i t h  the use of certain open p i t  or bin -direct- fed incinerators. The 
possibi l i t ies  for  improving pi le  b u r n i n g  by use of portable blowers, d r a f t  
deflector walls, and chunking-in equipment should be investigated, particularly 
for use during the wet season. 

Combustjon w i t h  minimum smoke 
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RESEARCH IN PROGRESS 

FOREST SERVICE 

Fuel Treatment, Prescribed Fire, and Air Pollution, Southern Forest Fire 
Laboratory, Southeastern Forest Experiment Station, Flacon, Georgia. 

Includes studies in: 
1 .  Production and quality of smoke 
2 .  Smoke concentration and dispersion 

Smoke Characteristics Program, Research and Development Program, Southern 
Forest Fire Laboratory, Southeastern Forest Experiment Station, Macon, 
Georgia. 

Studies in effects  of smoke from forest  fuels on a i r  quality. 

Fire Control Technology, Northern Forest Fire Laboratory, Intermountain 
Forest and Range Experiment S t a t i o n ,  Hissoula, Montana. 

Includes study of relationships between heat o u t p u t  and smoke emission. 

Fire Effects and Application, Northern Forest Fire Laboratory, Intermountain 
Forest and Range Experiment Station, Missoula , Montana. 

Includes : 
Miller Creek-Newman Ridge prescribed f i r e  study 
Influence of f i r e  intensity on smoke movement 
Glowing combustion in decadent forest  fuels 

Environmental Systems--Interior Alaska , Pacific Northwest Forest and Range 
Experiment Station, Fairbanks, Alaska. 

Includes: Occurrence, persistence, and associated v i s ib i l i t y  conditions 
of summertime wildfire smoke and haze in inter ior  Alaska. 

Forest Residues Reduction Program, Pacific Northwest Forest and Range Experi- 
ment Station , Port1 and , Oregon. 

Effects of forest  residues and their  treatment on the air resource and 
on other components of the environment. 

Cooperative Forest Fire Science, Pacific Northwest Forest and Range Experi- 
ment Station, Anderson Hall, University of Washington, Seat t le ,  
Washington. 

Engaged in forest  smoke related investigations through graduate student 
research projects and th rough  cooperative research with the University 
of Washington including Colleges of Forest Resources, Preventive 
Medicine, and Civil Engineering. 
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Fire Chemistry, Pacific Southwest Forest and Range Experiment Station, 
Berkeley , Cal i fo rn i a .  

Exploration of  fundamental chemical and physical processes of combustion 
and exti ngu i s hmen t . 

Fire Meteorology, Forest Fire Laboratory, Pacific Southwest Forest and Range 
Experiment S t a t i o n ,  Riverside, California. 

Engaged i n  tracing the circulation of Los Angeles basin smog into forest  
areas and in determining i t s  effects  on forests.  

OTHER RESEARCH ORGANIZATIONS 

Other pertinent research i s  o r  has recently been underway a t :  

Washington State University, Pullman, Washington: College of Engineering, 
Air Pol 1 u t i  on Research Section. 

Oregon State University, Corvallis, Oregon: Air and Water Resources Center, 
and Schools of Engineering, Agriculture, and Science. 

Statewide Air Pollution Research Center, University of California a t  
Ri versi de. 

Stanford Research Ins t i tu te ,  Menlo Park, California. 

Environmental Protection Agency 

National Ecological Research Laboratory, Corvall i s ,  Oregon. 
Pacific Northwest Environmental Research Laboratory, Corvall i s  , Oregon. 
Meteorological Laboratory, National Environmental Research Center, 

Technical Division Applied Science and Technology Research 
Research Triangle Park, North Carolina. 

Agricultural sources including forestry and logging ac t iv i t ies .  

Environmental Protection Agency contractors 

Midwest Research Ins t i tu te  
425 Vol ker Boulevard 
Kansas City, Missouri 

I l l ino is  Ins t i tu te  of Technical Inst i tutes  
10 W.  35th Street  
Chicago, I l l ino is  60616 

Forest f i r e  emissions 

Booz-A1 1 en Appl ied Research 
4733 Bethesda Avenue 
Bethesda , rlaryland 

A1 ternatives to residue treatment by burning 
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FIRE HAZARD AND CONFLAGRATION PREVENTION 

Robert E. Martin and Arthur P .  Brackebuscd' 

ABSTRACT 

DeveZopment of confZagrations is dependent, among other 
factors,  upon weather, terrain,  and Zarge a c m Z a t i o n s  of 
residue or fueZ. !l%eoreticaZ Zy, by s trategio  manipuZation 
of residues, the forester  is abZe t o  trade routine cost  of 
hazard reduction fo r  cost  of emergency conflagration 
suppression. 
Fuels a c c m Z a t e  in natura2 systems, but man's actions may 
greatZy modify the nature of the fueZs and thus the hazard. 
Each fueZ component has i t s  own characterist ics,  thus making 
i t s  spec i f i c  contribution t o  hazard. 
management pZanning with other phases of fores t  management 
pZanning w i Z Z  heZp t o  achieve a pattern of @eZs and ZOW 
hazard areas compatibZe with f i r e  management and environ- 
menta Z objectives.  

He cannot controZ the weather or terrain.  

Integration of fueZ 

Keywords: Forest fuels--management, f i r e  hazard reduction, 
conflagration. 

INTRODUCTION 

I n  this paper we consider forest  residues as potential forest  f i r e  fuels.  
We will examine the f i r e  properties of residues and discuss fuel management 
possibi l i t ies .  

Organic materials accumulate when plants use the sun's energy and s tore  
th i s  energy i n  the form of p l a n t  bodies and extractives. 
t ion, decomposition, and accumulation depends on many factors.  To those of us 
concerned w i t h  f i r e  in Pacific Northwest forests ,  impor tan t  factors are the 
t o t a l  amount o f  material accumulated, the amount available t o  burn under given 
conditions, and the configuration of  these fuels.  Configuration affects 
accumulation and available fuel as well as f i r e  behavior. 

The ra te  of produc- 

I n  temperate regions, less  t h a n  1 percent of the sun's incident energy i s  
converted into organic matter. I n  forested land this  amounts t o  10 b i l l i o n  

l' ' Arthur P. Brackebusch i s  assis tant  director,  Division o f  Cooperative 
Fire Control, State and Private Forestry, F.lissoula, Montana. 
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calories (40 million Btu's) per acre (24.6 bi l l ion calories/hectare) per year 
(Geiger 1965, Beaufait 1971). 
t o  over 300 gallons of gasoline per acre (3,000 l i t e r s  per hectare) per year 
(Reifsnyder and Lull 1965) or enough fuel oi l  t o  heat a small house in the 
Seat t le  area for  1 year. 

Converted into more familiar uni ts ,  th i s  amounts 

Some of the sun's energy captured th rough  photosynthesis i s  used in the 
vital  processes of the p l a n t .  Much of i t ,  however, i s  converted into organic 
matter t h a t  pers is ts  over varying lengths of time--flowers and foliage remain 
alive f o r  the shortest  time, the branches longer, whereas the main stems and 
roots of trees and shrubs remain al ive longest. 
plants die  completely each year. All parts of the plants, as Beaufait (1971) 
has stated i t ,  eventually become waste products o f  the i r  community, and the 
aerial parts f a l l  t o  the ground t o  become p a r t  of the organic mantle of the 
forest .  This material in the forest  floor decomposes a t  varying ra tes ,  depend- 
ing particularly on i t s  inherent decay character is t ics ,  temperature and 
moisture. 

The aerial  portions of herbaceous 

The rate  of accumulation of the organic layer varies widely. 
tropical environments, decomposition may take place almost as rapidly as mate- 
r ia l  i s  deposited, so t h a t  accumulation in the forest  floor i s  negligible. 
the North Temperate Zone, Bray and Gorham (1964) developed a curve indicating an 
average annual accumulation rate  of 3 t o  4 tons per acre (6.7 t o  9 metric tons/ha), 
a figure confirmed by Beaufait (1968) for the Northern Rocky Mountains. For 40- 
year ponderosa pine (Pinus ponderosa Laws.) on the east side of the Cascade 
Range in Washington, Fahnestock (1968) reported approximately 30 tons per acre 
(67 metric tons/ha) in l i t t e r  and duff, indicating a ra te  of net accumulation 
somewhat less than  1 ton  (2 .24 metric tons/ha) per year. Net accumulation of 
forest  fuels i s  a real concern t h a t  was explored further by Dodge (1972). 

In  moist 

For 

Regardless of the ra te  of production, without disturbance one might expect 
decomposition t o  eventually balance production so t h a t  no net accumulation of 
fuels in the forest  would occur. After the in i t i a l  fuel buildup t h a t  follows the 
death o f  a lodgepole pine (Pinus contorta Dougl.) s tand ,  available fuels and f i r e  
potential may decrease for many years until the new stand begins t o  deteriorate.g/ 

In many te r res t ia l  ecosystems, however, f i r e  or other agents often intervene. 
I n  a f i r e ,  organic materials of the forest  floor are largely consumed, and often 
other fuels are consumed such as needles, small branches, and dead standing snags. 
After the f i r e ,  deposition of  materials t o  the forest  mantle will often be 
accelerated as needles are cast  and f i re-ki l led woody branches and stems f a l l  t o  
the ground.  The stems may stand for years and are a serious f i r e  problem whether 
standi ng or fa1 1 en. 

In any climate in which production of residues exceeds decomposition, f i r e  
i s  considered a normal p a r t  of the ecosystem. 

' 

northern la t i tudes except in very high raipfal l  areas (rain forest  of the Olympic 
Peninsula) where large quantit ies of fuel may build up and reach an equilibrium 
in which decay rates and production rates s tab i l ize .  Occasionally, under extreme 
conditions, large f i r e s  will develop in these stands too ;  b u t  they are not  common. 

This i.s true in most of the 

2/ G . R .  Fahnestock. 
north central Washington. 
Science Association. 

Forest f i r e  fuels in the Pasayten River drainage of 
Paper presented a t  the 1973 meeting of the Northwest 
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In most areas, f i r e  frequency i s  f a i r l y  well established and direct ly  
related t o  the need for fuel removal and the natural risk t h a t  i s  available t o  
s t a r t  the f i r e .  
and prior t o  settlement by Europeans, the aborigines were a l so  a source of 
ignitions. 

Lightning i s  a common f i r e  s t a r t e r  in the Pacific Northwest, 

If f i r e  can be accepted as natural, we can begin t o  consider the aspects 
of f i r e  as being p a r t  of the ecosystem. 
controllable, f i r e s .  If they are no t  stopped in the early stages and i f  large 
quantit ies of fuel are available, under the right weather conditions, they can 
become conflagrations. Conflagration, by definition, i s  a large and destruc- 
t ive  f i r e  t h a t  releases energy a t  such a ra te  t h a t  man cannot supply enough 
energy t o  influence or l imit  i t s  spread. 

Fires begin as one o r  more small, usually 

If man wants t o  achieve his management objectives, he must be able t o  deal 
intel l igent ly and effectively with f i r e  a t  a l l  stages of i t s  development. 
greatest opportunity for  successfully managing f i r e  i s  by influencing the 
quantity, nature, and distribution of fuel available for  combustion. 

His 

Historically, as f i r e  control organizations have grown, they have become 
more e f f ic ien t ,  effective, and powerful. T h u s ,  they have been able t o  control 
larger and more powerful f i r e s .  B u t  f ina l ly ,  an even larger and more powerful 
f i r e  system overwhelms the control organization. Suppression ac t iv i t ies  them- 
selves often preserve the avai 1 ab1 e fuel s by suppressing or del ayi ng the runaway 
f i r e .  .With the increased fuel load, the next f i r e  may stand a better chance of 
escaping f i r e  control organizations. 

I n  th i s  paper we approach the problem of conflagration t h r o u g h  fuel manage- 
ment--manipulation of living and dead vegetation to enhance man's ab i l i t y  to 
influence wildfire.  Of the factors influencing f i re- - fuel ,  weather, and 
topography--fuel i s  the only one over which man can exert extensive influence. 
Through large expenditures, he can modify only s l ight ly ei ther  weather or 
topography, b u t  he has opportunities for  conflagration prevention through fuel 
management. 

We will discuss f i r s t  the fundamental characteristics of fuel par t ic les  and 
fuel beds. Then we will cover various f i r e  characteristics of fuels ,  the fuel 
situation in the Pacific Northwest, the biological aspects o f  fuels ,  and 
f ina l ly ,  fuel management. 

FUEL PROPERTIES 

Since we have said t h a t  the production of fuel i s  a n a t u r a l  process, i t  i s  
then n o t  r ea l i s t i c  to different iate  between natural and manmade fuels.  Man's 
primary influence i s  t h a t  of changing the timing, rate ,  and nature of fuel 
accumulation. Through  forest  harvest he may create a hazardous fuel situation 
much sooner t h a n  i f  the stand remained undisturbed. 
character of fuel by creating concentrated slash near the surface where there 
were previously only elevated green crowns. 
change the physical properties of fuel ,  therein also l i e s  his greatest  oppor- 

. tunity to control and manipulate the distribution, timing, and nature of fuel .  

He may also change the 

Since man's primary influence i s  t o  
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Component fuels- the fuels of different  sizes and properties--have individual 
characteristics which contribute t o  an overall f i r e  problem. 
t ical  situations we can seldom consider one component separately, an awareness 
of the contribution of each t o  f i r e  hazard can a i d  us in making decisions on land 
management practices. For example, should our effor ts  in hazard reduction be 
for reduction o f  l i t t e r ,  removal of  brush, or fel l ing of snags? All three may 
be present on a given s i t e ,  and  each has i t s  particular f i r e  characteristics.  
The appropriate treatment of residues t o  reduce f i r e  hazard depends on the i n d i -  
vidual components. 

Although i n  prac- 

The primary characteristics of fuel elements t h a t  influence f i r e  behavior 
are physical and chemical properties, moisture content, and s ize.  

Moisture and heat transfer take place th rough  the surface of  a fuel par t ic le .  
Consequently, the nature .of the surface and the density of the fuel have a great 
bearing on controlling the rates of exchange of heat and moisture. 

Chemistry i s  further important because there i s  evidence t h a t  certain s a l t s  
can inhibi t  flaming (Tang 1967; Broido 1966; Philpot 1968, 1970). 
i s  used in f i r e  retardants. 
produce combustible gases a t  re lat ively low temperatures. 
as  Douglas-fir (Pseudotsuga menziesii (Mirb. ) Franco) and chamise (Adenostoma 
sp . ) ,  the amount of f a t s  and o i l s  in foliage increases during the summer (Philpot 
and Mutch 1971), a process t h a t  increases their  f lammabil i ty .  
may be a major factor in susceptibili ty of vegetation t o  crown f i r e s .  

This principle 
Certain plant fa t s  and o i l s  vo la t i l i ze  easily and 

In  some fuels ,  such 

Fats and o i l s  

Moisture content may be the most important single property control1 ing 
flammability of a given fuel .  I t  ref lects  the wetting and drying influences 
of weather and can change rapidly. One way moisture affects the combustion 
process i s  by cooling action. Heat energy i s  required t o  ra ise  the temperature 
of water t o  the boiling p o i n t  t o  separate bound water i n t o  vaporized water. I t  
also smothers f i r e .  Water vapor driven from the fuel displaces oxygen--a 
noncombustible mixture i s  the resul t .  When moisture contents reach certain 
levels,  ignition and spread of f i r e  are prevented. 

Limiting moisture contents depend on fuel characteristics and intensity of 
heat source. Moisture contents of 20 t o  30 percent are limiting for i n i t i a t i n g  
f i r e s  (Anderson 1969). Moisture contents over 100 percent are n o t  limiting for 
crown f i r e s .  Moisture contents fluctuate diurnally, primarily i n  l ighter  fuels.  
They also fluctuate seasonally between periods of ra in  and of d r o u g h t .  Seasonal 
droughts common in the Northwest create dr ier  fuels causing a greater potential 
for high intensity f i r e s .  Logging slash i n  the summer sun dr ies  t o  10-percent 
moisture content in 2 to  3 weeks. 
of drying t o  reach 10-percent moisture content. 

Fully shaded slash may take more than  6 weeks 

New green conifer foliage on the t ree has a moisture content of a b o u t  200 
percent which drops t o  about  120 percent by l a t e  summer, whereas old l ive  
foliage on the t ree increases from a b o u t  100 t o  120 percent t h r o u g h  the summer. 

Moisture contents below 100 percent do occasionally exis t  for  l i v i n g  fuels. 
Fine herbaceous materials and  grass cure d u r i n g  the summer, becoming especially 
dry and highly flammable. 

A timelag concept i s  useful fo r  categorizing fuels.  I t  describes the rate  
t h a t  the fuels lose moisture t o  or ga in  moisture from surrounding a i r .  
fuels  have short tirnelags which means they dry rapidly compared w i t h  large fuels.  

Fine 
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Timelag cons tan t  i s  t he  t ime  i t  takes f o r  a f u e l  t o  l o s e  63 percen t  o f  i t s  
mo is tu re  above t h e  e q u i l i b r i u m  mo is tu re  con ten t  under s tandard d r y i n g  cond i t i ons .  
E q u i l i b r i u m  mo i s tu re  con ten t  i s  t he  mo is tu re  con ten t  a t  which dead f u e l s  n e i t h e r  
g a i n  n o r  l o s e  mo is tu re  w i t h  t ime. Th i s  occurs when the  vapor pressure o f  mo i s tu re  
i n  t he  a i r  and t he  f u e l  a re  equal.  Fuel c o n s t a n t l y  moves toward e q u i l i b r i u m  
mo i s tu re  con ten t  but ,  due t o  f l u c t u a t i n g  atmospheric mois ture,  seldom reaches it. 
Timelag cons tan t  g e n e r a l l y  increases as f u e l  s i z e  increases.  Dead grasses have 
a t ime lag  o f  l e s s  than 1 hour; some f i n e  grasses, as s h o r t  as 10 minutes. A %- 
i n c h  t w i g  has a t ime lag  cons tan t  o f  about 1 hour. 
about a 10-day t imelag.  A f t e r  t h ree  t ime lag  per iods  have elapsed, 95 percen t  
o f  t he  mo i s tu re  above t he  e q u i l i b r i u m  mo is tu re  con ten t  w i l l  be removed f rom 
d r y i n g  f u e l s  under standard d r y i n g  cond i t i ons  o f  80" F ' ( 4 4 "  C )  and 20-percent 
r e l a t i v e  humid i t y .  The f i e l d  behavior  o f  f u e l s  o f  va r ious  t imelags have been 
descr ibed  by Fosberg e t  a l .  (1970) and Fosberg (7971). 

A 3- t o  4- inch  branch has 

P a r t i c l e  s i z e  i s  a v i t a l l y  impor tan t  c h a r a c t e r i s t i c  o f  f u e l s .  I t  i s  u s u a l l y  
expressed as th ickness  o r  t he  r a t i o  o f  su r face  area t o  volume. Thin p a r t i c l e s  
have l a r g e  su r f ace  t o  volume r a t i o s .  
t r a n s f e r  mo i s tu re  and hea t  d u r i n g  the  combustion process. As p a r t i c l e s  become 
t h i c k e r ,  t h e i r  su r face  t o  volume r a t i o s  decrease. Th i s  r a t i o  i s  impo r tan t  
because i t  r e l a t e s  t o  heat  and mo is tu re  exchange. Small p a r t i c l e s  d r y  o u t  and 
i g n i t e  q u i c k l y  because t h e i r  l a r g e  p r o p o r t i o n  o f  su r face  area t o  volume permi ts  
r a p i d  exchange o f  mo i s tu re  and heat.  
up t o  some l a r g e  branch s i r e ,  more t ime i s  r equ i r ed  f o r  i g n i t i o n .  F i r e  spread 
i s  r e a l l y  a s e r i e s  o f  i g n i t i o n s .  
spread than l a r g e  f u e l s  because they  i g n i t e  f a s t e r .  

Consequently, they  have l a r g e  areas t o  

Genera l ly ,  as f u e l  p a r t i c l e s  become l a r g e r ,  

Thus, f i n e  f u e l s  suppor t  h igher  r a t e s  of 

FUEL BED PROPERTIES 

The c h a r a c t e r i s t i c s  o f .  the  f u e l  bed i t s e l f  a r e  o f  equal o r  g rea te r  importance 
than i n d i v i d u a l  p a r t i c l e s :  
ac re  ( m e t r i c  tons per  hec ta re ) ,  (2 )  compactness and po ros i t y ,  and (3) c o n t i n u i t y  
and d i s t r i b u t i o n .  

(1) f u e l  q u a n t i t y  or l oad ing  expressed as tons pe r  

L i g h t  annual grasses may c o n s t i t u t e  a f u e l  l oad ing  o f  f rom %i t o  1 t o n  per  
ac re  (0.56 t o  2.24 m e t r i c  tons/ha).  
tons per  ac re  (11 t o  45 m e t r i c  tons/ha) o f  d u f f  and l i t t e r ;  Doug las- f i r  and 
western redcedar (Thuja p t i c a t a )  s lash,  from 20 t o  over 200 tons per  ac re  (45 t o  
450 m e t r i c  tons/ha).  ' 

Fores t  f l o o r s  f r e q u e n t l y  have f rom 5 t o  20 

Q u a n t i t y  o f  f u e l  determines p o t e n t i a l  f i r e  i n t e n s i t y ,  one o f  t he  most 
impor tan t  f a c t o r s  i n  p lann ing  c o n t r o l  o f  f i r e s .  
heavy accumulat ions o f  f u e l  and a r e  d i f f i c u l t  t o  c o n t r o l .  
a re  spawned by h i g h  i n t e n s i t y  f i r e s .  
i n d i c a t e  what f u e l  i s  a v a i l a b l e  f o r  combustion. Fuel a v a i l a b i l i t y  depends a l s o  
on mo i s tu re  content ,  s i z e  and compactness, and f i r e  i n t e n s i t y ;  t he  r a t i o  o f  l i v i n g  
t o  dead f u e l s  i s  a l s o  impor tant .  L i v i n g  unders to ry  vege ta t ion  can h i nde r  t he  
spread of low i n t e n s i t y  f i r e s  b u t  i s  no hindrance t o  h i gh  i n t e n s i t y  f i r e s .  
I nc reas ing  f u e l  q u a n t i t i e s  sometimes means h igher  r a t e s  o f  spread, b u t  spread 
p o t e n t i a l  depends g r e a t l y  on o the r  f u e l  p rope r t i es .  

High i n t e n s i t y  f i r e s  occur i n  
Spo t t i ng  and crowning 

Q u a n t i t y  alone, however, does not 

Compactness and p o r o s i t y  r e f e r  t o  t he  crowdedness o f  p a r t i c l e s .  H i g h l y  
compact f u e l s  have a l ow  p o r o s i t y .  
f u e l s .  

Compactness i n f l uences  t h e  d r y i n g  r a t e  o f  
When f u e l  p a r t i c l e s  reach a c e r t a i n  compactness, v e n t i l a t i o n  i n  t he  f u e l  
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bed i s  restr ic ted and drying proceeds more slowly. 
needle suspended in the a i r  by i t s e l f  has a timelag constant of a b o u t  1 hour,  
bu t  the forest  floor which contains large numbers of similar needles may have a 
timelag constant of several days. 

For example, a single pine 

Compactness affects  ra te  of combustion. Combustion occurs a t  a maximum ra te  
when part ic les  are close enough t o  rece.ive intense heat radiation and convection 
from adjoining, burning part ic les  b u t  n o t  close enough to r e s t r i c t  flow of oxygen 
t o  the b u r n i n g  fuels o r  to shadow the radiant energy from b u r n i n g  par t ic les .  
Rate of combustion could be reduced ei ther  by spreading or by compacting fuels. 
In practice, i t  i s  best t o  compact f ine fuels and spread large fuels.  Certain 
physical characteristics of vegetation determine compactness of fuel .  For 
example, long pine needles create a more porous fuel bed t h a n  short f i r  needles 
because long needles support one another. 
will affect  compactness both in the crown and in the resulting slash. 

Branching habits of t ree limbs also 

Continuity refers to the patchiness of fuels.  Distribution i s  a loosely 
used term that  refers to  arrangement of fuel ,  horizontally and ver t ical ly .  
t inui ty partly controls where f i r e  can go and how f a s t  i t  travels.  
distribution of fuel into conifer crowns enhances the likelihood of vertical 
i nvol vement and crown f i res.  
roads, and certain vegetative stands serve as breaks i n  horizontal fuel 
continuity. 
standing of fuel management. 

Con- 
A continuous 

Fi re1 i nes , ridges , ta l  us sl opes, streams , 1 a kes , 
These discontinuities can be created by design w i t h  proper under- 

FIRE CHARACTERISTICS OF FUELS 

Forest fuels have certain characteristics that govern the degree to which 
each component migh t  contribute t o  f i r e  behavior and, under certain conditions, 
t o  a conflagration. The various characteristics of a fuel component comprise i t s  
contribution t o  f i r e  hazard. According t o  Anderson (1970): 

Ign i t ib i l i ty  i s  defined as the i g n i t i o n  delay time. Therefore, a t  
any specific source int.ensity, the most igni t ible  fuel i s  the one t h a t  
ignites i n  the shortest  exposure time. 

Ignition i s  assumed to occur when the fuel begins t o  generate heat 
or when flaming or  glowing combustion i s  evident. In  the l a t t e r  case, 
greater var iabi l i ty  can be expected. The time to ignitSon, the depend- 
ent measure, i s  a function of the stated properties of the fuel and the 
intensity of the heat source. With a heat source of 9500 C ,  a l l  fuels 
inspected ignited in about one second or less.  

. . . Flammability implies more than j u s t  time to ignitlon. I have 
considered flammability t o  have three components: 
abi 1 i ty ,  and combusti bil i ty. 

i gn i t i b i l i t y ,  sustain- 

Igni t ib i l i ty ,  the f i r s t  consideration, has been described. 
ab i l i t y  i s  the measure of how well a f i r e  will continue t o  burn  with or 
without the heat source. 
terms of fuel properties has’ n o t  yet  been formulated. 
measure could be related to how stable the burn ing  ra te  remains. 

Sustain- 

The method for  describing sustainabi l i ty  i n  
Conceptually, the 
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Combustibility i s  the reflection of the rapidity with which a f i r e  
burns. Again, the parameters t o  be used have n o t  been determined, bu t  
they will be correlated t o  the specific burning time of a fuel.  
burning time i s  defined as the weight of the t e s t  sample divided by the 
maximum burning rate.  Conceivably, for some fuels,  sustainabili ty and 
combus t i  bi 7 i ty coul d be the same. 

Specific 

The concept.. . ( o f  fuel character is t ics) .  . . i s  directed toward 
individual fuel elements, a1 though f ie ld  problems are more concerned 
with the fuel continuum. To amplify, i gn i t i b i l i t y  of a fuel continuum 
would s t i l l  be governed by the ignition of fuel elements; sustain- 
ab i l i t y  would be more closely associated with the ra te  of spread; and 
combustibility would be the intensity of the f i r e  or i t s  ra te  of 
burning . 

These three features of flammability can be combined t o  give an 
overall appraisal of fuels.  With proper interpretation of fuel 
properties , thermodynamics , and thermochemical processes , we can 
develop a comprehensive,but f lexible ,  reference for  appraising the 
f i r e  potential of forest  fuels.  

IGN ITIBI LITY 

The beginning stage of f i r e  i s  ignition. Thus, i gn i t i b i l i t y ,  the ease with 
which fuels are  ignited, i s  the f i r s t  consideration in evaluating fuel hazard. 
In e f fec t ,  i gn i t i b i l i t y  depends on a par t ic le  of fuel being dried and raised in 
temperature to the i nition point, considered to be abou t  380" C o r  716" F 
(Deeming e t  a l .  19727. According to Brown and Davis (1973), th i s  would be glow- 
ing combustion with flaming combustion occurring between 800" and 900" F (426.7" 
and 482.2" C ) ,  which probably corresponds t o  the ignition temperature of gases 
d is t i l l ed  from the fuel .  
of the ignition source or firebrand t o  deliver energy t o  a p a r t  of the fuel 
par t ic le  and on the competing processes t o  dissipate the heat energy t o  the 
surroundings as well as into the part ic le  i t s e l f .  
point i s  evaporated and moved, some of i t  into the surroundings and some 
internally.  A t  the same time, the temperature of t h a t  point begins t o  r i se .  

Whether or n o t  ignition occurs depends on the ab i l i t y  

The moisture contained a t  t h a t  

Low heat conductivity i s  strongly and direct ly  related t o  density. 
density wood materials such as punky, rotten logs are easily ignited. 
particles such as needles, leaves, or s l ivers  are also easily ignited as they 
have l i t t l e  ab i l i t y  to conduct heat away from the point being heated. 

Low 
Fine 

Generally, the f ine components are the f i r s t  t o  ignite a t  any point in a 
spreading f i r e .  
Deeming (1971) (1/8-inch diameter, Fahnestock 1970) and thus will respond 
rapidly t o  changes in humidity or t o  wind bringing dr ie r  a i r  in intimate contact 
with the fuel particles.  
f i r e  may burn readily with only an hour or so of drying in sun and wind following 
a rainstorm. 

These fuels f i t  in the 1-hour timelag class of Fosberg and 

In  loosely packed f ine fue ls ,  such as standing grass, 

Generally, f i r e s  s t a r t  in the fine fuels (although dry rotten wood in a Tog 
may begin glowing combustion even more readily).  
produce extremely high rates  of spread and are termed flash fuels.  Fine fuels 
compose much of the l i t t e r  layer and are also present as  small twigs, needles, 
and leaves remaining on dead or  living branches. 

Loosely packed f ine fuels 

Needles, particularly,  may be 
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present as drape over larger fuels,  serving to igni te  the larger fuels and t o  
spread f i r e  ver t ical ly  and horizontally. In  addition, dry coniferous foliage 
may provide more heat per pound than  many fuels due t o  a high content of resin.  

Logs on the ground may a t  f i r s t  be solid and covered by bark. The bark ,  and 

As decay sets  i n ,  however, f i r s t  the 
lichens on i t ,  may be easi ly  igni t ible  when dry. 
log would no t  a t  f i r s t  be easi ly  igni t ible .  
sapwood and l a t e r  the heartwood becomes punky and easi;y ignited when dry. When 
logs and snags are  quite dry, short-term rains may wet l i t t l e  more t h a n  the 
surface and the ent i re  log o r  snag may return quickly t o  a dry and flammable 
condition. After a f i r e ,  logs and snags often contain holdover f i r e s  smoldering 
within rotten, punky wood. 
mopup work to  detect and extinguish any sign of f i r e .  
rotted logs and snags t o  hold f i r e  makes use of f i r e  in forest  management more 
expensive and treacherous, as the f i r e  may l a t e r  be fanned and embers scattered 
into igni t ible  fuels.  

The fresh sound wood of the 

For th i s  reason, logs and snags require extensive 
The propensity of 

Another factor in i gn i t i b i l i t y  i s  chemical composition. Our information on 
this  aspect of i gn i t i b i l i t y  i s  incomplete. 
and oi l  substances t h a t  may enhance combustibility (Philpot and Mutch 1971). 
Some mineral components, on the other hand,  may hinder ignition and burning of 
woody fuels ( P h i l p o t  1968, 1970). 

Some foliage contains volat i le  waxy 

RATE OF SPREAD 

Rate of spread (ROS) i s  a measure of ac t iv i ty  of a f i r e  i n  extending i t s  
horizontal dimensions (Forest Service Handbook, FSH 5109.12). 
in terms of advance of the f i r e  f ron t  (chains per h o u r ) ,  increase in f i r e  
perimeter (chains per hour ) ,  o r  increase i n  area (acres per hour) o r  in metric 
counterparts. Each of these has i t s  particular usefulness in estimating where 
the head o f  the f i r e  will be a t  a given time, the amount of f i r e  l ine  t o  be 
constructed and,  thus, the e f for t  required, and the area that  will be burned, 
respectively. Since f i r e  spread i s  a ser ies  of ignitions,  i t  depends on s ize ,  
type, amount, and compaction o f  fuel ,  and on fuel moisture content. 
depends on other conditions such as wind, slope, temperature, and humidity. 
can be expected t o  increase w i t h  an increase in fuel loading per area, wind- 
speed, slope, and temperature. ROS will decrease with increases in fuel s ize,  
moisture content, and humidity. ROS will increase with increase i n  fuel bed 
compaction, reach a maximum, and decrease again as the fuel becomes t ight ly 
packed. 

I t  may be measured 

I t  further 
ROS 

One conclusion from "Mechanisms of Fire Spread, Research Progress Report 
No. 2" (Anderson e t  a l .  1966) i s :  

This study strikingly demonstrated t h a t  a larg,e percentage of logging 
slash i s  limbs and trees of small diameter. 
the main forward sprea,d of fire--needles and branches one-fourth inch 
and less  in diameter--accounted for  more than one-third of the dry 
weight of slash in the lodgepole pine and Douglas-fir plots.  

The fuels that  propagated 

Brown (1972) reports on the fuels supporting the flaming front of experi- 
mental f i r e s  in prepared fuel beds. Fires were extinguished with water fog a f t e r  
the rear of the propagating flame passed. He found: 
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Fuels less  than 1 cm. in diameter accounted for half of the total  
weight loss even t h o u g h  th i s  s ize material was less  than 30 percent of 
the t o t a l  loading. Fuel greater than 3 cm. in diameter provided only 
abou t  10 percent of the total  weight loss in the flame front.  No 
change in diameter was observed for particles of this  s ize.  

For slash and other fuels containing a similar mixture of par t ic le  
s izes ,  our findings indicate t h a t  only the fine fuel components, essen- 
t i a l l y  par t ic les  less than 3 cm (about  1 inch i n  diameter) supply the 
energy t h a t  characterized propagation of the spreading flame front.  
generalization of this  statement for a l l  fuels l ikely would be 
incorrect. Different proportions of fine fuels probably correspond 
t o  different  diameter l imits fo r  the component contributing most of 
the energy t o  the propagating flame. 

A 

ENERGY RELEASE RATE 

Complete combustion of woody fuels yields abou t  7,800 t o  9,200 Btu/lb 
(4,300 to 5,100 cal/g) of fuel burned (Byram 1959). Generally, pitchy fuels 
will have a heat of combustion on the upper end of the range due t o  the high 
heat of combustion of pitch (15,000 Btu/lb--8,333.2 cal/g).  
however, combustion i s  incomplete as evidenced by the smoke emitted. 

On a forest  f i r e ,  

The energy release ra te  on a f i r e  would be the amount of fuel consumed per 

The amount of heat released may also be given in terms 
unit of time, times the heat of combustion, times the efficiency, which would be 
a factor less  t h a n  one. 
of energy release ra te  per unit area. 

Energy release ra te  from the head of a forest f i r e  may be an important 
factor in containing i t .  With a relatively constant combustion efficiency, 
energy release ra te  from the head of a f i r e  depends on the ra te  of spread -( in  
area) of the head times the amount of fuel consumed within the head. 
loading becomes important. Normally, f ine,  small, and medium fuels will be 
consumed in the head as will the outer portions of large fuels.  

T h u s ,  fuel 

EMBER PRODUCTION AND SPOTTING POTENTIAL 

As  the energy release rate  in the hea.c! o f  a f i r e  (or per u n i t  area) 
increases, a i r  velocities greatly increase. 
violent. 
embers and t o  carry them fas te r  and far ther .  Size of ember i s  important because 
larger embers have a longer burnout  time and a greater heat source for  igniting 
new fuels.  Increased draf ts  have a multiplying effect  on ember production. The 
draf ts  may topple snags or break loose large dead limbs. 
the fuel bed o r  ground may introduce a cloud of embers into the u p d r a f t ,  also 
increasing spotting potential .  

Indrafts and updrafts may become 
The increased velocities enable the convection column t o  l i f t  larger 

Impact of these with 

An extreme example of increased velocity i s  the f i r e  whirlwind. This 
tornadoli ke phenomenon may increase horizontal and vertical velocities in i t s  
vicinity several fold (Byram and Martin 1970), thus increasing ember production 
and spotting potential. Formation of f i r e  whirlwinds i s  favored by unstable 
atmospheric conditions, wind eddies, and greater energy release ra te  (Graham 
1957, Byram and Martin 1970, Countryman 1971 ) .  Thus, reducing fuel loading i s  one 
way for foresters t o  reduce chances of whirlwind formation. 
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RESISTANCE TO CONTROL 

Resistance t o  control i s  the relat ive diff icul ty  of constructing and holding 
a control l ine (Society of American Foresters 1958) (FSH 5109.12, p.  70-25) and 
depends on diff icul ty  in control-line construction and on f i r e  behavior. Fuels 
enter into b o t h  factors.  Fire rate  of spread, energy release ra te ,  and spotting 
potential are a l l  direct ly  related t o  the amount of readily combusted fuels.  
Resistance t o  l ine  construction i s  direct ly  related n o t  only t o  the amount of 
fuel b u t  also t o  the type of fuel ,  which may consist of logs, heavy brush, o r  
slash which hinder progress of t ractor  or hand crews. 

DAMAGE POTENTIAL 

The potential for a f i r e  t o  damage the environment, such as t o  a stand of 
trees or t o  the soil  and watershed, i s  increased as fuel loading builds up.  
Many tree species, once the stems are of suff ic ient  diameter, can withstand a 
low f i r e  creeping through the forest  l i t t e r  of needles, leaves, and twigs. I f  
fuel i s  allowed t o  accumulate, wildfire intensity may be expected to increase and 
the same trees may be killed or damaged due t o  the excessive heat transferred to 
the stem or crown. Excessive ground fuels can be safely removed by prescribed 
fire--fuel , weather cond,itons, and burning technique are prescribed so t h a t  only 
p a r t  of the fuel i s  removed a t  one time by a l o w  intensity f i r e .  Fire intensity 
and heat are limited to the tolerance of the aerial  portions of the t ree as well 
as the shallow roo t  systems. 

When heavy concentrations of residues b u r n ,  there i s  greater 1 ikelihood of 
Details of f i r e  effects  on soil  are discussed by Moore and 

Hot f i r e s  k i l l  and consume 

Soil 

damage t o  the s i t e .  
Norris (1974) and Rothacher and Lopushinsky (1974) .  
shallow roo t  systems, destroy organic soil  compounds, and leave excessive ash 
which may disrupt soil  biota (Bollen 1974). 
ing cover of l i t t e r  and duff may be removed, opening the way for  erosion. 
structure may be destroyed. 
will n o t  have serious effects  on the s i t e  and will reduce the hazard and potential 
fo r  disastrous wildfire.  

Through these effects ,  the protect- 

B u t  the r ight  amount o f  f i r e  may be prescribed t h a t  

CONFLAGRATION POTENTIAL 

Conflagration potential can basically be traced t o  three variable factors:  
fuels ,  weather, and ab i l i t y  t o  man f i r e s .  
location. 
a l l  except weather. 

Topography i s  a constant in any given 
Of the variable factors,  the l a n d  manager today can strongly influence 

1. Fuels. 
loading of available fuel t h a t  may be expected t o  provide embers for  spotting 
when f i r e  burns a t  high energy release rates .  
fuel loadings by stand manipulation, by requiring more complete ut i l izat ion 
from harvesting, and by fuel hazard reduction t h r o u g h  vegetative manipulation, 
prescribed f i r e ,  o r  by chemical or mechanical treatment. 

Conflagration potential may be considered high i f  there i s  a heavy 

The land manager can reduce 

Fuel or residue management needs attention early in the preparation of forest  
management plans t o  avoid contiguous areas containing high loadings of 
dangerous fuels t h a t  contribute t o  conflagration potential. 
needed for  proper fuel reduction in any given forest  operation, and fo r  
separation of high hazard areas t o  prevent f i r e  spread from one to  the other. 

Provision i s  
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2. Weather. Weather i s  an important factor in any f i r e  s i tuat ion,  and one over 
which man has l i t t l e ,  i f  any, control. Long periods of dry weather increase 
the available fuel on any area. Starting with no available fuel in early 
spring o r  a f t e r  a prolonged rain,  the amount of fuel available t o  burn  under 
given conditions will increase, generally until the next wet spe l l ,  and a t  
the end of a long summer d r o u g h t  may include ,essentially a l l  the surface 
fuels.  

Historically,  conflagrations have developed during transient periods of  
severe f i r e  weather--low humidity and h i g h  winds. 
be of  weather origin--dry lightning storms. 
expected. 

The f i r e  s t a r t s  may also 
These conditions must be 

The manager must consider day-to-day as well as seasonal weather. A t  a l l  
times, when working with h i g h  hazard fuel areas, he should be constantly 
aware of  the likelihood of potential con.flagration weather by maintaining 
close l iaison between his f i r e  management people and the appropriate f i r e -  
weather forecast off ice.  The same vigilance i s  necessary d u r i n g  any b u r n i n g  
opera t i  on. 

3.  Ability to man f i r e s .  Most f i r e s  burning in fuels with the potential t o  
produce conflagrations are controlled by eff ic ient  f i r e  control organiza- 
tions. 
control most f i r e s  t o  small acreages contributes t o  excessive fuel buildups 
t h a t  increase conflagration potential. These fuel buildups in many areas 
were a t  one time reduced by lightning o r  man-started f i r e s ;  our  policy of 
f i r e  exclusion in a l l  si tuations has allowed natural fuels t o  accumulate. 
The policy has been t o  man a71 f i r e s ;  recently, a change i s  apparent toward 
le t t ing  f i r e s  bu rn  under surveillance i f  they are accomplishing the objec- 
t i  ves of prescri bed burning . 

A l t h o u g h  we decry our acreage losses each year, our  ab i l i ty  to 

The ab i l i t y  t o  man f i r e s  varies with the season and w i t h  other f i r e  activity--  
locally,  regionally, and nationally. W i t h  a large number o f  f i r e  s t a r t s ,  as 
so often occurs from dry lightning storms, avoiding conflagration depends on 
putting o u t  f i r e s  while they are small. B u t  heavy deployment of i n i t i a l  
attack crews depends on avai labi l i ty  of f i r e  crews. The number of crews 
available locally depends n o t  only on their  use on other f i r e s  b u t  also on 
predicted lightning and high f i r e  danger. 

Manning t o  reduce conflagration potential also depends on accessibili ty and 
opportunity to accomplish effective action. 
fuel breaks in s t rategic  locations can greatly enhance manning effectiveness. 

Fuel management t h a t  provides 

FUEL SITUATION IN THE NORTHWEST 

There i s  a wide range of variation in the fuel complexes of the Pacific 
Northwest, from the l igh t  annual cheatgrass of eastern Oregon and Washington, to 
the pine and mixed pine stands of the higher ranges of eastern and central Oregon 
and Washington, t o  the heavy old-growth Douglas-fir, redcedar, and hemlock ( % u p  
heterophyZZa (Raf.) Sa rg . )  stands of the Cascade and Coast Ranges. 
natural fuel complexes there are those t h a t  are disturbed by man through harvesting, 

Besides 
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thinning, roadbuilding, powerline construction, and the like. The amount and 
kinds o residues present in old-growth Douglas-fir forests were summarized by 
Cramer :- 5/ 

The amount of logging slash varies greatly from one stand t o  another. 
The differences are caused by variations in stand age, defect, size 
and volume of associated species, market, sale basis, logging equipment 
used, hauling distance, and probably other factors. In old-growth 
Douglas-fir the amount of fine material 3 inches in diameter and 3 
feet long and smaller doesn't vary greatly with changing market condi- 
tions. This small material was estimated by Munger and Matthews 
(1941) t o  average some 64 cords per acre based on 6 plots in which 
this  material varied from 37 t o  114 cords per acre. NcArdle [1930] 
estimated t h a t  95% of this  material i s  consumed in the average 
slash f i r e .  A t  40 cu. f t .  of solid material per cord and 30 lbs. of 
oven-dry woody material per cu. f t . ,  this amounts t o  36.5 T/A of 
small material consumed by slash burning. 

A slash f i r e  also consumes a substantial portion of larger mate- 
r i a l .  In  the usual unmanaged old-growth Douglas-fir stand, there i s  
considerable cull material bo th  standing and already down. On the 
Willamette N.F. approximately 1/3 of the gross volume i s  cul l .  Net 
volume runs around 50 M per acre, leaving 25 M cull .  This material 
might convert t o  2 cords per M, o r  50 cords o f  cull per acre. 
addition there is  the large material already on the ground which 
could easily r u n  12  cords per acre. The to ta l ,  then, compares with 
the 62 cords of large pieces of waste wood per acre found by Munger 
and Matthews. McArdle estimated t h a t  no more than 30% of this  material 
would bu rn  in the average slash f i r e .  Assuming 90 cu. f t .  of solid 
wood and bark per cord and 30 lb. of oven-dry woody material per cu. 
f t . ,  some 25 T of the 83.5 T of heavy material present would be consumed. 

I n  

In addition t o  the small material and the larger cull wood l e f t  
a f ter  logging, there i s  considerable other material t h a t  burns in a 
slash o r  wild f i r e .  Organic material on the forest floor ( l i t t e r  and 
duff) runs 10-30 T/A in 100 yr. old. D .  f i r  in the Oregon Coast Range 
(Youngberry [Youngberg], 1966). Presumably there would be more in 
old-growth stands. Though some of this might be buried in the logging 
process, some 10 T/A might be consumed in a slash f i r e .  

I n  summary, for clear cut old-growth Douglas-fir slash: 

Fine slash 
Cull material 
Forest floor 

TOTAL 

Combus t i  bl e material Consumed by 
present slash f i r e  

38.5 T/A 
83.5 
20.0 m 

36.5 T/A 
25.0 
10.0 
7 l - T  

Owen P.  Cramer, logging slash in old-growth Douglas-fir. Report on 
f i l e  a t  Pacific Northwest Forest and Range Experiment S t a t i o n ,  Portland, Oregon, 
2 p . ,  1967. 
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Gratkowski (1974) calculated t h a t  potential brush and weed t ree residues 
from brushfield reclamation and conversion of hardwood stands could exceed 240 
million tons (218 million metric tons),  dry weight. He further estimated t h a t  
a t  l eas t  150 million tons (136 million metric tons) of residues must be burned 
or otherwise disposed of during brushfield reclamation and type conversion in 
the Pacific Northwest. 

Recent detailed information on logging residue in the Pacific Northwest has 
been assembled by Howard (1971 , 1973) and Dell and Ward (1971 ) .  
sampled the total  volume of residue pieces 4 inches (10.2 cm) in diameter and 
larger on 27 clearcut units scattered through0 t the Douglas-fir region. 

material varied 'between 32 and 227 tons per acre (72 and 508 metric tons/ha). 
The greatest  amount was found in western redcedar logging on the Olympic 
Peninsula. 
from 21 t o  100 tons per acre (47 t o  224 metric tons/ha) .  
percent of the material measured. 

Dell and Ward 

With an average of 7,430 cubic fee t  per acre (520 m Y / h a ) ,  gross volumes of th i s  

The chippable portion, measured on 17 of the sampling s i t e s ,  ran 
This averaged 45 

Howard (1973) collected data on 76 clearcut areas th roughou t  Oregon, 
Washington, and California. 
residue per acre (314 m3/ha) remaining with 1,500 cubic fee t  per acre (105 m3/ha) 
on private land .  
tion of National Forest cutting in old- growth,  more decadent stands that  yield 
more residue per acre t h a n  young-growth timber. 
companies operating on their  own lands receive a l l  the benefits from hazard 
reduction and s i t e  preparation e f for t s ,  thereby providing economic incentive 
for  removal of submarginal logs. In  the ponderosa pine region, volumes were 
much lower, with the National Forests averaging 356 cubic feet  per acre (24.8 
m3/ha) gross compared with 396 (27.6 m3/ha) for  private land. 

He found approximately 4,500 cubic fee t  gross 

A t  l eas t  some of th i s  difference i s  due t o  the greater propor- 

Another factor i s  t h a t  private 

A Region 6 Fuels Management Note (February 13, 1973) summarizes the residue 
fuel situation in Region 6 National Forests: 

Area Estimated 
Residue problem needing treatment 

Roadside fuel 4,702 miles 24,826,560 
Old logging slash 155,060 acres 20,621,655 
Thinning slash 11 6,595 acres 8,600,775 

Total 54 , 048,990 

Sampling o f  four National Forests in the Fuels Management Note indicated 
t h a t  45 f i r e s  10 acres and larger t h a t  burned where fuels had not been treated 
burned a total  of 78,400 acres (31,870 ha ) ;  whereas i t  was estimated they could 
have been held to j u s t  over 32,000 acres (13,000 ha)  had fuel treatment been 
practiced. Damages, respectively, were estimated a t  $184 mill ion versus $71 
million, a difference of $113 million. 
areas burned) would have been a b o u t  $2.5 million with a benefit:cost r a t i o  of 
45.2. 
t o  cover much greater area, thereby greatly reducing the benefit:cost ra t io .  

Fuels treatment (presumably for  only the 

Since we do n o t  know which areas will have fires,our treatment would have 
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BIOLOGICAL ASPECTS OF FUEL ACCUMULATION 

In discussing fuel complexes, one should kee in mind the cyclic nature 
of vegetative types or stages i n  any area (fig. 17. Thus, the old-growth over- 
mature stand may be farthest removed timewise from the bu rn  t h a t  generated i t ;  
however, burning and regeneration may be the next stage in the area. 

-1 NATURAL CATASTROPHE 

ri FIRE, WIND, 
INSECTS, DISEASE 
7 I t I  t I  

4 

7-l I 

DECADENCE \ / J 

MATURITY 

Figure  1 . - - C y c l i c  n a t u r e  o f  forest b i o s y s t e m s .  A l t h o u g h  the s t a g e s  
t h r o u g h  which an area  p a s s e s  may v a r y ,  b a s i c a l l y  the s y s t e m  can  
or w i l l  r e t u r n  t o  a p r e v i o u s  s t a g e .  

We mightt, trace fuels th roughou t  the development o f  a hypothetical stand.  
Variations occur in species, s i t e ,  and location. 

First ,  l e t ' s  categorize our fuels. Byram (1959) separated total fuel into 
available and residual fuels. Available fuel i s  t h a t  which i s  consumed under 
given burning conditions. Size, location, and moisture content of the fuel as 
well as fuel bed configuration and weather affect fuel availability. Generally, 
fine and small fuel particles in the forest floor are most available. Living 
tree trunks are probably3east available. The fuel remaining af ter  the f i r e  i s  
the residual fuel. The sum o f  available and residual fuels i s  total fuel. For 
this discussion, a l l  organic matter above mineral soil in the s tand  i s  considered 
total fuel. 

Fuel may be further separated by vertical position. Davis (1959) uses the 
categories of ground fuels and aerial fuels. Ground fuels are organic combust- 
ible materials from the surface of mineral soil t o  6 feet (1.83 m )  above ground. 
These fuels comprise the organic soils  or soil layers, the forest mantle of duff 

G-14 



and l i t t e r ,  a s  well as grasses, small shrubs, and the portions of larger vegeta- 
tion less  t h a n  6 fee t  above the ground.  Aerial fuels include a l l  burnable mate- 
r ia l  more than 6 fee t  above ground--the upper portions of trees and large shrubs, 
snags, and a l l  the foliage and epiphytes on them. 

Another category i s  "ladder" fuels ,  those t h a t  furnish the way for f i r e  to  
climb from the forest  floor into t ree crowns. 
or aerial  fuels.  

Ladder fuels may be ei ther  ground 

Let 's  begin with the establishment of a northwest mixed conifer stand a f t e r  
a natural catastrophe--fire, wind, or insect o r  disease epidemic ( f ig .  2 ) .  
amounts of freshly killed material remain, particularly as aerial  fue l ,  whereas 
most of  the older dead fuel was consumed by f i r e  (o r  remains on the ground a f t e r  
other catastrophes). Wind puts most of the fuel from standing trees on the 
ground,  b u t  ot'her catastrophes leave the dead trees standing. Over a period of 
years, the dead trees shed needles, then smaller twigs, followed by larger 
branches and bark ,  and f ina l ly  the stem topples. 

Large 

Within a few years, conifer reproduction becomes a significant fuel com- 
ponent. Buildup of herbaceous o r  grassy fuels as well as conifer needles from 
the young trees i s  suff ic ient  t o  carry a f i r e  t h a t  could k i l l  the reproduction 
and consume the f iner  parts ( f ig .  2 ,  c and d ) .  
by the fal l ing of ever larger fuel components from the dead overwood ( f ig .  2 ,  
e and f). Fahnestock (see footnote 2 )  has shown t h a t  in lodgepole pine in the 
Pasayten Wilderness Area, the tendency i s  for  ground fuels t o  increase for  40 
years, then decrease until decadence of the stand sets  in a f t e r  abou t  150 years. 
His d a t a  might be considered an extension of the time frame of figure 2. 

The fuel buildup i s  supplemented 

If f i r e  does not occur, the reproduction enters the pole stage. Since 
overstocking i s  a re lat ive s i tuat ion,  the well-stocked seedling stand may become 
an overstocked pole s t and  and thinning must occur t o  avoid stagnation. 
much of the flashy herbaceous o r  grassy fuel has disappeared. Some shrubs which 
are not particularly flammable, such as salal  (GauZtheria) and huckleberry 
(Vacciniwn spp.),  may be present as well as ferns. 
stems--falls from the dead overwood, and some tree trunks also f a l l .  
timber i s  actively pruning i t s e l f  of lower branches and building a layer of 
l i t t e r  on the ground.  Production of surface fuel exceeds decomposition,, so 
fuel builds up .  Due t o  overcrowding, insects,  and disease, many dead stems 
appear in the stand, contributing t o  fuel accumulation. 
would k i l l  much of  the stand under severe b u r n i n g  conditions, and the s i t e  m i g h t  
revert to an ea r l i e r  successional stage. A creeping f i r e  under moderate burning 
conditions in some species might do l i t t j e  damage and have desirable effects .  
Fuels would be reduced, lessening the chances of l a t e r  catastrophic f i r e .  
Further, thinning of the stand might be accomplished, providing better growth 
potential for the remaining trees.  

By now, 

Large debris--branches and 
The pole- 

Wildfire a t  th i s  time 

If survival of the stand i s  assumed, with adequate thinning t o  prevent 
stagnation and early stand deterioration, the trees continue t o  grow. 
prune themselves, adding t o  the surface fuel of needles, shrubs, ferns,  and 
other plants. 
surface fue ls ,  reducing the possibili ty of f i r e  climbing into the crowns. 

The stems 

I f  stocking has been suff ic ient ,  the crown i s  quite removed from 

Stands pass i n t o  the mature stage, and the trees are less  susceptible t o  
The crowns are far ther  removed f i r e  due t o  larger diameter and thicker bark. 

from surface fuels ,  reducing the i r  susceptibili ty t o  f i r e .  
by f"ie, an adequate source o f  viable seed i s  more likely t o  be available in the 

Should trees be killed 
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RESIDUAL FUELS FROM 

a. GROUND 

- TOTAL 
AVAILABLE ---?- 

/ H O  

---- 

FIRE CATASTROPHE 

FUELS FROM NEW VEGETATION / 

RESIDUAL FUELS + NEW VEGETATION 

e. GROUND 

TIME-YEARS 

--e---- -- --- 
'\--de/- 

TIME- YEARS 

Figure  2.--Fuel v a r i a t i o n  i n  a timber s t a n d  over t i m e  a f t e r  c a t a s t r o p h i c  
k i l l i n g  of the s t a n d .  A v a i l a b l e  ground and a v a i l a b l e  a e r i a l  f u e l s  
must  a lways  be less t h a n  or equa l  t o  t o t a l  ground or t o t a l  a e r i a l  
f u e l s ,  respectively. Res idua l  fuels ( a  and b) d e c r e a s e  over time. 
F u e l s  from new v e g e t a t i o n  (e and d )  i n c l u d e  the entire aboveground 
portions of the p l a n t s  and i n c r e a s e  over time. T h e  sum of the two 
f u e l  s o u r c e s  may v a r y  depending on p l a n t  s p e c i e s ,  c l i m a t e ,  and other 
f a c t o r s .  T i m ?  i s  i n d e t e r m i n a t e  b u t  f u l l  s c a l e  may be on the order of 
SO y e a r s .  
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crowns or from adjacent living trees. 
pine, thick bark protects the stem from moderate ground f i res .  
are allowed t o  accumulate, the heat generated by f i r e  may be sufficient t o  kill  
or injure the stem as well as the crown. 

In species such as Douglas-fir o r  ponderosa 
However, i f  fuels 

Overmature o r  decadent stands change their characteristics gradually. There 
may be a transition into a more tolerant species, o r  a catastrophe may occur 
leading t o  regeneration of  the stand. 
n i n g ,  leaving dead tops, branches, and barkless streaks down the bole. Falling 
trees damage others. Drought may cause dieback, leaving snag tops. Insects or 
disease invade damaged trees, causing additional damage o r  killing the trees. 
As trees weaken and eventually die, the hole l e f t  in the s tand  may be taken over 
by more tolerant conifers or hardwoods, shrubs, herbs, or grasses. These may 
add t o  the fuel complex and serve as a ladder from surface fuels t o  crowns. 
The dead trees o r  portions thereof fal l  t o  the ground, contributing fine and 
large fuels. 

Here and there a tree i s  struck by light- 

Fuel i s  available th roughou t  the stand. Snag-topped stems may introduce 
add i t i ona l  sources of i g n i t i o n  from lightning. On the ground,  large fuel com- 
ponents usually do no t  greatly affect rate of spread and may contribute l i t t l e  
t o  energy release rates a t  the head of a f i re .  
induced mortality, however, t h r o u g h  sustained heat generation, allowing greater 
penetration of lethal temperatures into stems and surface soil layers. Crowns 
may be heated and desiccated; seeds may lose viability. 

They may contribute t o  f i re-  

Looking a t  the effects of one o r  more light ground f i res in the mature t o  
overmature forest (f ig.  3 ) ,  we can see the reduction in conflagration potential. 
These curves are drawn as t h o u g h  the l i f e  of the timber stand began with some 
residue from l o g g i n g  b u t  no t  withstanding trees o r  snags. One migh t  argue about  
the trend of  the curves, depending on burning conditions, b u t  some important 
considerations are given below. 
ground fuel--that which would b u r n  under the conditions of the f i r e .  
ground fuel i s  reduced by the same amount as available ground fuel. 
the light f i r e  would remove the smaller o r  more loosely packed fuels, such as 
the upper l i t t e r  layers, and a t h i n  outer o r  upper layer from the larger fuel 
components and more tightly packed d u f f  and humus. After the f i r e ,  the rapid 
b u i l d u p  i n  ground fuel may be a t t r i b u t e d  t o  d r y i n g  of lower d u f f  and h u m u s ,  
death of shrubs, deposition from aerial fuels,  and stimulation o f  herbaceous 
vege t a  t i  on. 

The ground f i r e  consumes al l  the available 
Total 

Generally, 

Since we specified the f i r e  as a l i g h t  ground f i r e ,  i t  would not  consume 
aerial fuels. The heat of the f i r e  affects availability of aerial fuels, however; 
i t  k i l l s  needles, branches, and main boles of some trees. Thus, the amount of 
aerial fuel available for  a more severe f i r e  may r ise sharply b u t  d r o p  off  rather 
quickly as the newly killed parts become available for burn ing  and then f a l l  t o  
the ground,  contributing t o  a rap id  though  temporary buildup in available ground 
fuel. Total aerial fuel would n o t  change appreciably except t o  reflect the loss 
of needles, branches, and tree stems. If the prescribed f i r e  i s  l ight ,  the 
remaining trees rapidly  f i l l  i n  any crown openings and quickly occupy the entire 
s i t e .  

Light prescribed f i res  have reduced conflagration potential in more t h a n  
one way. 
In  so doing, they have dampened the fuse t h a t  must supply the energy necessary 
for a conflagration. 

Most significant i s  t h a t  the f i res  have reduced available ground fuel. 

First ,  by removing the faster burning ground fuels,  l i g h t  

G-17 



GROUND FUELS - TOTAL --- AVAILABLE 

FIRE FIRE 

J 

TIME -YEARS 

AERIAL FUELS FIRE 
I 

TIME -YEARS 

Figure  3.--Fuel r e d u c t i o n  from p e r i o d i c  l i g h t  f i res  underburn ing  i n  
n a t u r e  or overmature  timber s t a n d s .  The  temporary  i n c r e a s e  i n  
a v a i l a b l e  a e r i a l  f u e l s  i s  due t o  d e a t h  of l o w e r  needles, limbs, 
and some trees. T o t a l  a e r i a l  f u e l s  may lag somewhat b u t  then 
i n c r e a s e  more r a p i d l y  a s  crown c l o s u r e  a g a i n  becomes comple te .  
A v a i l a b l e  ground f u e l  may climb more r a p i d l y  due t o  d e p o s i t i o n  
o f  k i l l e d  tree p a r t s .  T i m e  i s  i n d e t e r m i n a t e  b u t  f u l l  s c a l e  may 
be a s  g r e a t  a s  50 y e a r s .  

prescribed f i res  reduce the potential energy release rates. 
high energy release rates from ground fuels,  aerial fuels might not  become avail- 
able t o  a f i re .  T h i r d ,  l ight f i res tend t o  kill the lower branches and remove 
ta l l  brush--the ladder fuels. Thus, over time, the aerial fuels grow higher, 
making i t  more diff icult  for f i r e  t o  bridge the gap into the crowns. 

Second, w i t h o u t  the 

,, 

Thus, l i g h t  prescribed ground f i res ,  where applicable, can effectively 
decrease conflagration potential in a living stand. Hotter f i r e s ,  however, may 
produce more fuel and increase conflagration potential by killing the stand. 

MAN-INFLUENCED FUEL COMPLEXES 

Man-influenced fuel complexes are those where man i s  responsible for  modi- 
fying the natural fuel complexes, usually by silvicultural act ivi t ies  associated 
w i t h  timber growing and harvesting. 
w i t h  a young stand. Basically, there are few real differences between the 
"natural" and "man-influenced" fuel complexes. 
and suddenness of changes. 

As with "natural" situations, we might begin 

Differences may l i e  in the timing 

Beginning w i t h  regeneration, surface fuels may be about  the same. I f  a dead 
overstory exists,  man may fel l  these t o  help insure his investment in the new 
stand. 
brush. These would then add> t o  the surface fuel complex, the timing depending 
on methods i nvol ved. 

Further, he may poison o r  cut overtopping hardwoods and spray competing 
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Stands entering the sapling or pole class may be too  dense and must be 
thinned. 
l a t t e r  two methods leaving stems standing. 
immediate severe f i r e  hazard. 
hazard a t  one time b u t  extend the period of high hazard. 
increased; b u t  i t  can be reduced by prescribed f i re .  

T h i n n i n g  may involve felling stems, poisoning, o r  use of f i r e ,  the 
Felling the stems produces a more 

S t a n d i n g  dead stems do no t  present so severe a 
Either way, hazard i s  

Figure 4 shows the rapid increase in total and available ground fuels a t  
the time of thinning. Removing some commercial stems affects total ground fuel 
somewhat b u t  has l i t t l e  effect on available ground fuel or on short-term confla- 
gration potential. Without f i r e  or other means of reduction, total and available 
ground fuels will remain above ground fuel quantity in the unthinned stand for 
several years. Prescribed fi,re has much the same effect as a l o w  intensity f i r e  
in unthinned stands. More t o t a l  fuel remains, b u t  overall conflagration poten- 
t ia l  i s  greatly reduced. 

As the stand passes into the merchantable category, larger materials removed 
by thinning are utilized. 
fuel hazard i s  reduced and the easier i t  will be t o  maneuver in the s t and .  

The smaller the size of stem utilized, the more total 

Materials l e f t  include tops and branches. The amount of residue l e f t  by 
t h i n n i n g  can be enough t o  increase surface fuels from innocuous levels t o  a 
serious f i r e  problem in b o t h  damage potential and f i r e  control. 
can be used, however, t o  reduce the hazard. 

Prescribed f i r e  

TOTAL 
AVAILABLE 
WITHOUT 

FIRE THINNING 

- GROUND FUELS 

--- 
. . . . . . . . 

c 
5 a THINNING a 
3 
W 

AERIAL FUELS 

TIME- YEARS TIME - YEARS 

Figure  4 . - - E f f e c t s  of thinning and b u r n i n g  on f u e l s .  T h i n n i n g  w i l l  
d e c r e a s e  t o t a l  and a v a i l a b l e  a e r i a l  f u e l s  for a t i m e  b u t  w i l l  
d r a s t i c a l l y  i n c r e a s e  ground f u e l s .  A p r o p e r l y  p r e s c r i b e d  f i r e  
f o l l o w i n g  thinning can r e d u c e  t o t a l  and a v a i l a b l e  ground f u e l s  
t o  a t o l e r a b l e  level .  T i m e  i s  i n d e t e r m i n a t e ,  b u t  f u l l  s c a l e  i s  
on the order of 50 y e a r s .  
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Cutting in mature stands usually resul ts  in even greater amounts of residue. 
Generally, the type of fuel, will be similar t o  t h a t  from thinnings, although more 
large material i s  generated. Common practice i s  t o  burn  th i s  slash. 

Cutting in old-growth, overrnature stands often leaves large amounts of 

The large portions decompose slowly and produce 

decayed and broken cull material on the s i t e ,  as well as larger tops and branches. 
These produce an excessive amount o f  fuel and add greatly to f i r e  control and 
regeneration d i f f icu l t ies .  
punky fuels which can harbor  holdover f i r e s .  

The clearcut operation removes aerial  fuels while greatly increasing ground 
fuels ( f ig .  5 ) .  This i s  the fuel complex which has received the greatest  atten- 
tion in the Pacific Northwest. Although some companies have reduced the hazard 
by improving u t i l i za t ion ,  such practices remove more of the larger fuel components 
b u t  s t i l l  leave the smaller, more dangerous fuels.  
tion does decrease hazard, reduce diff icul ty  o f  control, and leave less  material 
for  future problems. 

Nevertheless, closer u t i l i za-  

Generally, much of the harvest residue i s  removed from the s i t e .  
burning i s  the most common method and the cheapest i f  done properly, and i t  
removes the f iner  fuels with the higher energy release rates and rates of spread. 
I f  additional material i s  u t i 1  ized--successively smaller sound wood pieces--and 
the slash reduced by f i r e ,  we could arr ive a t  a point where l i t t l e  material 

Slash 

remains. 

c s a 
3 
a 
4 
w 

- 

GR.OUND FUELS 

CLEARCUTTING CLEANING 

- TOTAL - -- AVAILABLE 

1 /' 

AERIAL FUELS 

CLEAR CUT TIN G 

. TIME-YEARS 
, 

TIME-YEARS 

Figure S . - - E f f e c t s  o f  c l e a r c u t t i n g  and cleaning operat ion- - burning,  
h a u l i n g ,  burying- - of  f u e l s .  C l e a r c u t t i n g  removes e s s e n t i a l 1  y 
a l l  a e r i a l  f u e l s  ( u n u t i l i z e d  trees a r e  f e l l e d )  b u t  g r e a t l y  in-  
c r e a s e s  ground f u e l .  A n y  c l e a n i n g  o p e r a t i o n  g r e a t l y  reduces  
f u e l  level. F u l l  s c a l e  on the time a x i s  i s  of the order o f  
10 y e a r s .  
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Clearing for roads and other purposes often produces large piles o r  windrows 
of heavy fuels including stumps. 
mechanical reduction di f f  i cul t .  
risk of f i r e  from man i s  increased, adding t o  control problems. 

This material contains rocks and s o i l ,  making 
When heavy accumul ations are a1 ong roads, the 

The amount and  flammability of Northwest slash fuels have been studied. 
Olson and Fahnestock (1955) reported on slash fuels in the I n l a n d  Empire area. 
When the same amount of footage from second- or old-prowth stands i s  cut,  over 
twice the volume of space i s  occupied by the slash produced from the younger 
stand. They demonstrated t h a t  volume of space occupied by slash from a t ree  i s  
reduced about  40 percent by lopping, 93 percent by piling, and 98 percent by 
chipping. They also discuss the overall slash problem and management a1 terna- 
t ives .  Fahnestock and Dieterich (1962) ,  in a continuation of the above work in 
the Northern Rocky Mountains , reached several conclusions concerning slash 
flammability: Slash i s  hazardous in proportion t o  the quantity and durabili ty 
of fine components, t o  the length of time i t  i s  dry each year, and t o  the degree 
fine material i s  elevated above the ground.  
western white pine (Pinus rnonticoZa Dougl . ) ,  lodgepole pine, ponderosa pine, and 
western hemlock, and sometimes Douglas-fir and Engelmann spruce (Picea engeZmannii 
Parry) war ran t  a high rate  of spread even a f t e r  5 years. 
grandis (Dougl . )  Lindl.) and western larch (knk occidentaZis N u t t . )  rapidly 
lose the i r  high flammability due t o  disintegration of the f i r  and the sparseness, 
loss o f  needles, and l o w  profile of the larch. 

Heavy concentrations of slash from 

Grand f i r  (Abies 

Various sampling methods have been used for determining the amount of fuel 
For estimating the amount of logging slash, an adaptation of  the l ine present. 

intercept method developed by Warren and Olsen (1964) and modified by Van Wagner 
(1968) appears t o  be the most satisfactory for measuring materials down t o  a 
3-inch (7.6-cm) diameter (Howard and Ward 1972, Dell and Ward 1971). Brown 
(1971) further refined the l ine intercept method so volume or weight of residue 
less  t h a n  3-inch diameter could be estimated. The subjcct f inventory of 
downed woody material i s  more thoroughly covered by ~rown.59 Muraro (1970) 
used low-level aerial photographs fo r  estimation of slash in the Northwest w i t h  
re1 i ab1 e resul t s .  

The tremendous amounts o f  residues developed from logging operations are 
ei ther  treated o r  given a h i g h  level o f  f i r e  protection f o r  several years. Since 
almost half the slash in the Pacific Northwest i s  chippable, our present level 
of ut i l izat ion seems t o  leave considerable room for  improvement. A t  the same 
time, the large amount of slash increases the problem of slash disposal or of 
fighting f i r e  in the unit .  The larger,  more persistent materials will make use 
or control o f  f i r e  in new stands more d i f f i cu l t  for many years t o  come. 

FUEL MANAGEMENT 

In th i s  paper we have concentrated on forest  residues and living vegetation 
as fuels.  We have discussed b o t h  the kinds and arrangements of natural fuels 
and the rearranged fuels from cultural and harvesting operations. 
these fuels j u s t  happen to be in harmony with the forest  environment or 

Rarely do 

'' James K.  Brown. Handbook for  inventory o f  down and woody material in 
(In preparation for  publication, Intermountain Forest and Range western forests .  

Experiment Station, Ogden, Utah.) 
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management objectives. 
require treatment, and th i s  i s  best n o t  l e f t  e i ther  t o  chance or until a c r i s i s  
situation develops t h a t  demands treatment. Careful sett ing of objectives and 
planning t o  achieve them i s  necessary, i . e . ,  purposeful fuel management. 

Both na tu ra l  , and  harvest-related fuels are l ikely t o  

B u t  there i s  considerably more t o  the management of forest  residues than  
fuel management--there are considerations of wildlife habitat ,  nutrient cycling, 
es thet ic  impact, soil  health, etc.  
covered in other chapters of th i s  Compendium. 
residue management have, u p  t o  the present, received the greatest  attention, 
residue management now must accommodate the needs of a l l  the components of the 
forest  environment i t  affects .  
tions of  forest  residue management, we confine our attention here primarily t o  
considerations of forest  residues as fuels and t o  fuel management. 

These other aspects of residue management are  
Though fuel treatment aspects of 

A 1  t h o u g h  recognizing these much broader considera- 

For balanced forest  management, the concepts and practice of fuel manage- 
ment must penetrate and become a conscious p a r t  of a l l  phases o f  forest  
management p l a n n i n g  and operation. Forest management i s  s t i l l  fundamentally a 
program for  managing vegetation t o  achieve objectives, b u t  th i s  needs t o  be done 
w i t h  a deep concern for  f i r e .  The e f for t  t h a t  i s  p u t  into fuel management i n  
the preharvest decisions and preharvest operations i s  probably more important 
t h a n  any stopgap treatment t h a t  can be applied a f t e r  harvesting. 

In fuel management as in other aspects of forest  management, large areas 
such as cutting c i rc les  as well as individual cutting areas should be 
considered. We can, for  example, harvest timber from a small area and be con- 
cerned about  the management of fuels on t h a t  unit. 
fuels as only a p a r t  of a larger pattern of adjacent vegetative or timber types 
and fuel s i tuat ions,  we may make poor fuel management decisions. By looking a t  
the total  patterns of fuels ,  forests ,  and uses, we can plan dis t r ibut ion,  s ize,  
and shapes of harvest areas and kinds of treatment t o  achieve the most efffective 
pattern of h i g h  and low hazards. 

B u t  unless we consider those 

Vegetative types do no t  have consistently high hazards th roughou t  the i r  l i f e  
history. There are times when most stands will hardly burn .  There are  other 
times when they are very susceptible t o  f i r e .  
tation i s  t h r o u g h  changing the composition, quanti ty ,  arrangement, and timing of 
stages of development. Judicious planning of cultural treatments such as 
thinning, p r u n i n g ,  1 ight underburning, and harvesting can produce useful discon- 
t inu i t ies  in the fuel and optimum patterns for separation of units in high hazard 
stages. 
unmanaged forest  where previous f i r e s ,  changes in topography, or climatic 
differences have produced di,scontinui t i e s  in fuel.  

Man's primary influence on vege- 

Similar considerations apply to the fuel type distribution in the 

Appropriate treatments need t o  be planned in advance to assure attainment 
of b o t h  s i lvicul tural  and fuel management objectives. The desired arrangement, 
amount, and continuity of fuel can be designated. 
the method of harvesting and the ut i l izat ion standards can be specified, and 
the preparation necessary for fuel treatment can be spelled out. 
of e f f ic ien t ,  effective residue management demand t h a t  planning for fuel t rea t-  
ment go hand in hand with planning for  s i lvicul tural  treatment. 
can we avoid continually winding u p  with a fuel situation t h a t  has t o  be 
corrected. 

Logging areas can be designed, 

Fuel aspects 

Only in th i s  way 
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Where continuous masses of fuels from man's ac t iv i t ies  or from natura l  
disasters are already present, fuel treatment i s  l ikely t o  be necessary. 
Development of a meaningful pattern of fuel discontinuities,  of  which fuel breaks 
are one type, should have f i r s t  priority.  
toehold locations f o r  f i r e  control operations. The discontinuities will also 
interrupt the f i r e  cycle so t h a t  the f i r e  has less  opportunity t o  build u p  t o  
conflagration proportions. Constructed or existing natural fuel breaks or less  
flammable vegetative types might make treatment of the ent i re  area unnecessary. 
For logging slash, a simpler solution m i g h t  be t o  require cleanup during and 
immediately a f t e r  logging by (1 ) t ighter  ut i l izat ion requirements and 
( 2 )  immediate treatment of the remaining residue, b o t h  planned i n  advance of 
l o  ging. B u t  w i t h  the fuels already present, the remaining alternatives are: 
(17 change the nature of the fuel ,  ( 2 )  change i t s  distribution, or ( 3 )  remove 
i t .  The alternatives for  treatment decisions a f te r  logging are more limited 
t h a n  those t h a t  ex is t  before harvesting; b u t  unless b o t h  harvesting and slash 
treatment are planned beforehand, we may create new problems fas te r  than  we are 
able t o  correct o l d  ones. 

This would permit easier access and 

Effective breaks or voids i n  continuous fuel beds may be created by 

I f  fuel loading i s  extremely heavy, 

mechanically removing the fuels. However, i f  the objective i s  to reduce the 
f i r e  intensity,  then appropriate amounts of various size materials can be 
removed t o  achieve the desired effect .  
some removal should be considered even t h o u g h  compaction and crushing reduce 
rates o f  spread. Wi thou t  removal, f i r e  intensi t ies  may s t i l l  be so h i g h  as t o  
create strong convective winds t h a t  will produce many embers and spot f i r e s .  
oversimplified rule-of-thumb says t h a t  fo r  a given l o a d i n g  of fuel ,  a reduction 
i n  fuel depth by half can cut the expected ra te  of  spread in half.  

An 

Limitations of methods available for fuel reduction must be considered. 
Certainly, much equipment cannot be used on steep slopes. 
particularly vulnerable t o  compaction and accelerated erosion, time of year for 
treatment i s  important .  
be designated only a f t e r  the potential f o r  machine use has been estimated. 
Residue treatment methods, such as  burying i n  a p i t ,  t h a t  involve severe soil  
disturbance several fee t  in depth should be questioned. 
dynamic soil profiles requires many years. Permanent damage t o  soil  i s  a 
questionable price t o  pay for  temporary hazard reduction and may make the cure 
worse t h a n  the problem. 

For so i l s  t h a t  are 

Therefore, the prescription for fuel treatment o u g h t  t o  

The building of  healthy, 

Possibly some new approaches need t o  be examined, such as removal of material 
by helicopter or balloon. 
economic, operational, and environmental considerations showed them t o  be a clear 
advantage. 
resulting impact on scenery (Wagar 1974) .  
less open incinerators may be the answer. 
well as i t s  capabi l i t ies .  

These methods would, of course, be used only when 

Other methods are limited by the smoke produced (Cramer 1974) or the 
For some si tuat ions,  essentially smoke- 
Each method has i t s  limitations as 

Decision and planning aids for forest  residue management are getting long- 
needed attention. Some agencies, including the Pacific Northwest Region of the 
U.S. Forest Service, are developing checklists of i tems'to be considered in 
p l a n n i n g  fuel management: 
t h a t  will be generated, proximity t o  water sources, problems of smoke management 
from burning treatments, and so f o r t h .  
Experiment Station, in cooperation with Region 6 ,  State,  and private forest  
managers and sc ien t i s t s ,  i s  now developing guidelines for residue management 
based on present knowledge of environmental needs and effects .  

type of vegetation on the area, quantit ies of fuel 

The Pacific Northwest Forest and Range 

These guide1 ines, 
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specifying the condition in which the forest  i s  t o  be l e f t  for  various forest  
and use s i tuat ions,  will greatly aid the definition of fuel management objec- 
tives t o  be achieved th rough  forest  management operations. 
being developed as are methods f o r  making existing knowledge more readily 
avai 1 ab1 e t o  planners of residue management. 

Other knowledge i s  

RECAPITU LATlO N 

An effective program of forest  fuels management i s  our most promising long- 
range f i r e  management tool.  
disturbed by man. 
fire--sometimes gentle and frequent where accumulations were low, conflagrations 
where accumulations of  fuel were heavy. 
prevent conflagrations by building eff ic ient  and effective f i r e  control organiza- 
tions.  Effectiveness of these organizations i s  evident from fuel accumulation, 
so t h a t  we presently have powerful f i r e s  t h a t  overwhelm our f i ref ight ing 
organizations. 
capabili ty,  our  greatest  opportunity for  f i r e  management and conflagration 
prevention must be through fuel management. 
within the na tura l  system'in our forests  rather than  attempting to  buck i t  
t h r o u g h  the brute strength of f i r e  control organizations. Fire i s  a natural 
component of the forest  system. Use of prescribed f i r e  may accomplish many 
si lvicul tural  , ecological, es thet ic ,  or sociological purposes better than  e i ther  
a wildfire,  i n  i t s  sporadic way, or  manual-machine manipu la t ion .  Properly used, 
f i r e  removes the smaller fuel components. Improved ut i l izat ion will remove 
larger components. 

Fuels accumulate in our forests  b u t  are often 

We have attempted, in the past,  to 

Reduction of the accumulations his tor ical ly  has been t h r o u g h  

Since manipulation of weather o r  climate i s  beyond man's present 

By managing forest  fuels ,  we work 

Utilization, f i r e ,  and other treatments a l l  have a place i n  
reducing residue fuels.  

There are two main avenues 
problems : 

1 .  Fire considerations (as  we1 
residue) must be taken into 
management of a forest  area 

( a )  Models are being devel 

t h r o u g h  which we might a l lev ia te  our residue-fuel 

as other environmental effects  of forest  
account with the in i t i a l  considerations for 

ped for  management decisions involving r ea l i s t i c  
evaluations of f i r e  potentials.  

( b )  Appropriate actions can be taken t o  reduce fuel loadings in patterns 
designed t o  reduce potential wildfire spread and damage. 

( c )  Personnel qualified t o  evaluate objectively f i r e  potential and develop 
plans for  fuels management can be employed. 

2. Improved ut i l izat ion practices must be used. 
modified t o  require maximum removal of material. 

Management plans should be 

CURRENT RESEARCH IN FOREST FUELS 

The fo l lowing  l i s t  ( A )  of research groups represents only the primary 
programs in which forest  fuels receive major attention. 
rapidly, a second l i s t  (B)  i s  of  contact points where information on current 
research i s  available. 

Since th i s  f ie ld  changes 

1 
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A.  Major programs of research on forest  residue as fuel:  

Northern' Forest Fire Laboratory, USDA Forest Service, !!issoula, Montana-- 
research programs i n  fuel science and other aspects of f i r e .  

Southern Forest Fire Laboratory,  USDA Forest Service, Macon, Georgia-- 
research programs in fuel management, smoke management, and forest  fuel 
combustion emissions. 

Forest Fire Laboratory, USDA Forest Service, Riverside, Cal ifornia--research 
programs in fuel breaks. 

North Central Forest and Range Experiment Station, USDA Forest Service, 
Fire Control Project, East Lansing, Michigan. 

Pacific Northwest Forest and Range Experiment S t a t i o n ,  USDA Forest Service, 
P o r t l a n d ,  Oregon--(l) Forest Residues Reduction Research, Development, and 
Application Program; ( 2 )  Cooperative Forest Fire Management and Science 
Program, University of Washington, Seat t le .  

B. Contacts for current de ta i l s  on forest  fuel and residue research: 

Assistant Director, Division of Cooperative Fire Control, State and Private 
Forestry, Washington, D . C .  , stationed a t  Berkeley, California. 

Assistant Director, Division of Cooperative Fire Control, State and Private 
Forestry, Washington, D.C., stationed a t  Missoula, Montana. 

NEEDED RESEARCH 

I .  There i s  serious need for  decision models t h a t  for  any forest  situation 
will indicate the combinations of management actions t h a t  will produce 
an optimum balance of fuel management considerations with economic, social,  
po l i t i ca l ,  ecological, es thet ic ,  and administrative values. 
operat ional  func t ions  are both hampered by imprecise methods o f  eva lua t i ng  
alternatives.  Such decision models will require, among other things, 
development of :  

Planning and 

A.  An objective means of appraising fuel situations and fuel modifica- 
tions i n  terms of f i r e  potential .  

B. A more r ea l i s t i c  three-dimensional f i r e  model t o  replace the present 
two-dimensional model. 

C.  Methods for model simulation of  complex f i r e  situations including 
identification of the threshold points of blowup f i r e s  and 
conflagrations. 

D.  Methods to more adequately measure and describe the influences of 
wild and prescribed forest  f i r e  on the atmosphere, s o i l ,  water, f l o r a ,  
and fauna, as well as on economic and social values. 
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11. We need knowledge of  the effect  patterns of fuel distribution have on the 
f i r e  hazard i n  a cutting u n i t ,  and the pattern of units w i t h  varying 
degrees of hazard i s  impor tan t  t o  the broader scale pattern of  conflagra- 
t i o n  potential. Yet the influence of fuel d i s t r i b u t i o n  patterns on hazard 
i s  n o t  well understood. Further research i s  needed so t h a t  effective fuel 
arrangement and the treatments t o  achieve i t  can be specified as a p a r t  of 

em needing study include: prehabvest planning. Components of th i s  p rob  

A .  How much of the area needs t o  be treated? 

6. How large an area of hazard can we permit 
hazard? 

C .  What patterns of  fuel treatment can b r i n g  
area t o  a reasonable level? 

within an area o f  lower 

the hazard of a management 

111. Achievement of  an intensity of  residue management i n  keeping w i t h  other 
aspects of quality forest  management i s  needed. This depends on: 

A .  Refinement of techniques for  minimizing production of residue d u r i n g  
forest  harvest. 

B. Improved methods for economical handling of larger residue so t h a t  
ut i l izat ion may play a greater p a r t  i n  residue management. 

C. Development of techniques and prescriptions for more precise use of 
f i r e  fo r  residue treatments over a greater range of residue situations.  

D. A decision aid for selection of the method of residue treatment best 
suited t o  any given combination of management objectives, forest  
environment, and residue situation. 

IV. A better understanding of the evolution of forest  residue complexes with 
time i s  an essential need for  long-term p l a n n i n g  of residue management. 

A .  I t  i s  necessary no t  only t o  establish the correlation between existing 
fuel hazard and specific plant communities b u t  also t o  predict 
successional changes i n  the plant communi t i e s  and ,  more important ,  the 
attendant successional changes in the fuels .  

B. The long-term impacts o f  current fuel treatments need to be determined. 
Removal of only f ine or medium fuel may be of immediate value, b u t  what  
will be the fuel: condition in 20-50 years when the large fuels decom- 
pose? Many f i r e s  escape control or become large because of mu1 t i p l e  
ignitions i n  punky fuel t h a t  may have been decomposing on the forest  
floor for many years. 
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RECREATIONAL AND ESTHETIC CONSIDERATIONS 

J .  Alan Wagar 

ABSTRACT 

Reviews s tudies  o f  Zandscape quaZity and draws together 
in ter im guide Zines f o r  reducing the recreational and e s the t i c  
impacts of fores t  debris. GuideZines are i n  three groups: 
broad management p Zanning (emphasizing zoning; lengthened 
rotations; partiaZ harvesting; and the physical s i ze ,  shape, 
and arrangement of cu t t ings ) ,  manipuZation of fores t  debris 
(emphasizing "naturaZnesstf where possible, otherwise empha- 
s iz ing "orderZiness"), and management of fores t  v i s i t o r s  
(guiding them t o  the most pleasant stages of rotations and 
heZping them understand what they see) .  

Keywords : Scenic beauty--forest recreation, landscape 
pl anni ng ,  perception. 

INTR ODU CTlON 

As demonstrated by a great amount of controversy, legal action, and 
legislation, public concern with recreation, esthetics,  and the environmental 
qual ity.,has increased greatly in recent years. The effects of timber management 
are an important p a r t  o f  this concern. Harvesting operations are continually 
penetrating areas previously free from roads and l o g g i n g .  
rising affluence, leisure, and mobility have permitted more and more people t o  
v i s i t  the forests . for  recreation, scenery, and other environmental ameni ties.. 
In fact ,  i t  i s  primarily in such pursuits t h a t  people now come into contact with 
forests and forest management. 

A t  the same time, 

The urbanites who now predominate among forest visitors generally do n o t  
think of forests as places for j obs  and the sustained production of essential 
comodi t ies .  This does not  mean, however, t h a t  materi a1 demands have decreased. 
Instead, demands for such forest commodities as lumber, plywood, and paper have 
grown along with demands for recreation and environmental amenity. 

In contrast with the "land surplus" conditions that minimized forest manage- 
ment conflicts until fa i r ly  recently, i t  is  now d i f f icul t  t o  make any management 
decision on our f in i t e  forests without damaging someone's interests.  
this context o f  competing values and increasingly d i f f icul t  choices t h a t  the 
recreational and esthetic effects of  forest debris must be considered. 

I t  i s  within 
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DEBRIS VERSUS AMENITY 

Although such events as wildfire, epidemics, and violent storms may on 
occasion create massive amounts of forest debris, logging slash i s  by far  the 
most prevalent debris problem affecting forest amenity. 
used here t o  include b o t h  recreation and esthetics.) Being man-caused, slash 
and the debris from thinning and pruning are the most readily subject t o  manage- 
ment and the most in violation of the widespread preference for naturalness in 
forest landscapes. 

(The term "amenity" i s  

This preference for naturalness has been found in many studies (Yarrow 1966, 
Twiss and Litton 1966, Lime and Cushwa 19G9, Peterson and iieumann 1969) and 
suggests t h a t  some visitors will overlook, expec 
debris from natural o r  natural appearing causes .t Nevertheless, natural debris 
may, in some cases, be as damaging t o  recreation and scenery as the residues of 
timber harvesting. ' 

o r  even wish t o  encounter 

Although only a few ,studies have considered fo s debris in relation t o  

By examining the general 
recreation and esthetics (Wyoming Study Team 1971),- $7 5/ much has been written 
abou t  esthetics,  perception, and landscape quality. 
processes of perception, and especially how people perceive and evaluate land- 
scapes, we can infer much about  recreational and esthetic considerations in the 
management of forest debris. 

A starting point i s  t o  recognize t h a t  perceiving is  n o t  equivalent t o  seeing. 
As Saarinen (1969) points o u t ,  perception depends "on more t h a n  the stimulus 
present and the capabilities of the sense organs. 
individual I s  past history and present ' s e t '  o r  atti tude acting t h r o u g h  values, 
needs , memories, moods social circumstances , and expectations .I '  Thus, what one 
viewer perceives as desirable land management, another may perceive as esthetic 
degradation o r  even permanent devastation. For example, in a study by Boster and 
Daniel (see footnote 3 ) ,  the Arizona Water Resources Committee and a sample of 
university students rated the scenic value of  several treatments of ponderosa 
pine quite differently. 
"heavy thin," and "clearcut" as progressively less at t ract ive t h a n  an uncut 
stand. In  contrast, the Water Resources Committee rated these three treatments 
as more attractive than the uncut stand. 

I t  also varies with the 

The students rated treatments of "irregular s t r i p  cut," 

SLASH AS AN AMENITY MISFIT 

From an esthetic and recreational point of view, disposal of slash and other 

Alexander's (1964) detailed discussion of acceptable 
forest debris usually requires making the best of a negative s i  tuation--especially 
in large old-growth stands. 

Kenneth H. Craik. Forest landscape perception: final report t o  Forest 
Service. Contract 140. A5fs-76565, 40 p . ,  1969. 

2/ Ernest M. Gould, J r .  Forest planning for amenity and timber production. 
Report t o  Forest Service on Grant Research Project #1 , FS-WO-1902, 167 p . ,  1968. 

3/ Ron S.  Boster and Terry C.  Daniel. Measuring public responses t o  vegeta- 
tive management. 
Phoenix, 16 p . ,  Sept. 20, 1972. 

Paper presented t o  the 16 th  Annual Arizona Watershed Symposium, 
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form provides two principles t h a t  help greatly t o  explain why logging slash i s  so 
widely perceived in negative terms. The f i r s t  concerns the relation between form 
and context. 
f i t t i ng  compared w i t h  what i s  f i t t i ng .  

The second concerns the relative ease of defining what i s  n o t  

Alexander related form and context as follows: 

The form i s  a pa r t  of the worfd over which we have control, and 
which we decide t o  shape while leaving the rest  of the world as i t  i s .  
The context is  t h a t  p a r t  of the world which p u t s  demands on this  form; 
anything in the world t h a t  makes demands of the form i s  context. Fit- 
ness i s  a relation of  mutual acceptability between these two. 

In  Alexander's terminology, amenity problems from logging slash result  from 
relatively unchanged form (unsightly debris) and greatly changed context (public 
mobility and expectation). 
environmental concern, i t s  wi despread preference for "natural ness" provides a 
changed context " t h a t  makes demands of the form" which are unlikely t o  be met 
unless the form i t se l f  i s  changed. 

Coupled w i t h  the public's increased mobility and 

such things as shape, 
of the viewer. B u t  a 
much easier t o  define 

The fitness of  form t o  the contextmay involve many variables, including 
color, texture, scale, and the experience and expectations 
"misfit" need involve only one variable. As a result  i t  i s  

A number of s t u d  
Cough1 in (1 970) found 
dual elements, and pr 
man-made object not  s 

misfit than what i s  f i t t ing .  

es have substantiated this principle. 
t h a t  "dislike" of  landscapes ' I . .  .seems t o  focus on indivi- 

Rabinowitz and 

marily man-made ones .Ii They defined "misfit" as "any 
gnificant o r  obviously attractive," (Rabinowitz and 

In discussing classification of scenery, Sargent (1967) found Coughlin 1971). 
the term "eyesore" useful . 

An i l lustrat ion of the esthetic judgments likely t o  be associated w i t h  slash 
was supplied by Craik's (1972) use of the Landscape Adjective Check List ( L A C L ) .  
In a tes t  of the LACL, Craik asked a panel of 21 students in landscape architecture 
t o  rate landscape photographs previously rated as having high, low, and inter- 
mediate esthetic appeal by a panel of 60 geography students. All photos displayed 
"minimal signs of human activity." Using s ta t i s t ica l  tes ts ,  Craik found the 
following adjectives t o  be significantly associated with esthetically unappealing 
scenes : 

arid 
bare 
barren 
bleak 
brown 
burned 
bushy 
colorless 
depressing 
deserted 
desol ate  

des t r oye d 
dir ty ugly 
drab  

scraggly 

unfriendly . .  arY 
dull 
eroded 
go1 den 
h o t  
1 i fel ess 
monotonous 
pl ai n 

u n i n s p i r i n g  
uninviting 
weedy 
windswept 
withered 
worn 
ye1 1 ow 

The magnitude of esthetic problems caused by slash i s  indicated by the number o f  
adjectives above t h a t  f i t  the scene found after  logging and especially af ter  
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clearcutting. 
with esthetically appealing scenes included: 

In contrast, the l i s t  of  57 adjectives significantly associated 

a1 ive fresh pure wild 
clean green secluded wooded 
clear living timbered 
coo 1 moist unspoi 1 ed 
forested natural vegetated 

Such studies suggest a series of dimensions t h a t  underlie people's judgments of 
1 andscape qual i ty . 

DIMENSIONS OF LANDSCAPE AMENITY 

Studies of  landscape quality fa l l  generally into three categories: physical 
descriptions, judgments of quality, and analyses of the psychological dimensions 
i nvol ved in 1 andscape preferences. 

Litton's work (1968, 1972) i s  a good example of objective description for 

A1 t h o u g h  
landscape inventory, and Crai k (1972) has found substantial agreement among 
different observers asked t o  apply Li t ton 's  landscape rating scales. 
the scale categories identify landscape configurations t o  which experts might 
ascribe different quality, application of the categories themselves does n o t  
require esthetic judgments. 

A second category of efforts includes systems for judging the value o r  quality 
of landscapes. 
are explicitly presented as expert opinion growing out o f  long experience and 
professional judgment. 
.and Leopold (1969) , attempt t o  increase consistency and "objectivity" by developing 
numerical scores for various attributes of the 1 andscape. Such numeri cal scoring 
i s  useful for t r a i n i n g  diverse observers t o  apply uniform cr i te r ia  for classi-  
fication. 
different elements of a composite score, making the scoring systems no more 
objective t h a n  the value judgments of their  authors. 

Some of these, l ike Crowe's (1966) "Forestry in the Landscape," 

Other studies, however, such as those of Sargent (1967) 

B u t  value judgments are invariably buil t  into the weights assigned t o  

A third category of studies explores the psychological dimensions which seem 
t o  underlie people's judgments of what they see. Some of these draw primarily 
upon 1 i terature and professional opinion (Twi ss and Li t t o n  1966, Lynch 1960) .?/ 
Others add the results of interviews, surveys, o r  experiments t o  t e s t  people's 
reactions t o  diverse scenes (Shafer e t  a l .  1969, Gratzer and McDowell 1971, 
Craik 1972; see also footnotes 2 and 3 ) .  

Several dimensions of landscape amenity can be drawn from the three 
categories l is ted above. 
are natural ness, imageabil i ty , 1 egi bi 1 i ty (o r  meani ng)  , texture, topographi c 
re l ie f ,  harmony of shapes, scale, pass-ibility, horizontal order, vertical order, 
plant form, and waste. 

Those t h a t  seem pertinent t o  forest debris problems 

5' See also Robert H .  Twiss. Regional landscape design: An approach t o  
research and education. 
in Landscape Architecture, Harvard Univ. 10 p.,  1965. 

Pa$er presented t o  the National Council o f  Instructors 
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NaturaZness. A1 though a widespread preference for "naturalness" has been 
found repeatedly among people judging 1 andscapes , Rabinowi t z  and Cough1 in (1 970) 
found in a Pennsylvania study t h a t  what people perceive as natural i s  clearly 
landscaped. They found a marked preference f o r  "parklike" scenes and noted t h a t  
"Mowed grass and scattered large shade trees seemed t o  be the determining 
factors. 'I 

ImageabiZity, as. defined by Lynch (1960), i s  " t h a t  quality in a physical 
object which gives i t  a h i g h  probability of  evoking a s t rong  image i n  any given 
observer." Lynch was referring t o  mental images. In  discussing imageability, 
Twiss and Litton (1966) noted that "observers tend t o  notice things which already 
have strong o r  symbolic meaning for t.hem. Many will be shocked by the sight of 
bulldozers, slash piles,  and tree stumps; b u t  they may be reassured ... i f  i t  i s  
obvious t h a t  the land i s  being used w i t h  care." 

The importance of  symbols and symbolic meanings must n o t  be overlooked. I n  
our highly complex society, most of us must form our opinions on most issues on 
the basis. of  symbols rather than the complex networks of  causes and consequences 
t h a t  are only partly understood even by the experts. Thus, in the oversimplifi- 
cations of public opinion, the scene a t  a recently logged area can become either 
a symbol of good stewardship o r  a symbol of rape. Also,  as competition increases 
among forest land uses, we can expect proponents of specific views t o  give 
logging debris symbolic meanings designed t o  sway public opinion toward similar 
views. 

L e g i b i Z i t y  (or meaning). In discussing the cityscape, Lynch defined 
legibi l i ty as "the ease with which i t s  parts can be recognized and can be 
organized i n t o  a coherent pattern." 
vi tal ly important for landscapes, especially forest landscapes t h a t  are being 
manipulated in ways t h a t  are easily misunderstood by nonspecialists. 
i f  timber harvesting patterns are arranged so t h a t  sustained productivity and 
good stewardship are easy t o  see and understand, observers may see t h a t .  many 
fears and criticisms are unfounded. 

Identifying pattern and meaning is  also 

In  fact ,  

In contrast w i t h  professional land managers, most members of the public do 
not  have specialized knowledge o f  regeneration, working circles, rotations, 
sustained yield, etc.  As a result,  their o p i n i o n s  o f  management must be based 
largely on visual clues. The visual clar i ty of good forestry seems t o  depend 
greatly on visual unity which L i t t o n  (1972) defined as "that quality of  wholeness 
in which a l l  parts cohere, not  merely as an assembly b u t  as a single harmonious 
unit. 'I 

European forests provide many exampl es of hi ghly 1 egi bl e o r  meani ngful 
landscapes i n  which sustained cropping o f  trees i s  self-evident. For a variety 
of reasons, cutting areas in European forests are usually small, seldom larger 
t h a n  10 o r  15 acres. As a result,  even where clearcutting i s  practiced, each 
view o f  the forest landscape tends t o  include stands o f  many age classes, often 
intermixed with agricultural crops in a highly humanized landscape t h a t  has a 
look of permanent equilibrium. 
production to be readily seen and understood as a unified whole, permitting 
viewers t o  see forest management, including slash o r  slash treatment, as a p a r t  
of a continuous process. 

This seems t o  permit the dynamics of sustained 

In contrast, where clearcutting i s  practiced in the United States, both 
cutting areas and working circles are often so large that individual views are 
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dominated by a few stages in the rotation rather t h a n  by an orderly sequence of 
many stages. 
a number of small "visual management areas" in which small cuttings are timed and 
spaced so t h a t  the whole process of sustained production i s  readily seen from a 
single viewing point. This would make i t  easy t o  identify slash as a small and 
temporary portion of the total cycle. 

I t  may, therefore, be desirable t o  divide each working circle isnto 

Texture. Psychologists point o u t  t h a t  we normally perceive a shape or 
"f i  gure" as contras ti ng wi t h  i t s  surroundings o r  "ground" (Bouman 1968). Texture 
plays an important p a r t  in this figure-ground phenomenon. 
textured forest,  such as Douglas-fir (Pseudotsuga menziesii) west of the Cascades, 
any small opening tends t o  stand o u t  as ''figure" aga ins t  the continuous "ground." 
However, i n  forests such as open stands of ponderosa pine (Pinus ponderosa) t h a t  
have many small openings , additional openings remain as p a r t  of a coarse-textured 
"ground" and do n o t  become "figure." In many European landscapes, the texture i s  
even coarser so t h a t  f ie lds ,  pastures, timber stands, and even villages may a l l  
become a p a r t  of "ground, I' permitting timber harves t i  ng w i  t h  1 i t t l  e disturbance 
t o  visual quality. 

In a continuous 

Just as tweed does not  show stains as readily as gabaxdine, management o f  
coarse-textured landscapes should create less visual degradation than similar 
management of fine-textured landscapes. T h i s  suggests t h a t  some of our  most 
productive forest s i tes  might best be converted t o  coarse-textured visual 
management units. 

Topographic reZief. In mountainous areas, where differences in elevation 
are great, any timber management act ivi t ies  will usually be highly visible. 
addition, the most mountainous areas tend t o  be i n  public ownership and thus 
subject t o  the conflicting demands of amenity and commodity production. 

In 

Harmony of shapes. The shape of cuttings i s  impor tan t ,  i n  addition t o  their  
size and the stage of regrowth. 
patterns result from straight  1 ines "cutting across contoured ground." 
s traight  lines are used, they should ' ' r u n  diagonally over the contours." Shapes 
can often be harmonized with landforms by "following the t i l t "  of rock st'rata, 
by leaving tree cover in saddles, and by leaving clumps of trees either within 
clearings o r  as out1 iers . 

As Crowe (1966) observed, some of the worst 
If 

The edges between contrasting parts of the landscape define shapes and are 
especially important. 
recorder, Gratzer and McDowell (1971) found t h a t  the "most comon area of 
(visual) concentration were along 'edges' and on small objects (less than a 1" 
arc) ."  Edges included skylines, ridge lines, shorelines, vegetation .l ines, and 
shadow lines. Depending on how they f i t  into the total scene, edges can be 
perceived as inappropriate discontinuities o r  as llseams" t h a t  join together 
harmonious elements (Lynch 1960). 

By using photographs of landscapes and an eye movement 

Edges t h a t  suggest disharmony should be softened. In timber harvesting, 
this might be done by making openings small, irregular, and similar t o  natural  
shapes already present; by orienting openings for minimal v is ib i l i ty  from the 
most likely viewing points; by using shelterwood harvesting th roughou t  a cutting 
o r  around i t  t o  provide a "feathered edge" (USDA Forest Service [n.d.]) . 
Feathering might also be accomplished by cutting the boundary several years ahead 
of time, thus providing advanced reproduction as a transition between the clearing 
and forest. 
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ScaZe i s  important both  for maintaining harmonious balance i n  the total 
1 andscape and for subordinating unpl easant elements . Crowe (1 966), for  exampl e,  
indicated t h a t  large blocks of timber and open areas may f i t  well on "large-scale, 
roll i ng hi 11 s "  and badly on "small -scal e and del i cately model 1 ed hi 11 s . I' Scale 
can also be used t o  subordinate unattractive elements of a scene. For areas of 
slash, this may mean leaving a residual stand o r  clumps of large trees tha t .  dwarf 
the debris on the ground, especially i f  the size of the debris i s  reduced by 
loppi ng and scattering , burni ng , chipping , o r  crushi ng . 

PassabiZity (degree of obstruction) i s  an especially important dime'nslion of 
landscapes used for active recreation. Large accumulations of debris from 
harvesting, f i r e ,  windthrow,  epidemics, o r  other causes may be impassable as 
well as unattractive. As indicated by Gould (see footnote 2 ) ,  the alternatives 
and remedies include "Wait for debris t o  r o t ;  speed rotting by lopping and 
scattering, chip o r  bu rn  slash; salvage trees; cut paths; partial harvest t o  
reduce debris; lengthen rotation for less frequent misfits . I '  

HorizontaZ order, as defined by Goul d (see footnote 2 )  , i s  "the dominant 
pattern s e t  by trees and dead woody material on the forest floor." He suggested 
t h a t  a "horizontal order misfit" i s  present " i f  material i s  disorderly, over 1 
t o  2 feet  deep, and covers more than about  50 percent of the area." Except for 
adding "hasten regeneration t o  obscure debris ,I' Gould gives the same remedies as 
for passabil i ty misfits. 

VerticaZ order. Goul d (see footnote 2)  suggested that "enough trees 1 eaning 
in a jack-straw, chaotic manner o u t  of context with u p r i g h t  stems can be 
unpleasant" and cause a "vertical order misfit." 
"sal vage of timber; fe l l  i ng and 1 imbi ng snags ; clearing vistas . I' The remedies he suggested are 

P Z m t  fom. Misfits in plant form, as discussed by Gould (see footnote 2 ) ,  
may occur "when scraggly, damaged, o r  forest-grown trees are l e f t  in the open," 
o r  when dead trees are l e f t  standing "following f i r e ,  epidemics, flooding, etc." 
Suggested remedies i ncl ude "wai t for smal 1 tops t o  en1 arge and regeneration t o  
cover 1 ower bo1 es ; sal vage trees ; fe l l  snags ; sel ecti vely clear vistas and/or  
pa ths ;  lengthen rotation for less frequent misfits; partial cutting and salvage." 

Waste. Because the casual observer has l i t t l e  basis for recognizing 
defective logs or logs which c a n ' t  "pay their way o u t  of the woods," he perceives 
much slash as wasteful and inefficient use of our natural resources. This 
suggests no t  only yarding of  unmerchantable material (YUM) b u t  changed scaling 
practices o r  other measures t o  increase utilization. 

OBSERVER CHARACTERISTICS 

Judgments of landscape quality depend on the characteristics of the observer 
as well as the characteristics of the landscape. Different observers no t  only 
will perceive the same scene differently b u t  also will place differing values on 
scenes perceived in similar terms. 
discussed above permit diverse and often conflicting judgments of value and 
acceptability. 

As a result ,  a l l  the landscape dimensions 

Both  belief systems and roles are important  in these judgments. 

Bel ie f  systems .--What people bel ieve about forest management depends on 
what they hear and see. What they hear i s  largely beyond the control of forest 
managers. School systems, news media, and conservation organizations a l l  have 
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far more power t o  communicate with the public t h a n  do forest managers. 
addition, our society often teaches i t s  members a deep distrust  of l o g g i n g .  
example, every effort  t o  open New Yorkls Adirondack Forest Preserve t o  forest 
management has been struck down by the State 's  voters. Such attitudes seem t o  
persist from the cut-out-and-get-out logging of the Northeast and Lake States. 

In 
For 

Although what people see in the forests i s  more under the control of forest 
managers than what people hear about  the forests, ambiguous scenes are likely t o  
be interpreted according t o  people's beliefs. 
concern, many people now seem anxious t o  make accusations and identify scapegoats 
for the "environmental crime" they hear so much about .  Under such circumstances 
unsightly logging slash, although quite temporary, i s  readily perceived as 
envi ronmental destruction. 
so rapidly t h a t  forest managers are now criticized f o r  the visual effects remaining 
from management actions t h a t  were generally accepted a t  the time they were made. 

As a result of growing environmental 

Also, pub1 i c mobi 1 i ty and expectations have changed 

Ro2e.s.--Even w i t h i n  a single pattern of beliefs, an individual I s  expectations 
of a scene may change substantially as he assumes different roles (see footnote 1 ) .  
The same individual, f o r  example, might a t  different times take up  such varied 
roles as "driver on the way t o  work," "hunter," "camper," "seeker of  scenery," 
o r  "wilderness traveler. I' Because most forest visitors now encounter forest debris 
while in some recreational role, their expectations and thus their  perceptions 
may very well vary within a quite limited range. 

RESEARCH FOR BETTER ANSWERS 

The amenity problems caused by forest debris must be considered when 
a1 ternative disposal o r  treatment procedures are examined. 
aspects of amenity problems involve environmental perception and policy decisions. 
Environmental perception research can identify the values different people assign 
t o  landscapes and the ways these values are changed by ( 1 )  various landscape 
treatments and ( 2 )  by the underlying standards which people use in assigning 
val ues . Pol i cy deci s ions , a1 though based on peopl e ' s  val ues and preferences, 
will necessarily require choices between conflicting sets o f  values which involve 
different costs. Therefore, in addition t o  studies of debris treatment methods 
and environmental perception, research i s  needed t o  develop improved procedures 
for making choices. 

However, the crucial 

Treatment methods.--A1 ternatives for treating forest.  debris might best be 
studied in terms of equipment, costs, f i r e  hazard, ,and biological consequences. 
Amenity considerations a re  unlikely t o  require new kinds of treatment o r  modified 
treatment. 
debris and perhaps cost da ta  for unusually complete treatments. The main thrust 
of research on the amenity effects of debris must be focused on how debris i s  
perceived and procedures for weighing a1 ternatives. 

Exceptions may include research on stains t o  change the color o f  

Environmentaz perception research. --Much environmental perception research 
i s  already taking place t o  identify the visual elements t o  which people respond 
in various settings. 
observers t o  a variety o f  settings, observers rate photographs in much of this 
research (Shafer e t  a l .  1969; Shafer and Mietz 1970; Coughlin and Goldstein 1970; 
Rabinowitz and Coughlin 1970, 1971; Gratzer and McDowell 1971; Kaplan and Wendt 
1972; see also footnotes 1 and 3 ) .  Some of the studies then t e s t  the validity 

To overcome the d i f f icul t  logistics of t ranspor t ing  

H- 8 



of ratings based on photographs by having observers ra te  the s i t e s  a t  which 
photos were taken (Coughl in and Go1 ds te i  n 1970, Rabi nowi t z  and Coughl i n 1971 ; 
see also  footnote 3 ) .  

A variety of research s t rategies  will be needed t o  identify the visual 
elements that are most important in determining how people perceive a scene. 
Two approaches that appear especi a1 ly  promising are the Landscape Adjective 
Check List  (LACL)  already mentioned (Craik 1972) and "Signal Detection Theory" 
(SDT) as described by Boster and Daniel (see footnote 3 ) .  

When the LACL i s  used, the people who are sampled simply check, on a l i s t  
o f  adjectives, a l l  those that  seem t o  apply to  a scene. Analyses can then be 
made to identify dimensions consistent with patterns of choices. 

In the i r  use of SDT, Boster and Daniel (see footnote 3)  were seeking 
methodology that would be inexpensive, objective, and valid. 
bias on the part  of the experimenters, they used photographs taken in random 
directions from random points and then presented them t o  observers in random 
order. They also developed procedures t o  correct for the fact  t h a t  different  
people might be using different  standards as a basis for  judgment. 
one observer might be rating a scene for  i t s  potential as a scenic area while 
another i s  rating i t  only as a pleasant b i t  of countryside. 

To eliminate 

. 

For example, 

Perception depends greatly on what people know and believe. Therefore, 
studies are needed t o  determine how perception of landscapes and forest  debris 
changes as people are supplied with explanations of what they are seeing. 

Relative importance of commodities and amenity. --A1 t hough  i t  i s  important 

Acceptable 1 andscape qual i ty  i s  

to  identify the dimensions of landscape amenity, especially for  landscapes that  
involve forest  debris, the crucial problem i s  to  identify relat ive importance 
among conf 1 i c t i  ng demands upon the 1 andscape . 
inevitably a value judgment that  must be made by the people involved. As Boster 
and Daniel (see footnote 3) pointed o u t ,  "Any technique that  purports t o  measure 
landscape quality must invi te  meaningful public participation." 

Meaningful public participation, as one p a r t  of defining appropriate quality 
for  forest  landscapes, implies much more than collecting and classifying opinions 
about beauty. The crucial questions are: What constraints on commodity produc- 
tion are created by various standards of amenity? 
offs  between commodities or amenity be presented t o  people in  understandable 
terms? What can be done t o  improve the range of available choices? And, given 
available choices, what constraints on commodity production are jus t i f ied  by 
amenity? 

How can the choices o r  trade 

The most effective direction for  research will depend primarily on the 
Iktyle" of  public forest  management. 
primarily within agencies, then a continuing ser ies  of studies will be needed 
t o  define what  people seem to want or seem willing to accept. 
might identify rather s table  dimensions of landscape amenity, choices among these 
dimensions are l ikely t o  change with changing public a t t i tudes and changing 
avai 1 abi 1 i ty of vari ous 1 and- use benef i ts . 

If the goals of management are defined 

Although research 

I f ,  on the other hand,  current trends continue toward greater public 
participation in  goal set t ing,  then continuous public participation will 

H- 9 



identify sh i f t s  in preference patterns./ 
research f o r  dealing with landscape amenity will concern (1) methods for helping 
representatives of the public understand the choices available and ( 2 )  methods 
for identifying relative importance of  a1 ternative management patterns. 

I n  this case, the most important 

Research on public understanding of choices should evaluate ways of comuni- 
cating o r  displaying complete information on the consequences of al ternative 
management actions. 
on people's acceptance of specific management actions. 

I t  should also examine the effects of different information 

Research t o  establish relative importance of different environments will 
require forced choices on the pa r t  of respondents. 
of such research 'will be getting respondents t o  understand the sets  of conse- 
quences involved in choices and then t o  make the same choices in experimental 
settings t h a t  they would in "real world" settings $1 

The most d i f f icul t  aspects 

INTERIM GUIDELINES 

A1 though research can provide an i ncreasi ng numb r . f answers, decisions 
concerning forest debris m u s t  be made now, and these require interim guidelines. 
The guidelines l is ted below should be considered whenever recreational and 
es theti c val ues requi re speci a1 measures f o r  deal ing w i  t h  forest debris . 

Because opportunitSes for dealing w i t h  the amenity effects of  forest debris 
involve much more than remedial treatment o f  existing debris, guidelines are 
presented under the headings of broad management planning , manipulation of forest 
debris , and management of forest visi tors.  

BROAD MANAGEMENT PLANNING 

1 .  Where possible, keep logging slash and amenity uses of the forests 
separate in both  space and time. This will mean searchi.ng for zoning oppor- 
tuni t ies  t h a t  permit timber t o  be provided on the most productive s i t e s ,  thereby 
entirely freeing other s i tes  for the production of amenity values.. 
mean constructing o r  relocating recreation fac i l i t i e s  t o  keep them i n  the most 
attractive stages of a rotation. 

I t  may also 

-. 

2. Lengthen rotations in cr i t ical  view areas t o  reduce the proportion of 
Lengthened rotations will a working circle  with exposed slash o r  bare ground. 

also reduce the frequency' of f ac i l i ty  relocations as suggested in guide1 ine 1 
above. 

5/ Private owners can be expected t o  watch reaction t o  public forest 
decisions for evidence of what i s  acceptable practice. 

51 Many studies have shown that people's answers t o  hypothetical situations ' 

tend t o  be unreliable guides t o  what they will do i f  forced t o  make similar 
choices in the marketplace or other real world settings (Potter e t  a l .  1972). 
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3 .  Reduce the scale of slash relative t o  nearby trees by (a )  using partial 
harvesting methods, ( b )  1 eaving islands o r  clumps of trees within cutting areas, 
or (c)  keeping clearings small. . 

4. Where clearcutting i s  practiced, increase the "legibi l i ty" of sustained 
yield forestry by dividing each working circle into a series of "visual management 
units." These units should have harvesting scheduled t o  (a) make regeneration 
a n d u c c e s s i o n  of age classes obvious t o  the casual observer and ( b )  leave not  
more than 10 percent of each unit without tree cover a t  least  3 o r  4 feet  t a l l .  
Increasing "legibi l i ty" will help people see t h a t  slash and bare ground are a 
small and temporary portion of a total process. 

5. 
will f i t  readily into a visual management unit as mentioned in guideline 4. 

Keep individual 'clearings small enough t h a t  a variety of age classes 

6. Where highly productive s i tes  are dedicated primarily t o  even-aged 
timber management, create a coarse-textured landscape so t h a t  new cuttings and 
areas of debris remain a p a r t  of "ground" rather than  becoming "figure." 

7. Soften the edges of cutting and slash areas by ( a )  using irregular 
shapes, (b) orienting openings for minimal v is ib i l i ty  from common viewing 
points, (c )  using partial harvesting systems where practicable, and 
(d )  "feathering" the edges of cl eari ngs . 
either by partial harvesting in a band around each opening o r  by harvesting 
this band enough ahead of time t o  provide a border of young trees between the 
clearing and adjacent timber. 

Feathering can be accompl ished 

8. Have a l l  cutting areas designed by a landscape architect. This will 
mean giving 1 andscape archi tects and foresters equal responsi bi 1 i ty and authority 
i n  the design and layout o f  cutting areas. 

EIANIPULATION OF FOREST DEBRIS 

Treatments t o  reduce the undesirable amenity effects of forest debris involve 
a tension between order and naturalness. Where an appearance of naturalness can 
be achieved, a s  under partial harvesting w i t h  small volumes of  s lash ,  i t  is much 
preferred. However, i f apparent natural ness i s  clearly unl i kely , as i n cl ear- 
cutting o f  o ld  growth with large volumes of s l a s h ,  then i t  i s  important t o  
create an orderly scene t h a t  shows viewers the land i s  being "cared for." 
Specific guidelines t o  consider i,nclude: 

9. Where volumes of debris are small, enhance the appearance of naturalness 
and hasten rates of decomposition by (a )  leaving a residual s t a n d ,  ( b )  lopping 
and scattering, (,c) crushing, ( d )  chipping, (e)  p i l i n g  and b u r n i n g ,  o r  
I f )  burying.,7/ (See Aho 1974.) 

l' A forest pathologist should be consulted before material i s  buried. 
Otherwise, a reservoir of pathogens may be created t o  infect the next stand.  
(Information from personal communication with Professor Charles H. Driver, 
Coll ege of Forest Resources , Uni versi ty of Washington, Seattle,  May 1973. ) 
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10. For heavy vol umes of debris, create, an appearance of "managed concern" 
by ( a )  yarding unmerchantable material, (b) windrowing, o r  (c) piling. Burning 
may be appropriate af ter  material has been concentrated (Nartin and Brackebusch 
1974).  

11. Avoid appearances of waste and inefficiency by increasing utilization. 
This may require subsidizing utilization by a t  least  as much as equivalent 
remed-' 1 treatment of  debris would cost. 

12. Where firewood i s  i n  demand, open slash areas t o  firewood col7ection 
and advertise the fact.8/ 

r4ANAGEMENT OF FOREST VISITORS 

Two general patterns of visi tor  management can help reduce the effects of 

The second is t o  help people 
forest debris on amenity values. 
unattractive areas, as suggested in guideline 1 .  
understand what they see. 
i s  being practiced will be most effective when a l l  stages of a rotation are 
clearly in view, as suggested in guidelines 4 ,  5, and 6. 
people avoid o r  unders tand debris areas are  as follows: 

The f i r s t  i s  t o  guide visitors away from 

Explanations t o  convince people t h a t  "good forestry" 

Guidelines for helping 

13. Identify and mark "scenic routes" t h a t  avoid areas of slash and bare 

Roads into especially unsightly areas may 
ground along secondary road systems. Such routes wi77 need t o  be modified from 
time t o  time as rotations progress. 
need t o  be blocked. 

14. Relocate t r a i l s  t o  avo id  unsightly stages of rotations. 

15. Create overlooks o r  short tours t h a t  permit a visi tor  t o  see a l l  stages 
of  sus tai ned vi el d timber manaaement--i ncl udi na s l  ash and bare around--wi thi n a 
small area. 

16. Use booklets, audio stations, cassette tape tours, short-range radio 

Consider "Why would he find this interesting?" n o t  jus t  

transmitters (received through v is i tor ' s  car r a d i o ) ,  o r  other means t o  help people 
understand what they. are seeing. I n  such communications, messages must be reward- 
ing t o  the visi tors .  
"What do we want him t o  know?" 

The interim guidelines presented above offer no quick and easy solutions t o  
a growing problem. 
Many involve new costs t h a t  must be weighed against benefits. 
and perhaps public participation in decisions can clarify relative priori t ies ,  
these guidelines identify the major opportunities for reducing the recreational 
and esthetic problems caused by forest debris. 

Some of them deviate substantially from conventional practice. 
B u t  until research 

s/ Suggestion from Russell M.  Fredsall, Western Wood Products Association, 
May 1972. 
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BRUSHFIELD RECLAMATION AND TYPE CONVERSION 

H. Gratkowski 

ABSTRACT 

Approxzhately 4.4 miZ2ion acres (1.8 milZion ha) of 
commercia2 f o re s t  Zand i n  the Pacif ic Northwest are occupied 
by brushfieZds or weed trees .  In addition, another 2.8 
milZion acres (1.1 milZion ha) are i n  we22 stocked stands 
of red alder and bigZeaf mapZe. The rap idZy  increasing 
demand for f o r e s t  products in t h i s  Nation and throughout the 
UorZd makes it urgent . that  t h i s  Zand be recZaimed and 
reforested with productive young stands of conifers.  

Brush composition varies from tough evergreen chaparra Z 
on highZy productive DougZas-fir coastaZ s i t e s  i r r  southwest 
Oregon t o  a predominance of deciduous species on dry 
ponderosa pine s i t e s  i n  eastern Washington. 
Ranges, hardwoods vary from evergreen tanoak am? Pacif ic 
madrone i n  southwest Oregon t o  the deciduous red aZder and 
bigZeaf maple in western Washington. 

I n  the Coast 

S i t e  preparation i n  the Pacif ic Northwest thus far has 
invo2ved mechanicaZ scarification or eradication, prescribed 
burning, and appZication of herbicides; but combinations of 
methods have proved necessary in recZamation of most brushy 
s i t e s .  I t  seems reasonabZe t o  expect that  siZvicuZturaZ, . 
reclamation, and type conversion operations on these Zands 
W i Z Z  produce 150 t o  200 miZZion tons (136 t o  181 milZion 
metric tons)  of woody p Z m t  residue tha t  must be burned, 
shredded, muZched, or destroyed i n  the process. Ef fects  of 
the s h d  and hardwood communities on Zand management and 
disposaZ of shrub and weed tree  residues must be considered 
i n  appraisaZ of f o r e s t  residue probZems. 

Keywords: Brushfield reclarnation--brush control 
herbicides; s i t e  preparation. 

INTRODUCTION 

Extensive areas o f  rough mountainous terrain i n  Oregon and Washington are 
more suitable for timber production and recreation than  for any other use. 
Fertile soils are combined w i t h  a relatively mild climate, heavy r a i n f a l l ,  
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and native conifers t h a t  a t ta in exceptionally large s ize a t  maturity. 
resul t ,  th i s  area--especially the Douglas-fir region west of the c res t  of the 
Cascade Range--has the greatest  concentration of highly productive forest  l a n d  
in the Nation (USDA Forest Service 1965a). 

As a 

However, the Pacific Northwest also has a rich flora of other vegetation 
w i t h  an  abundance of aggressive shrubs and weed trees t h a t  quickly occupy new 
burns and cuttings not immediately reforested with conifers. The same condi- 
tions t h a t  make the region productive forest l and  also favor ecesis and growth 
of this  competitive vegetation. 

Approximately 6 miHion acres (2.4 million ha)  of commercial 
i n  the Pacific Northwest are now occupied by brushfields, weed t rees ,  and stands 
of undesirable hardwoods (Gratkowski e t  a l .  1973). This land must be reclaimed 
and reforested in the near future,  i f  we are t o  provide an adequate supply of 
forest  products 50 t o  100 years from now. B u t  land occupied by other vegetation 
requires treatment t o  reduce vegetative competition before reforestation or 
before conifer stocking can be increased t o  an acceptable level .  Eradication 
and other s i t e  preparation treatments will produce large amounts of forest  
residues t h a t  must be disposed of during reclamation. 

forest  land 
.,I 

EFFECTS ON LAND MANAGEMENT 

Brushfields and brush control problems affect  fores t ,  wildl i fe ,  watershed, 
and range management. 
add t o  cost of administering productive lands, 
are interested in converting brushfields t o  more productive types of vegetation 
wherever possible and economical ly feasible.  

Brushfields and stands of weed trees reduce income and 
Most land managers, therefore, 

On forest  land, brush species and weed trees compete with more desirable 
trees for  l i gh t ,  soil  moisture, and nutrients.  As a resu l t ,  forest  landowners 
suffer economic losses t h r o u g h  delayed stocking, understocking, and reduced 
growth of trees of a l l  ages. Brushfields also harbor animals, insects,  and 
other forms of l i f e  t h a t  can be detrimental t o  t rees .  Some shrubs are al ternate  
hosts for  diseases t h a t  cause large financial losses and eliminate excellent 
t ree species from si lvicul tural  consideration in areas where they would otherwise 
be desirable components of mixed conif r forests .  And although some native trees 

Barrueco and Bond 1968, Bond 1967) ,  many have only limited favorable effects  on 
soil and some have allelopathic effects on other species, resulting in a sparse 
vegetative cover t h a t  a1 lows erosion t o  occur (Gratkowski 1961a). 

and shrubs such as alder and ceanothus-1 'i f i x  atmospheric nitrogen (Rodriguez- 

Fire control can be especially troublesome in brushfields; for such areas 
require protection and lack access, making f i r e s  d i f f i cu l t  t o  control. 
especially, i s  noted for i t s  flammability (Plummer 1911, Buck 1951). Chaparral 
no t  only burns with intense heat, b u t  construction of f i re l ines  i s  a laborious 
process, f i r e  fighters are hampered and res t r ic ted ,  and escape in emergencies can 
be impossi-bl e.  

Chaparral, 

Watershed managers prefer 'a  plant cover t h a t  will maintain or improve the 
s i t e  while yielding maximum amounts"of usable water t h r o u g h o u t  the year. I f  

- 1/ Scientific and common names are l i s ted  a t  the end of th i s  chapter. 

k 
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several types o f  vegetatfon wfll accomplish th i s  equally well, the type t h a t  will 
produce the greatest  economic return i n  merchantable products i s  preferred. 
Brushfields s tab i l ize  soil  and protect a watershed from erosion b u t  yield l i t t l e  
or no economic return; th i s  l imits funds available f o r  development of roads and 
other access for  f i r e  protection, stream maintenance, and erosion control. As a 
resul t ,  large f i r e s  and subsequent excessive erosion are more a p t  t o  occcur and 
adversely affect  water quality on brush covered watersheds t h a n  on forested 
watersheds. 

Final ly ,  many northwestern shrubs and weed trees are valuable browse and 
food plants for  ca t t l e ,  sheep, and wildlife (Dayton 1931), while others only 
provide cover and have l i t t l e  browse value. Selective grazing can eliminate 
desirable browse species and allow the less desirable species t o  occupy the 
s i t e s .  In addition, many of the leas t  desirable species are aggressive and 
occupy s i t e s  so completely t h a t  they exclude more desirable vegetation from the 
area. 

However, brush species and weed trees should no t  be considered completely 
undesirable on forest  lands .  They are natural components of a77 forest  communi- 
t i e s ,  and many undoubtedly have beneficial influences in forest  ecosystems t h a t  
have n o t  yet been detected in our limited ecological studies. 
ea r l i e r ,  trees and shrubs of several genera (AZnus, Ceanothus, Cercocapus) f i x  
atmospheric nitrogen and improve soil  f e r t i l i t y .  Shrub communities also provide 
excellent cover for wildlife;  and many shrubs, such as deerbrush ceanothus and 
redstem ceanothus, are excellent browse species. Others--serviceberry, elder- 
berry, and cherry, for  example--provide food for wildlife.  
are even considered delicacies by man; special effor ts  are being made t o  
perpetuate and manage huckleberry brushfields on Mount Adams. 

As stated 

Fruits of some shrubs 

A great number of shrubs and hardwoods are also esthetically desirable for  
These should be retained for their  beauty in the i r  flowers, foliage, and form. 

and a b o u t  recreation areas and travel routes. 

In the southern po r t i on  of the Douglas- fir region, especially on south and 
southwest slopes, many shrubs serve as nurse crops fo r  young conifers, p rov id ing  
shade and ameliorating harsh microclimatic conditions t o  a degree t h a t  favors 
survival and establishment of coniferous t ree seedlings. And i n  fo res t  c u t t i n g s ,  
retention of shrubs t h a t  are desirable browse species may a l s o  reduce browsing 
of conifers by wildlife.  

CURRENT KNOWLEDGE AND PRACTICE 

Brushfield reclamation and type conversion on a major scale are relatively 
recent s i lvicul tural  ac t iv i t i e s  i n  the Pacific Northwest; vegetation control a t  
reasonable cost became possible with the discovery of the phenoxy herbicides 
2,4-D (2,4-dichlorophenoxyacetic acid) and 2,4,5-T (2,4,5-trichlorophenoxyacetic 
acid) abou t  25 years ago. Before t h a t ,  mechanical eradication was the only 
practical method of s i t e  preparation for brushfield reclamation, b u t  i t  was 
expensive. And without effective, inexpensive too l s  such as herbicides t o  insure 
survival and dominance of the planted conifers, most areas were rapidly reoccupied 
by brush species. Further, the avai labi l i ty  o f  large supplies of old-growth 
timber a t  low stumpage prices made such investment o f  management funds relatively 
unappeal i ng t o  timber1 and owners. 
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However, reduction of our timber resource, 'increased demand for  forest  
products, and greatly increased stumpage prices during the past 30 years are 
causing foresters and landowners t o  reconsider reclamation of land occupied by 
brush species and weed trees.  
and type conversion. More will follow as effective and economical methods are 
devel oped. 

Many foresters are already engaged in reclamation 

EXTENT OF PROBLEM AREAS 

Precise figures for  acreage occupied by brush species and weed trees are 
no t  available. However, Forest Survey figures ' indicate t h a t  a t  l e a s t  4 .4  million 
acres (1.8 million ha)  of commercial forest  land in the Pacific Northwest are now 
e i ther  nonstock o r  poorly stocked with desirable tree species (USDA Forest 
Service 1965b).iy Approximately 1 . 3  million acres (0.5 million h a )  are nonstocked; 
and 3.1 million acres (1 .25  million ha) are so understocked t h a t  other vegetation 
i s  undoubtedly predominant on the s i t e s .  

In the Pacific Northwest, commercial forest  land t h a t  remains nonstocked by 
conifers for  several years will be occupied by other forms of vegetation. 
Experience indicates t h a t  th i s  vegetation must be removed or\ reduced in density 
before the s i t e s  can be reforested. Similarly, l a n d  w i t h  only small numbers of 
conifers almost invariably are predominantly occupied by native shrubs, forbs, 
grasses, o r  weed trees.  This competition, t oo ,  must e i ther  be reduced o r  be 
eliminated before the s i t e s  can be reforested or stocking can be improved. 

I n  addition t o  the 4.4 million acres (1.8 million ha)  nonstocked or poorly 
stocked with conifers and hardwoods, a t  l eas t  an additional 2 .4  million acres 
(1.0 million h a )  of highly productive commercial forest  land in the Oregon and 
Washington Coast Ranges are occupied by medium t o  well-stocked stands o f  red 
alder.  
map1 e.  

Another 0.4 million acres (0.2 million ha)  are stocked with bigleaf 

Alder i s  now logged and sold whenever possible. Under present conditions, 
however, markets are limited, and several investigators have concluded t h a t  most 
s i t e s  occupied by alder should be reclaimed and converted t o  conifer production 
(Ker e t  a l .  1960, Smith 1968, Yoho e t  a l .  1969) .  Under programs such as RESTOR, 
a reclamation program advocated by the Oregon-Washington Silvicultural Council, 
most of the 2.4 million acres (1.0 million h a )  occupied by alder would be 
added t o  the 4.4 million acres (1.8 million h a )  of brushfields and weed trees 
cited ear l ie r .  This would increase extent of brushfield reclamation and type 
conversion problem areas to  more than 6 million acres in the Pacific Northwest. 

I f  conversion of alder s i t e s  t o  conifer production i s  contemplated, conver- 
sion should i n i t i a l l y  be limited t o  young stands of alder and t o  s i t e s  where 

2/ - This estimate includes 85 percent of the commercial forest  land classi-  
fied as nonstocked amd 50 percent of the l and  c lassif ied as poorly stocked. 
Fifteen percent of nonstocked land  was considered as new burns and cuttings t h a t  
had not had time to reforest.  The 50 percent of land c lassif ied as poorly 
stocked i s  considered t o  represent land only 10 t o  24 percent stocked with 
desirable t ree species. 
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alder will n o t  a t ta in marketable size.  
conversion of these lands wil l  add large volumes o f  forest  residue t o  the 
disposal problem. 

Inevitably, s i t e  preparation and type 

BRUSH AND HARDWOOD TYPES 

A great variety of  shrubs and hardwoods i s  represented in these plant 
communi t i e s .  A1 ong the coast, they vary from evergreen, broad-scl erophyl 1 
forests  o f  tanoak and madrone in the south t o  red alder and bigleaf maple 
forests in the north.  Brush communities vary in composition from deciduous 
species in the northern Cascade Range t o  mixed evergreen and deciduous species 
in the southern Cascade Range ( f ig .  l ) ,  with a true chaparral in the Rogue River 
valley. East o f  the Cascade Range, evergreen species predominate in most brush- 
f ie lds  except those in the Okanogan highlands. 

Figure  1 .--Dense, r e l a t i v e l y  p u r e  s t a n d  of v a r n i s h l e a f  
ceano thus  i n t e r s p e r s e d  w i t h  b i g l e a f  maple on a 
c l e a r c u t  in the Cascade Range. 

These plant communities re f lec t  a corresponding variation in s o i l ,  topo- 
graphic, and climatic conditions (f ig .  2 ) .  This variation in habitats i s  further 
.reflected in major differences in coniferous forest  types. As a resu l t ,  manage- 
ment and manipulation of the myr'iad combinations of shrubs and hardwoods t o  
favor  establishment and growth of selected coniferous species in Pacific North- 
west forests  call  for  extrememly sophisticated--and in many cases, expensive-- 
si lvicul tural  techniques. 
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LEGEND 
1. Coast Ranges 3.Cascade Range 
2.Southwest Oregon 4.1ntermou ntain 

Figure  2.--Brush and hardwood prob lem areas in the 
P a c i f i c  Northwest. 
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Coas ta2 . - - In  the Oregon-Washington Coast Ranges and footh i l l s  of the Cascade 
Range in Washington, red alder and bigleaf maple are the dominant vegetation on 
2.8 million acres (1.1 million ha) of highly productive forest  land (Metcalf 
1965). In addition, brushfields composed o f  shrubs such as salmonberry, thimble- 
berry, vine maple, hazel, elderberry, evergreen huckleberry, and salal  occupy 
another 500,000 acres (202,350 h a ) .  Conifers are capable of rapid growth and 
development on almost a l l  th i s  l a n d .  A t  l eas t  2 .5  million acres (1.0 million h a )  
shoul d be recl aimed and reforested with conifers. 

Southwest Oregon.--Approximately 1 .O million acres (0.4 million ha) of 
productive forest  land in the Coast Ranges and Siskiyou Mountains of southwestern 
Oregon are occupied ei ther  by broad sclerophyll forests of tanoak and Pacific 
madrone with an understory of evergreen shrubs or by an evergreen chaparral of 
manzanitas, ceanothus, tanoak,  canyon l ive oak,  and other shrubs. 

Chaparral i s  the climax vegetation on many s i t e s  in the dry in te r ior  
portion of the Siskiyou Mountains and on most areas a t  low elevations in the 
Rogue River valley (Detling 1961). Such s i t e s  should n o t  be afforested. 

However, wetter s i t e s  in the western end of the Siskiyou Mountains and 
along the coast are occupied by broad-sclerophyll forest  and chaparral t h a t  
appear t o  be fire-induced subcl imaxes. 
these seral stages where conifer seed sources are present. 
seed sources are absent or inadequate, many s i t e s  near the coast can be 
reclaimed and reforested using techniques already available. 
sive, the investment i s  jus t i f ied .  The coastal s i t e s  are among the most 
productive forest  lands in the Pacific Northwest. 

Coniferous forests naturally succeed 
Where coniferous 

Although expen- 

Cascade Range.--Brushfields also occupy about  1 .O million acres (0.4 million 
ha)  of commercial forest  land in the Cascade Range. 
Siskiyou Mountains, evergreen trees and shrubs are predominant in the southern 
end of the Cascade Range. 
relat ively pure brushfields o r  grow in combination w i t h  golden chinkapin, 
Sierra evergreen chinkapin, quaking aspen, willows, b i t t e r  cherry, service- 
berry, huckleberries, and Ribes species. Northward, especially a t  low eleva- 
tions,  the proportion of deciduous species increases. In Washington, deciduous 
species predomi na t e .  

As in the Coast Ranges and 

Various species of ceanothus and manzanita form 

Intermountain.--Another 1 .6  mi l l i on  acres (0.6 mi l l i on  ha)  of brushfields 
and understocked stands are found in the ponderosa pine region o f  eastern Oregon 
and Washington. Most troublesome are snowbrush ceanothus, Sierra evergreen 
chinkapin, and a nonsprouting form o f  greenleaf manzanita. Included in th i s  
area estimate are the predominatly deciduous brush areas of the Okanogan h i g h -  
lands in northeastern Washington, where smooth menziesia, Rocky Mountain maple, 
mallow ninebark, willows, and snowbrush ceanothus are prevalent. 

These areas are colder, d r i e r ,  and have a much lower productive potential 
t h a n  forest  lands along the coast and on the west slope of the Cascade Range. 
Howevec, in t o t a l ,  they can produce a considerable volume of timber t h a t  wi l l  
be urgently needed in the future.  They should be reclaimed and reforested as 
soon as economically feasible.  
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CONVERSION AND RECLAMATION METHODS 

Brushfield reclamation and type conversion methods vary in the Pacific 
Northwest depending upon te r ra in ,  species -and density of vegetation, and objec- 
tives of  management. Mechanical eradication, prescribed burning, and chemical 
brush control are the primary methods of s i t e  preparation. 
combinations of treatments have proved necessary t o  a t ta in  adequate control of 
competitive vegetation to insure survival of planted conifers. S i te  preparation 
methods have been reviewed and discussed by Schubert and Adams (1971) and by 
Gratkowski e t  a l .  (1973). However, a brief consideration of the methods i s  
desirable, for  choice of method determines effects  on the s i t e  and influences 
type, volume, and distribution of resultant residues. 

On most s i t e s ,  

CHEMICAL BRUSH CONTROL 

Chemical brush control i s  widely used t o  release young conifers from a l l  
forms of competing vegetation and t o  prepare s i t e s  for  reforestation. 
however, i t s  greatest  use has been in release treatments rather than  in s i t e  
preparation. 

To date, 

Herbicides are usually applied as aerial  sprays in water, o i l ,  or oi l - in-  
water emulsion carr iers .  By f a r  the most widely used herbicides are low volat i le  
esters  of 2,4-D and 2,4,5-T. Application rates are usually 1 t o  3 lb .  acid 
equivalent per acre. 
f l i gh t  character is t ics  are better adapted than  those o f  fixed-wing a i r c r a f t  for  
aerial  spraying in mountainous terrain.  

Helicopters are used in applying the sprays, f o r  the i r  

In release treatments, no disposable wood residues are created. The dead 
plants are allowed t o  break down, f a l l ,  and decay in place. On new burns and 
cuttings,  release sprays are usually applied early in the l i f e  of the stand, 
stems are small in diameter, and residues are limited in amount. A l t h o u g h  f i r e  
hazard i s  increased for  a time and many consider the dead plants esthet ical ly  
undesirable, small shrubs break down and decay in a few years. However, when 
the t rees  are in well-established, mature stands of shrubs or hardwoods, 
decomposition may be slow. 
vary with species and climatic conditions. 

In both  cases, time required for  decomposition will 

I n  contrast ,  chemical sprays for s i t e  preparation are almost invariably 
applied on dense, well-established brushfields or stands of weed t rees .  
diameters are larger ,  volumes of residue are greater,  and decay takes much 
longer ( f ig .  3) .  
of the in i t i a l  spray. In most cases, however, the in i t i a l  aerial  application of 
herbicides precedes planting t o  reduce brush competition , imp.rove conifer 
survival , and minimize any possibi l i ty  that  the chemicals may damage newly 
planted young trees.  

Stem 

Planting of conifers may ei ther  precede or follow application 

Chemical s i t e  preparation i s  less  expensive t h a n  other methods and allows 
quick and easy treatment of large areas with minimum manpower (Gratkowski e t  a l .  
1973), b u t  i t  has several important disadvantages. 
over the possibili ty o f  environmental contamination must be given careful 
consideration. Aerial sprays must be applied precisely within the boundaries of 
the treatment s i t e  and kept ou t  of streams, lakes, and other ecologically sensi- 
t ive areas. 
es thet ical ly  undesirable, especially near urban or recreation areas. 

Increasing pub1 i c  concern 

Large areas o f  standing dead brush are also objectionable and 
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F i g u r e  3.--Dead tanoak  and P a c i f i c  madrone remain erect 
on this s i t e  10 y e a r s  a f t e r  a e r i a l  s p r a y i n g  t o  re- 
l e a s e  young conifers from e v e r g r e e n  s h r u b s  and weed 
trees. 

After reforestation, dead brush increases the f i r e  hazard for several years, 
and t h i s  can jeopardize plantations even af te r  the plants begin t o  break down. 
In addition, rabbits,  hares, and other browsing animals are protected from 
predators and move about  freely under dead brush. 
abundant ,  this can be a major disadvantage and resul t  in loss o f  most of  the 
planted trees.  
eradicated before planting. 

Where such animals are 

The chemically killed brush may have t o  be burned or mechanically 

PRESCRIBED B U R N I N G  

Prescribed burning of chemically desiccated brush i s  increasing as a method 
of s i t e  preparation. Any merchantable conifers and hardwoods are f i r s t  removed. 
Unmerchantable trees are then felled t o  add t o  the l o w  fuels ,  t o  provide a more 
compact fuel mass, and t o  decrease the f i r e  hazard during burning. 
(ammonium dini tro-sec-butyl phenate), phenoxy herbicides, or other sprays are then 
applied as desiccants t o  defoliate or ki l l  residual vegetation and increase i t s  
flammability. When a quick-acting, contact herbicide such as dini t ro i s  used-- 
or in the Coast Ranges, where brush species recover quickly--desiccated brush -is 
burned before the end of  the f i r s t  summer. When phenoxy herbicides are applied 
in other parts of the Pacific Northwest, maximum shrub ki l l  and desiccation, 
more complete fuel consumption, and cleaner, easier-to-plant areas are obtained 
i f  desiccated brush i s  burned a t  the end of the second summer. Burning also 
se t s  back resprouting shrubs a second time. 

Dinitro 
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I n  stands of low, brittle-stemmed brush species, desiccation can also be 
accomplished by crushing and compacting the shrubs with t ractors  (Bentley e t  
a l .  1971) o r  with t ractors  towing llarden brush cut ters  or similar equipment. 
Herbicides may be applied before crushing t o  ki l l  and desiccate the shrubs and 
speed the crushing process. 
down by mechanical equipment. 

The dead shrubs are more easily and quickly broken 

Effects of burning on s i t e  factors and the environment are covered in the 

However, burning of brushfields d i f fe rs  in many ways from 

other papers of this compendium and in many a r t i c l e s  and papers published during 
the past 50 years (Ahlgren and Ahlgren 1960, Isaac and Hopkins 1937, USDA Forest 
Service 1972, e t c . ) .  
burning of logging slash. 
evenly distributed over the area. 
those in wildfires,  b u t  the dense concentration o f  highly flammable fuels near 
the surface i s  consumed within a very short time. 
burning chemically desiccated brush. ' 

Fuels are generally smaller in s ize and much more 
Fuel distribution and types are more l ike 

This i s  especially true when 

Prescribed burning of desiccated brush usually involves greater volumes and 
more complete disposal o f  residues t h a n  any other method of s i t e  preparation. 
Residues may range from as l i t t l e  as 20 tons per acre (45 metric tons/ha) in 
small-stemmed stands of low brush t o  40 or 50 tons per acre (90 or 112 metric 
tonslha) i n  dense brush w i t h  some weed trees.  
acre (157 metric tons/ha) in many stands of alder,  bigleaf maple, o r  other 
hardwoods. 

Residues may exceed 70 tons per 

Prescribed burning has several advantages. I t  produces 1 arge, cl ear areas 
Many problem areas are in mountainous terrain t oo  t h a t  are easily.planted. 

steep for mechanical eradication. 
economically prepared for  reforestation by prescribed burning ( f i g .  4 ) .  Chemical 
s i t e  preparation can also be used on steep terrain,  b u t  spraying i s  n o t  effective 
in shrub communities in which species resis tant  t o  herbicides are abundan t .  
Spraying only removes susceptible species. I t  releases resis tant  shrubs and 
leaves them t o  occupy the , s i t e ,  so t h a t  l a te r  release of planted trees i s  much 
more d i f f i cu l t  and expensive. I n  contrast ,  chemical desiccation followed by 
controlled burning burns o u t  the dead shrubs and t rees ,  k i l l s  the crowns of 
resis tant  species, and clears the s i t e  enough t o  a l low p l a n t i n g  of conifers. 
Properly timed, f i r e  will also se t  back resprouting shrubs a second time, 
further deplete food reserves stored in the roots,  and reduce l a t e r  resprouting 
and competition. Since herbicides are generally more effective on sprouts t h a n  
on mature shrubs, release sprays can be used t o  maintain dominance of planted 
conifers over resprouting brush and other vegetation reoccupying the prepared 
s i t e .  

Such areas can only be effectively and 

However, controlled burning also has several major disadvantages. Smoke 
pollution i s  unacceptable in some areas such as the southern end of the Willamette 
valley. 
meteorlogical conditions, when convection columns will carry smoke to high 
elevations and disperse i t  t h r o u g h  deep jayers of unstable a i r  where wind will 
carry i t  away from densely populated areas (Dell and Green 1968, Cramer and 
Graham 1971 ) .  
near urban areas. 

B u t  smoke reaching urban areas can be minimized by burning under proper 

Charred and blackened areas may also be esthet ical ly  undesirable 

Burning i s  n o t  advisable on highly erosive so i l s ,  and erosion may also occur 
on other so i l s  i f  f i r e s  aye so intense t h a t  the soil surface i s  completely denuded 
and roots and other organic matter are burned o u t .  
resprout i f  f i r e s  are less  intense and do not ki l l  the roots and root crowns, 

Although many shrub species 
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most sprouts and brush seedlings are easily controlled with inexpensive herbici- 
dal sprays. 
high hazard areas, where escapes or spot f i r e s  can resul t  in large financial 
losses or be especially d i f f i cu l t  t o  control. 

Finally, burning may also be undesirable adjacent t o  high value or 

F i g u r e  4.--Young D o u g l a s - f i r s  i n  open  on an o l d  s k i d  t r a i l  
where  l o g g i n g  d e b r i s  was removed before s l a s h  d i s p o s a l .  
T h e  t a l l ,  d e n s e  cover o f  v a r n i s h l e a f  c e a n o t h u s  s h r u b s  
i n  the background  shows  where  l o g g i n g  s l a s h  was broad-  
c a s t  b u r n e d ,  i n d u c i n g  g e r m i n a t i o n  o f  c e a n o t h u s  s e e d s  
i n  the so i l .  

Despite i t s  disadvantages, prescribed b u r n i n g  will probably be a necessary 
pa r t  of treatment in reclaiming much o f  the forest  land occupied by brush 
species and weed t rees  i n  the Pacific Northwest. 

MECHANICAL ERADICATION 

Mechanical eradication of brush species has been the most widely used method 
o f  s i t e  preparation in the Pacific Northwest. 
toothed brush blades have proved most suitable fo r  such work. 
i s  e i ther  piled or windrowed on the s i t e .  

Large tractors equipped w i t h  
Eradicated brush 

Use of t ractors ,  however, i s  necessarily limited t o  slopes with gradients 
of 30 percent or  less .  A l t h o u g h  some 35-percent slopes have been treated, 
t ractors  must work u p  and down slope t o  minimize danger of overturning the 
equipment. On such slopes, less  acreage can be cleared per hour,  and less  
complete clearing i s  sometimes accepted as an a1 ternative. 
brush between cleared lanes and patches can harbor rabbits and other animals 

However, undisturbed 
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t h a t  need move only a short distance into the open t o  c l ip  planted trees 
(Gratkowski and Anderson 1968). Cleared lanes have also served as passageways 
for deer and ca t t l e  t h a t  browse and trample young trees (Gratkowski 1961a). On 
many National Forests, complete clearing i s  preferred t o  reduce animal damage, 
minimize brush competition, and increase plantation survival. 

those burned in chemically desiccated brushfields. Although total volumes of 
residue may be the same as on sprayed-and-burned s i t e s ,  many piles and windrows 
on mechanically cleared areas need n o t  be burned unless tree-eating animals are 
a b u n d a n t  and the piles might harbor animals t h a t  would threaten survival of the 
plantation. 

0 

Volumes of  debris burned on mechanically cleared s i t e s  are usually less t h a n  

Complete mechanical eradication i s  probably the most effective of a l l  methods 
o f  s i t e  preparation for  surviva7 of young conifers. 
eliminated, sprouting species are drast ical ly  se t  back, and the trees are provided 
fu l l  sunlight and reduced competition for  limited soil  moisture during the dry 
summer season. Selective aerial  sprays can be used l a t e r  t o  ki l l  new brush 
sprouts and seedlings and insure dominance of the young conifers. Unlike chemical 
s i t e  preparation o r  prescribed burning, mechanical eradication does n o t  leave 
esthet ical ly  objectionable standing dead brush nor blackened, scorched areas. 

Nonsprouting species are 

On the other hand,  mechanica’l eradication i s  usually the most expensive 
method of s i t e  preparation. Loose topsoil on denuded slopes i s  also subject 
t o  erosion during the winter following treatment, and even a small amount of 
soil movement can discolor streams and rivers for  miles a f t e r  leaving the 
disturbed area. 
content--may be compacted by the heavy equipment, i f  clearing i s  done during 
wet weather. 

In addition, surface soil--especially soi ls  w i t h  a h i g h  clay 

TREATI-IENT AFTER REFORESTATION 

On a l l  s i t e s ,  invading vegetation, new germination, and resprouting brush 
and weed trees can compete severely with conifers for l igh t  and for  limited soil  
moisture during the -dry summer season. Aerial sprays can be applied t o  reduce 
this  competition and increase survival of the young t rees .  Such sprays are 
usually applied within 1 t o  4 years a f te r  planting, before competition becomes 
serious. No residue disposal problems are created. Stems are small, amounts 
are limited, and the residues can be allowed t o  f a l l  and decay on the s i t e .  

VOLUME OF RESIDUES 

RECLAMATION AND TYPE CONVERSION RESIDUES 

Biomass da t a  for  Pacific Northwest brush and weed t ree communities are 
practically nonexistent. However, similar b rush  types in California (Bentley 
1967, Green 1970, Bentley e t  a l .  1971) and other areas provide a minimal basis 
for estimates of dry matter per acre as l i s ted  below: 
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Tons of dry 
ma t t e r/ a cr e?/ 

Average residue 
per acre11 

Red alder,  bigleaf maple, understory shrubs 
Broad-sclerophyll forest  ( tanoak madrone) 
Chaparral with some tanoak  and madrone 
Chaparral (coastal)  
flixed coastal deciduous and evergreen brush 
Varnishleaf o r  blueblossom ceanothus 
Chaparral ( in te r ior )  
Snowbrush, deerbrush, redstem ceanothus 
Mixed deciduous brushfields in Cascade Range 
Manzanita, snowbrush, and Sierra chinkapin 

Total residue 
dry weight 

30 t o  > 80 
50 t o  > 75 

50 
40 
35 
35 
30 
25 
25 
24 

Preliminary calculations (Table 1 ) indicate t h a t  potential brush and weed 
t ree residues from brushfield reclamation and conversion of  hardwood stands 
could approach 240 million tons (218 million metric tons),  dry weight. Of 
course, no t  a l l  such residues must be destroyed. Where conifers are planted 
under chemically killed brush and weed t rees ,  dead shrubs and trees a r  allowed 

mammals will n o t  threaten survival of planted conifers, piles and windrows 
need n o t  be burned. Even so, i t  seems logical t o  expect t h a t  a t  l eas t  150 t o  
200 million tons (136 t o  181 mil1ion.metric tons) o f  brush and weed t ree residues 
must be burned o r  otherwise disposed of during brushfield reclamation and type 
conversion operations in the Pacific Northwest. 

t o  d rop  and decompose on the s i t e .  And on mechanically cleared areas 4 w ere  small 

2’ Estimates are for  a l l  aerial  parts of trees and shrubs plus l i t t e r .  

Table 1 .--Estimate of potential brush and weed tree residues from brush 
contro 2, brushfie Zd recZamation and type conversion operations 
i n  Oregon axti Washington 

I I I 

Area Acres 

Coastal 2 , 500,000 
Southwest Oregon 1,000,000 
Cascade Range 1,000,000 
Intermounta i n 1,600,000 

50 
45 
30 
24 

125,000,000 
45,000,000 
30,000,000 
38,400,000 

238,400 , 000 
(2,468,670 ha)  (216,276,480 

metric tons) 

Total 6,100,000 -- 

1/ Estimates of average residues based upon  distribution of plant 
communities and average density of brush and weed t ree types in the 
designated areas. 

1-13 



SILVICULTURAL RESIDUES 

Cul tu ra l  residues of brush and weed trees also require consideration. Such 
residues will resul t  from s i lvicul tural  treatments: ( 1 )  t o  release young stands 
of conifers from overstories of brush and  weed t rees ,  ( 2 )  t o  increase growth 
rates of trees i n  older stands by controlling brush understories, or  (3) t o  
release trees growing in association with less desirable hardwoods by eliminat- 
i n g  the hardwoods and less desirable conifers w i t h  herbicides o r  s i lvicides.  
Release and increased survival and growth of desirable conifers are achieved by 
reducing competition of other vegetation for  l igh t  and f o r  soil  moisture during 
the dry summer season. 
than t h a t  f o r  l igh t  and moisture on most northwestern forest  so i l s .  
s i lvicul tural  methods for handling these problems are presented in table 2 .  

Competition for nutrients i s  probably less  detrimental 
Alternative 

I n  well-stocked young stands, management has several choices. I t  may e lec t  
t o  do nothing, balancing any reduction in growth rates against cost of  release 
treatments and interest  on the investment. Even i f  release treatments are 
elected in well-stocked pole-sized or younger stands, no residue disposal problem 
wi l l  be created, since the dead material i s  allowed t o  break up ,  f a l l ,  and  decay 
in place. Fire hazard, however, may be increased for several years a f t e r  
treatment . 

In  understocked stands, however, volumes of residue may equal o r  even 
This i s  especially 

Residues on such areas 

exceed those resulting from reclamation of nonstocked s i t e s .  
true in pole-size and o ld- growth  stands where snags, decayed t rees ,  and logging 
debris may add greatly t o  residues of  lesser vegetation. 
can easily exceed 100 tons per acre (224 metric tons/ha). 

I t  must also be noted t h a t  many new burns and cuttings are being occupied 
by brush species and weed trees due t o  fa i lure  of reforestation effor ts  and 
lack o f  adequate natural seed sources. Reclamation o f  these s i t e s  will add 
appreciable volumes of residues t o  our disposition problems in the future. 

Furthermore, a recently announced U.S. Forest Service policy i s  t o  seek 
o u t  National Forest lands t h a t  have been seeded or planted with o f f s i t e  stock 
and reforest them w i t h  more suitable t rees .  Many plantations of o f f s i t e  stock 
have already fai led,  and the s i t e s  are occupied by native shrubs and weed trees.  
Others were probably classed as medium o r  well stocked even though the trees 
were no t  grQwing well and obviously were n o t  suited t o  the i r  new environment. 
Such areas must be reclaimed and reforested with stock from appropriate seed 
sources under the new policy. A t  th i s  moment, no reasonably rel iable  figures 
for such acreage o r  volumes are available. However, i t  i s  obvious t h a t  addi- 
t i o n a l  volumes of residues will be created and must be disposed of in reclaiming 
these s i t e s .  

Luckily, many such areas have seeded in naturally from adjacent native seed 
sources and are now well stocked with young trees adapted t o  the s i t e .  
areas, young o f f s i t e  trees can be removed in normal thinning and cleaning opera- 
tions. 
t h a t  the weak t rees  wi l l  n o t  serve as hosts fo r  insects and diseases t h a t  may 
then infest  and infect the new native stock. 

On such 

On some s i t e s ,  s i lvicides m i g h t  be used t o  ki l l  older,  o f f s i t e  trees so 

Where young, pole-size trees o f  of f s i t e  stock are involved, marketable 
material can be harveste? and sold. However, special care must be exercised 
t h a t  good, genetically suitable young trees t h a t  have naturally seeded in on 
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Table 2.--SilviculturaZ choices in stands of conifers with  brush understories or growing 
amid shrubs and weed treesl/ 

Age 
of 

stand 

Old growth 

Pol e- si ze 

Seedling and 
sap1 i ng 

Stand 

Understocked 

1 .  Harvest and refores t  
a .  harvest a l l  merchantable t r ee s  
b. prepare s i t e  fo r  refores ta t ion  
c .  refores t  with sui table  conifers 

1 .  No treatment, or  

2 .  Harvest and refores t  
a .  harvest a l l  merchantable t rees  
b. prepare s i t e  f o r  refores ta t ion  
c .  refores t  w i t h  su i table  conifers 

3 .  Improve stocking 
a .  control brush and weed t r ee s  t o  

b. in terplant  t o  increase conifer 
release the  conifers 

stocking 

1 .  Release t r ee s  t o  improve conifer 
growth r a t e s ,  o r  

2. Release and improve conifer  stocking 
a .  control brush and/or weed t rees  
b. in terplant  t o  increase conifer 

stocking 

3 .  Reclaim and refores t  
a .  prepare s i t e  fo r  refores ta t ion  
b .  replant w i t h  su i table  conifers 

mdi t i on 

Medium o r  well stocked 

(No problem) 

1 .  No treatment, or  

2.  Release conifers t o  improve growth r a t e s  
a .  i f  competition i s  hardwoods with crowns 

exposed between those of the conifers ,  
control hardwoods with ae r i a l  spray o r  by 
hack-squirt, basal spray, mist blower, o r  
other use of herbicides 

b.  i f  competition i s  in understory, use 
se lec t ive  method such as hack-squirt, 
basal spray, mist blower, or  other 
treatment in understory 

1 .  No treatment, or  

2. Release conifers with se lec t ive  ae r i a l  
spray 

I/ On a l l  s i t e s  where young conifers a r e  planted, apply herbicidal spray whenever needed to  control 
regrowth of competing vegetation and insure survival and growth o f  the young t r ee s .  
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these areas are n o t  destroyed in the process, reducing stocking below desirable 
levels. I f  this  might occur, i t  may be best t o  k i l l  bo th  merchantable and 
unmerchantable o f f s i t e  t rees  by injecting them with s i lvicides such as 
cacodylic acid, picloram, or amines of the phenoxy herbicides. Residues may be 
disposed of in the same way as other thinning slash, or treated trees may be 
l e f t  standing t o  break up  and decompose on the s i t e .  
branches wi1.1 break of f ,  then larger and larger branches and 'limbs, u n t i l  only 
snags are l e f t  t o  f a l l  between the vigorous young conifers. This will minimize 
damage t o  the new young stand. I t  may be desirable t o  f a l l  the snags t o  reduce 
f i r e  hazard, b u t  decomposition in place simplifies disposal problems. 

F i rs t ,  the f iner  dead 

HARDWOOD HARVESJING RESIDUES 

Harvesting residues are derived from two main sources in stands of Pacific 
Northwest hardwoods--most from harvesting red alder b u t  some from chipping 
tanoa k for  pul pwood. 

Unfortunately, a l l  alder in a stand i s  no t  uniform in s ize nor equally 

After the 
sound. 
of t o  reduce the f i r e  hazard and prepare the s i t e s  for  p l a n t i n g .  
merchantable t rees  are removed, unmerchantable t rees  are fel led t o  add t o  
brush and 'logging slash fuels ,  and residual l ive brush i s  desiccated w i t h  
herbicides. 
the s i t e  f o r  reforestation w i t h  conifers. On such areas,  weight of residues 
burned may range from 50 t o  100 tons per acre (112 t o  224 metric tons/ha). 

As a resu l t ,  unmerchantable t rees  and residual brush must be disposed 

Slash, fe l led t rees ,  and desiccated brush are then burned t o  prepare 

I t  i s  possible--even probable--that technological advances will develop 
new and increased markets f o r  alder wood and f iber .  If th i s  does occur, i t  may 
act in two ways t o  reduce volumes of alder residues in the future.  

F i r s t ,  a l t h o u g h  alder stumpage prices are low and the market i s  more 
1 imited and fluctuates more than  t h a t  for conifers, alder approaching market- 
able size i s  being held by many landowners who hope t h a t  markets will develop 
before the stands break down. Sale of this  material would help offset  conver- 
sion costs and reduce volumes of residue t o  be destroyed in ty.pe conversion. 
Unfortunately, alder i s  a short-lived species. Stands begin breaking down when 
50 t o  70 years old,  depending upon s i t e  conditions (Smith 1968). Many stands 
wil l  undoubtedly disintegrate before demand increases enough t o  absorb a l l  such 
alder t h a t  i s  available. Unless reforested with conifers a t  t h a t  time, the land 
may be occupied by semipermanent stands of brush species (Newton e t  a l .  1968) 

Second, i f  new or  increased markets for alder are developed, smaller land- 
owners, especially,  may f avo r  alder as their  forest  crop. 
regeneration of alder i s  relatively easy on prepared s i t e s ,  young alder grows 
rapidly, and th i s  species allows short rotations t h a t  would provide early and 
more frequent returns t o  the landowner. I n  contrast ,  conifers are often more 
d i f f i cu l t  to regenerate and require longer rotations.  

Full natural 

In recent years, tanoak chips have gained f avo r  over red alder f o r  pulp. 
Full-length tanoak t rees  u p  t o  16 or 18 inches (40 or 46 cm) in diameter a t  
the b u t t  are fe l led ,  yarded t o  a portable mill on the area, debarked, chipped, 
and the chips blown into trucks for  transport. Residues on the chipper s i t e  
consist of  piles of tanoak bark,  chipper dust, and f ine part ic les .  
be scattered o r  burned in place a f t e r  the equipment i s  moved t o  a new s i t e .  

These can 
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However, another residue problem i s  created. Many small , unmerchantable 
tanoaks, madrones, and residual shrubs are l e f t  on the logged area. 
residual, vegetation must be ei ther  mechanically eradicated o r  fe l led ,  sprayed, 
and burned t o  prepare the s i t e  f o r  reforestation with conifers. 
reforested, the s i t e  will revert t o  a broad-sclerophyll brushfield. Volumes of 
residue on the logged areas a n d  chipper s i t e s  are estimated t o  range from 30 t o  
70 tons per acre (67 t o  157 metric tons/ha). 

This 

I f  n o t  promptly 

RIGHTS-OF-WAY RESIDUES 

Two types of rights-of-way a1 so contribute noteworthy volumes t o  the residue 
problem: u t i l i t y  rights-of-way and roads. Although neither may contribute large 
volumes, a t  l eas t  portions of the residue must be disposed o f .  

Brush and weed t ree control a long power1 ine rights-of-way are especially 
noticeable and esthet ical ly  undesirable because the broad,  s t ra ight  swaths 
extend down mountainsides , across roads and streams , their  geometric regularity 
at t ract ing a l l  eyes as they cut, through the random patterns of natural vegeta- 
tion. These residues are usually allowed t o  f a l l  and decay in place. By t h a t  
time, species resis tant  t o  herbicides will have resprouted and increased in 
proportion, making retreatment necessary. 
conversion t o  a permanent cover of low-growing grasses and shrubs t h a t  can 
provide food and cover for  wildlife.  

Far more preferable would be type 

Saplings and t a l l  shrubs dangerously obstruct vision on winding forest  
roads. Along highways, they obstruct scenic views for passing motorists. Road- 
side brush i s  frequently sprayed w i t h  herbicides; b u t  extensive s t r i p s  o f  dead 
brush, small t rees ,  and damaged conifers detract from the esthet ic  beauty of 
roads t h r o u g h  wood1 ands  and mountains. 

In the past, much roadside brush was manually cut ,  piled, and burned. 
Now, hammermill-type shredders and large rotary cutters w i t h  movable blades 
are being tested in an e f for t  t o  eliminate shrubs and saplings with Jess labor 
and a t  lower cost.  A l t h o u g h  shredders work well on level terrain,  they do n o t  
seem adaptable t o  the steep cuts and long f i l l  slopes character is t ic  of  Pacific 
Northwest forest  roads. And rotary cutters do no t  shred a l l  aerial  parts of 
the plants. They simply chew them o f f ,  leave conspicuous shredded stubs, and 
produce appreciable amounts of residue t h a t  should be piled and burned. When 
rotary cut ters  are used, spraying the newly cut stubs with herbicides will 
minimize resprouting and reduce the need for  future treatments. 

Roadside slash resulting from brush control should be chipped or piled and 
burned fo r  f i r e  control as well as esthet ic  reasons. In a t  l eas t  one instance, 
road construction debris has carried f i r e  from one clearcut t o  another (Bell 
[Dell] 1969). Disposition, however, i s  n o t  a one-time process. Roadsides 
provide an ideal habitat for  successive generations of t rees ,  shrubs, and herbs; 
and a planned program of maintenance should be standard operating procedure. 
Where herbicidal foliage sprays are used t o  control dense roadside shrubs, the 
chemically killed brush undoubtedly could also ac t  as a fuse carrying f i r e  from 
cutting t o  cutting. Lopping and chipping green shrubs t o  form a roadside mulch 
might ultimately reduce maintenance by preventing germination and growth of 
other vegetation. 

2,4,5-T in diesel o i l .  

To minimize res routing, stubs of lopped shrubs should be 
treated immediately w i t h  a 1 2  a e h g l  4 mixture of low volat i le  esters of 2,4-D and 

41 Twelve lb  (5.44 kg)acid equivalent per 100 gallons (378.5 l i t e r s )  of 
spray solution; 6 l b  (2 .72  k g )  of 2,4-D and 6 l b  (2 .72  kg)  of 2,4,5-T.  
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CURRENT RESEARCH 

B o t h  volume and type of brush and hardwood residues may be affected by 
Current research seeks more effective herbicides and research in progress. 

better methods of application, new methods of mechanical eradication, improved 
prescribed burning techniques, and technology t h a t  will allow use of wood and 
wood f iber  from shrub and t ree species t h a t  have no t  been ut i l ized in the past. 
New developments in the l a s t  category could appreciably reduce volumes of 
residues t h a t  must be removed o r  destroyed. 

HERBICIDES AND SILVICIDES 

Since discovery of 2,4-D and 2,4,5-T, new plant-control chemicals are 
.constantly being tested by herbicide manufacturers, industrial foresters ,  and 
Federal , State,  and industrial research organizations. Broad-spectrum herbi- 
cides are sought fo r  s i t e  preparation, more selective herbicides are sought t o  
control specific plants without injuring others, and new chemicals are  needed 
t o  control many species t h a t  are resis tant  t o  environmentally acceptable 
herbi ci des now avai 1 ab1 e.  

Discovery o f  new s i t e  preparation herbicides could temporarily increase 
annual volumes of forest  residues. 
many s i t e s  occupied by p l a n t  communities with species resis tant  t o  present 
herbicides. 
now available, additional acreage might be reclaimed on s i t e s  where reclamation 
i s  n o t  economically feasible now. 

Such chemicals might allow reclamation of 

And i f  effective new herbicides should be less  expensive t h a n  those 

Granular formulations of herbicides such a s  karbutilate (tert-butylcarbamic 
acid ester  with 3-(m-hydroxyphenyl>-l,l -dimethyl urea potassium cyanate) and 
picloram (4-amino-3,5,6-trichloropicolinic acid show promise for s i t e  prepara- 
tion i n  Pacific Northwest forests (Stewart 1972 I . Combinations of herbicides 
have also proved more effective than individual application of each herbicide on 
many species. Atrazine and. phenoxy herbicides, fo r  example, seem t o  have a 
synergistic effect  t h a t  resul ts  in increased ac t iv i ty  of the chemicals when 
applied together as an aerial  spray t o  control grasses and forbs in conifer 
plantations. I t  seems conceivable t h a t  synergistic combinations of other chemi- 
cals may also be found in chemicals used t o  control woody plants in preparing 
s i t e s  for reforestation. 

For s i t e  preparation, new herbicides must not only control many different  
p l a n t  species; they should also persis t  only a short time and have l i t t l e  o r  no 
undesirable effects  on water and soil  or on other l i f e  forms in the forest  
environment. After kill ing undesirable plants, rapid degradation or decomposi- 
tion of the herbicide i s  necessary to allow reforestation. Other plant l i f e  
must also be able t o  reoccupy the s i t e  in order t o  minimize soil  erosion and 
maintain quality of water from the treated area. 

New, more selective herbicides are also being sought t o  supplement those 
now available. Such chemicals are used in aerial sprays t o  release young coni- 
fers  from competition of  grasses, forbs, shrubs, and weed trees without damaging 
the conifers. New herbicides may extend seasons for  safe release of conifers 
and permit more safety , in  releasing susceptible species such as pines. In  some 
areas, i t  i s  also desirable t o  selectively control certain shrubs and weed 
trees without damaging similar plants t h a t  are good browse species or provide 
food and shel ter  for  wildlife.  Availability of new chemicals in t h i s  category, 
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however, will not  increase volumes of residues t o  be treated, removed, or 
destroyed. 
among the re1 eased plants. 

In  release treatments, dead shrubs are allowed t o  fa l l  and decompose 

MECHANICAL SITE PREPARATION EQUIPMENT 

Four methods have been used for s i t e  preparation and type conversion i n  
brushfields. These are: ( 1 )  pile or windrow and b u r n ,  ( 2 )  crush and burn,  
( 3 )  disk plow, or (4 )  masticate with hammermill-type f l a i l  choppers. Scarifi- 
cation and scattering of residues i s  a possible alternative where brush i s  
sparse and debris limited. 
allows proper distribution of planted seedlings. 

This eliminates bu rn ing  of residues and s t i l l  

Large tractors equipped with toothed brush blades have generally proved 
most effective fo r  eradicating and p i1  ing or windrowing brush on sui table terrain 
in the Pacific Northwest. Forest Service Equipment Development Centers have 
conducted exhaustive tes ts  of many types of brush rakes, root  plows, and add-on 
teeth or rakes for standard dozer blades (USDA Forest Service 1971). 

. 

Crushing breaks down shrubs and small trees so t h a t  the p l an t s  will die 
and desiccate. Crush- 
ing can be accomplished by sweeping the area w i t h  a bulldozer blade carried 
above the soil surface; blade height i s  varied depending upon brush species, 
size, and density. I t  i s  especially effective with relatively brittle-stemmed 
species such as manzanita and i s  usually more effective on mature brush than  
on young shrubs. 
in place. 

I t  also compacts the fuel and prepares i t  fo r  burning. 

The crushed brush i s  allowed t o  dry and then broadcast-burned 

Heavily weighted anchor chains have also been dragged across brushfields 
The chains may be attached between two heavy tractors moving t o  crush brush. 

parallel t o  each other o r  one end may be attached t o  a large water-filled steel 
ba l l  weighing several tons. This l a s t  method was tried recently in northwestern 
Cal ifornia--unsuccessful ly--on small tanoak and sclerophyllous brush in an o ld  
burn with slopes u p  t o  60 percent. Like bulldozing, anchor-chaining i s  probably 
more effective i n  crushing br i t t le-  and small-stemmed brush species. 

Where slopes do n o t  exceed 25 percent, brush may a l s o  be simultaneously 
crushed and chopped into small pieces with rolling choppers such as the Marden 
brush cutter.  
blades extending from the surface parallel t o  the axis of the drum. 
crushing, brush choppers are most effective on small- or brittle-stemmed species. 
I t  was ineffective on t o u g h ,  dense, chinkapin in a small t r i a l  i n  southwestern 
Oregon. On dense, heavy soi l s ,  brush crushed w i t h  rolling cutters will be 
compacted and can be burned after  i t  dries. 
Oregon, however, stem fragments were forced into the soil and allowed a i r  move- 
ment t o  dry the soil during the dry summer season. This increased mortality of 
young pines planted in the treated area. 

These are rolling, water-weighted drums with full-length chopping 
Like 

* 

On l i g h t  pumice soi ls  in eastern 

Disk harrows have also been evaluated by the San Dimas Equipment Develop- 
ment Center. 
t i l l  the upper layer of so i l ,  and incorporate p l a n t  residues and l i t t e r  i n  the 
t i l l ed  layer as humus. 
t o  gentle terrain and rangeland rather than the steep, rocky, mountainous 
terrain characteristic of most Pacific Northwest forest land. However, disk 

Like the brushland plow, such equipment i s  designed t o  chop brush, 

Like rolling choppers, such equipment i s  better adapted 
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harrows are being considered for use on chamise in California..?/ Harrows effec- 
tively chop the shrub crowns and tear  the burls from the roots,  so t h a t  most 
chamise i s  killed in two passes over an area. 
on dense chaparral and tough  species l ike scrub oak. 

Disk harrows are much l e s s  effective 

A method of partial  scarification on steep slopes has been attempted by 
a t  l eas t  one company. A cable system.was used t o  drag weighted steel drums u p  
and down slope t h r o u g h  aFder and brush in an e f for t  t o  open the stand enough 
t o  allow planting of conifers. Aerial applications of herbicides were planned 
t o  release the trees from residual and resprouting brush and alder.  

The San Dimas Center has also conducted tes t s  and f ie ld t r i a l s  of the 
Tree Eater, a hammermill f l a i l  chopping unit in a drum 30 inches (76 cm) i n  
diameter and 72 inches (183 cm) wide. Four rows of cu t te rs ,  70 in a l l ,  are 
mounted on four full-length hinge pins. Each f l a i l  cut ter  weighs 14 pounds 
(6.4 k g ) .  
mounted on the back end of a Case 750 t ractor  with 18-inch (46-cm) tracks 
and torque converter drive. 
The complete unit weighs abou t  25,000 pounds (17,340 k g ) .  
6-foot (1.8-rn) cleared swath of masticated residue t h a t  can serve as a mulch. 

The u n i t  i s  powered by a 325-hp (330-metric-hp) GElC diesel engine 

Operating speed of the cutting unit i s  1,800 r/rnin. 
I t  produces a clean 

However, the Tree Eater has several disadvantages. I t  has a h i g h  center 
of gravity, and side slope work must be limited t o  slopes of 20 percent or 
less .  
the Tree Eater can work uphill on slopes up t o  30 percent. Breakage and wear 
of the cutters are high. And where dust may be a problem, an air-conditioned 
cab may be needed t o  protect the operator from d u s t  and noise. The Center 
concluded t h a t  the Tree Eater cannot be recommended as a general, large-scale, 
land-clearing machine. 

Downhill work should be confined t o  slopes n o t  exceeding 10 percent, b u t  

Disposal of residues created by these various methods depends mostly upon 
the type of equipment used in s i t e  preparation. 
must be burned n o t  only t o  reduce the f i r e  hazard b u t  t o  c lear  the area for  
planting as well. I f  sprouts have developed from undamaged roots and r o o t  
crowns, burning will ki l l  the sprouts and further drain food reserves in the 
root  system. 

Crushed and desiccated brush 

Piled o r  windrowed brush also i s  usually burned, although the 
on such areas i s  generally f a r  lower t h a n  t h a t  in crushed brush or 
killed and desiccated with herbicides. The piles can shel ter  rabb 
small animals t h a t  browse trees.  Burning the piles or windrows i s  
i f  browsing animals are abundant .  

f i r e  hazard 
in brush 
t s  and other 
imperative 

Burning crushed brush or windrows will resul t  in a i r  pollutioll  that  can be 
undesirable. 
b u t  i t  can also resu l t  in a loss of some nitrogen from the s i t e .  The loss, 
however, can be of fse t  by application of f e r t i l i z e r  (Mayland 1967). Soil 
beneath piles and windrows may be heated t o  temperatures t h a t  will burn out 
humus and organic matter t o  a depth of a f o o t  o r  more beneath the surface. 

Burning can temporarily increase available nitrogen in the soil  , 

Personal communication from Lisle Green, Project Leader, Fuel-break 
project, Pacific Southwest Forest and Range Experiment Station, Riverside, 
California. 
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This can reduce soil  moisture storage capacity, and p l a n t e d  trees on severely 
burned s i t e s  may suffer from excessive soil  aeration. In addition, denuded 
s i t e s  on steep slopes may suffer serious erosion. This can affect  quality of 
water in streams flowing th rough  the burned area, and s i l t a t ion  may k i l l  aquatic 
insects and larvae in the streams. Soil movement may also bury some trees 
planted on the denuded slopes (Franklin and Rothacher 1962). 

PRESCRIBED B U R N I N G  

Electrical ignition techniques and flammable gels developed f o r  slash burn-  
ing in the past are being tested and adapted for burning desiccated brush 
(Schimke e t  a l .  1969). Electrical ignition can greatly increase safety of 
personnel in burning chemically killed brushfields.. Results of meteorological 
studies t o  reduce a i r  pollution during slash burning are a l s o  applicable when 
burning crushed o r  chemically desiccated brush.  

Current research i s  primarily aimed a t  refining old techniques rather t h a n  
developing new methods. Picloram and other herbicidal sprays are being tested 
as replacements for  dini t ro and other preburn desiccants used in the past. 
Slash-and-burn techniques are being t r ied on many areas t o  gain further experi- 
ence and refine th i s  method of residue disposal. The log-slash-spray-burn 
method described ea r l i e r  i s  an example of previously developed burning 
techniques adapted for  use on forest  land. 

UTILIZATION STUDIES 

FZoraZ greenery and crude drmgs.--Al though  large volumes of huckleberry, 
s a l a l ,  ferns,  and other vegetation are gathered for floral greenery in Oregon 
and Washington, th i s  will no t  appreciably reduce brush residues. Collecting 
simply acts as a pruning of the shrubs and the collected material i s  soon 
replaced by new growth.  

Cascara bark i s  harvested as a crude drug in the Pacific Northwest. 
Almost 2 million pounds were gathered and sold during 1964 (Douglas 1965). 
However, cascara usually occurs as only a minor component of hardwood stands, 
and ki l l ing the trees when stripping the bark probably serves only as a thinning 
process. The vacated space i n  the stand i s  soon occupied by residual species 
or sprouts. 

There appears t o  be no research in progress designed t o  develop additional 
markets for  greenery, crude drugs, or other special forest  products. 
conceivable t h a t  biochemical studies of shrubs, herbs, and other minor vegeta- 
tion in Pacific Northwest forests might resul t  in discovery of other plants t h a t  
could be harvested for  crude drugs. 
shrubs and weed t rees  could provide raw material for hardwood charcoal, wood- 
pulp, or similar products. 
research will be increased in the near future,  while large volumes of more 
readily usable logging slash are being burned each year in new cuttings. 

I t  i s  

I t  i s  also possible t h a t  large-stemmed 

However, i t  seems highly unlikely t h a t  th i s  type of 

Puckerbmsh puZping studies.--In Maine, weed trees and shrubs called 
"puckerbrush" were studied to determine the i r  potential as a source of f iber  
for the paper industry (Chase e t  a l .  1971, Gauvin 1972). 
o u t  ba rk ,  were conducted on stemwood, branches, roots, and stumps of grey birch, 
red maple, pin cherry, aspen, alder,  and willow. The raw material was pulped 
by the sulfate  process. 

Tests, with and with- 

Yields of unbleached pulp ranged from a low of 37 
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percent for alder t o  a high of  47 percent for red maple. 
produced the highest yield of various mixtures of raw material. The authors 
concluded t h a t  a t  l eas t  four species (gray birch, red maple, p i n  cherry, and 
aspen) can be pulped by the sulfate  process t o  produce a pulp equal to t h a t  
of standard commercial pulps. Bark increased diff icul ty  of bleaching, b u t  an 
overall yield of 30 to 35 percent of bleached pulp can be produced from these 
species. 

Stemwood without bark 

I n  the Pacific Northwest, red alder and other undesirable hardwoods have 
long been used as a small percentage of raw material in the paper industry. 
However, such species have n o t  been used as much as they could be due to the 
avai labi l i ty  of large amounts of more desirable and more easily processed 
coniferous p u l p  species. Utilization of hardwoods for  p u l p  probably will 
increase in the future as supplies o f  more desirable species are depleted and 
techno1 ogical advances provide improved processing methods for species now 
considered brush and weed trees.  In type conversion projects,  harvesting and 
sale of hardwoods could appreciably reduce amounts of residue from those species. 

A relatively recent development has been Menasha Corporation's use of 
tanoak chips in preference t o  red alder for pulp in southwestern Oregon. Longer 
f iber  length of tanoak allows more rapid operation of Fourdrinier machines and 
increased production. 

ECOLOGICAL RESEARCH 

Current ecological studies are mainly designed t o  obtain basic information 
concerning reproduction, growth,  and development of native shrubs and weed t rees .  
Fire i s  an  important environmental factor in the ecology of many brush species, 
and repeated f i r e s  have been responsible fo r  creating large, semipermanent 
brushfields on Pacific Northwest forest  lands (Gratkowski 1967). Many brush 
species are able t o  survive wildfires or prescribed burning by sprouting from 
burls, roots, o r  roo t  crowns (nueggler 1965, Gratkowski and Philbrick 1965). 
contrast ,  most conifers do no t  resprout, and  repeated f i r e s  decimate and then 
eliminate conifers from a s i t e ,  leaving a cover of f i r e  resis tant  brush species 
t o  occupy the area. Some shrubs also produce long-lived seeds that  evidently 
remain dormant b u t  viable in forest  soil  f o r  years until induced to germinate 
by heat from wildfires or prescribed burning (Quick 1959, Gratkowski 1961b, 1962). 
A better understanding of such relationships may provide a sound basis for  
modification o f  si lvicul tural  practices t o  minimize acreage occupied by brush 
species and reduce forest  residues in the future. 

I n  

Other studies have shown t h a t  growth of young conifers can be seriously 
reduced by overstories o f  brush or weed trees.  Snowbrush and red alder have 
been found to reduce growth of small conifers by more than 50 percent (Zavitkovski 
and Newton 1967) .  
young Doug1 as-f i r s  beneath the brush canopy (Lauterbach 1967 , Gratkowski 1967 , 
Gratkowski and Lauterbach 1974) .  
between conifers and brush species may aid in reducing future volumes o f  forest  
residue by indicating'the minimum number of species t o  be controlled when 
releasing trees from brush competition. 

Varnishleaf ceanothus also drast ical ly  reduced growth of 

An improved knowledge of interrelationships 

FUTURE RESEARCH AND DEVELOPMENT 

Much research and development are needed t o  provide s i l v i cu l tu r i s t s  with 
adequate knowledge and effective tools f o r  brushfield reclamation and type 
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conversion in the Pacific Northwest. Such research can be classified i n t o  f ive 
categories: ( 7 )  mechanical s i t e  preparation, ( 2 )  chemical brush control, 
(3) prescribed b u r n i n g ,  ( 4 )  ecologixal studies,  and (5)  ut i l izat ion.  

MECHANICAL SITE PREPARATION 

1 .  A special need exis ts  for mechanical eradication and scarification equipment 
that  can operate effectively and economically on steep slopes in mountainous 
terrain.  
and vegetative cover must be reduced t o  a degree t h a t  will assure successful 
establishment of planted conifers. Surface so i l ,  however, should n o t  be 
denuded or t i l l e d  o r  channeled t o  a degree t h a t  will resul t  in serious 
erosion during heavy winter rains. 

Prepared s i t e s  should be cleared enough t o  allow easy planting, 

2. Heavy, self-propelled shredders or choppers t h a t  can operate on f a i r l y  steep 
terrain would also be useful. 
plantable. 
only cut down brush and small weed trees b u t  shred and break up the residue 
into a mulch t h a t  could be deposited on the s i t e  t o  add t o  soil f e r t i l i t y  
and moisture retention. 
of residue disposal and could reduce new germination and resprouting of 
competitive vegetation. 
i t  could conceivably be used t o  shred piled and windrowed brush on s i t e s  
cleared with other equipment. 

Again,  the treated s i t e s  should be easily 
I t  would be especially desirable i f  such equipment would not 

In addition, mulching would eliminate the problem 

If such equipment can also operate on steep slopes, 

3 .  Also needed are self-propelled cut ters ,  choppers, or other equipment t o  
clear roadside brush rapidly and with a minimum of expensive manual labor. 
Such equipment should be designed t o  c lear  vegetation t o  10 or 15 f ee t  ( 3  
or 4.6 m )  from the road edge on the steep cuts and f i l l s  character is t ic  of 
most forest  roads. 
treated area w i t h  an es thet ical ly  acceptable appearance. 

Such equipment should shred residues and leave the 

CHEMICAL BRUSH CONTROL 

Several types of new herbicides and application equipment would be useful 
i n  treating brush and hardwoods and disposing of p l a n t  residues during s i t e  
preparation. Any new herbicides m u s t  n o t  only be effective; they should also 
be relatively inexpensive, persis t  for  only a short time a f t e r  controlling 
undesirable vegetation, and have l i t t l e  or no adverse effects on other l i f e  
forms or the environment. Among the types of chemicals and equipment needed 
are : 

1 .  New herbicides t h a t  will control species resis tant  t o  chemicals now a v a i l -  
able and t o  replace those discarded because they were environmentally 
unacceptable. 
And additiona’l se’lective chemicals are  needed to control undesirable species 
without damaging young conifers o r  other useful vegetation. 

Broad-spectrum herbicides are needed for s i t e  preparation. 

2.  Safe, easy-to-handle desiccants t h a t  can quickly k i l l  a l l  aerial  parts of 
a broad spectrum of brush species and allow the residues to  be burned a 
m o n t h  or two a f t e r  application. 
undesirable pyrolysis products. 

,Such chemicals also must 

3 .  Aerial spray equipment or easi ly  used additives t h a t  will 
control of droplet s ize,  minimize spray d r i f t ,  and insure 

not produce 

provide good 
accurate placement 
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of spray on the target area. Additives o r  sprays t h a t  the p i lo t  can see on 
the vegetation would be useful in insuring complete coverage during aerial  
application. 
s ize fo r  proper spray coverage and maximum control of shrubs and weed trees.  

Associated research i s  also needed t o  determine optimum droplet 

4. Chemical o r  biological agents t h a t  can be sprayed on dead brush and weed 
t ree residues t o  speed the i r  decomposition. Such materials .also must be 
without undesirable effects  on l ive plants, other forms of l i f e ,  or on the 
environment. 
into streams o r  adjacent. areas, and no t  pers is t  long a f t e r  accomplishing 
their  purpose. 

They should remain in the treated area, n o t  leach or wash 

Note: Agricultural sc ien t i s t s  have been investigating enzymes of sof t- rot  
pathogens t h a t  destroy pectin in cell  walls of plant t issues ( H a n k i n  1972) .  
Their work may provide a lead t o  comparable enzymes for woody plants. 
Degradation of mulched or shredded residues should be especially feasible,  
i f  such enzymes can be isolated. 

PRESCRIBED B U R N I N G  EQUIPMENT A N D  TECHNIQUES 

Effort in th i s  f ie ld  can probably be limited t o  adapting new or previously 
developed materials and techniques devised f o r  slash disposal. Electrical igni- 
t i o n  techniques and flammable gels seem especially promising t o  increase safety 
and control ignition in burning chemically desiccated brushfields. Meteorological 
studies f o r  smoke dispersal should also prove applicable. 

B u r n i n g  broad expanses of  uniformly low dense brush, especially chaparral, 
seems especially favorable for  production of f i r e  whirls. Fire whirls easily 
cross f i re l ines  and make f i r e  control d i f f i cu l t .  Ignition techniques minimizing 
th i s  tendency would add t o  safety and make prescribed burning more acceptable 
t o  many foresters .  

ECOLOGICAL RESEARCH 

Very few ecological studies of Pacific Northwest shrubs and weed trees have 
However, a sound knowledge of the ecology of native been conducted in the past. 

shrubs and weed trees and the i r  interaction with coniferous trees i s  necessary 
for  proper s i lvicul tural  management of shrubs and other competitive vegetation. 
Such knowledge would allow foresters t o  remove only those species needed t o  
insure successful reforestation and acceptable growth rates in established 
conifers. 

A better understanding of the ecology of native shrubs and hardwoods may 
also indicate practicable changes in harvesting methods t h a t  will create habitats 
favorable for regeneration of conifers b u t  unfavorable for  weed species. This, 
in turn, would reduce future acreage los t  t o  brush and weed t rees ,  reduce the 
need for expensive, laborious, and time-consuming reclamation treatments , and 
minimize amounts of residues t h a t  must be disposed of in brush control and type 
conversion operations in the future. 

I t  i s  also ent i rely possible t h a t  ecological research may reveal previously 
unsuspected favorable effects  o f  many species on the forest  environment. 
of such interactions has been almost completely neglected in the past. 

Study 

Studies of environmental effects  of brush control and s i t e  preparation 
treatments also must be increased. Studies should n o t  be limited t o  microclimatic 
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and other physical factors of the environment. All changes in the ecosystem must 
be detected and measured i f  foresters are t o  insure maximum benefits w i t h  m i n i m u m  
adverse effects  from vegetation management and s i t e  preparation. 
tion will also provide a better understanding of the effects  on logging, slash 
disposal, t h i n n i n g  and  other forest  management techniques as well. 

Such informa- 

Undoubtedly, increased ecological knowledge will also reveal t h a t  many s i t e s  
are more suitable fo r  production of  hardwoods t h a n  conifers. 
especially promising include red alder,  tanoak,  California laurel ,  bigleaf maple, 
Pacific madrone, and  golden chinkapin. 
on many s i t e s  have excellent form and a t ta in a size t h a t  should yield sawtimber 
useful for furniture and milled products. Genetic research t o  detect and  develop 
the best s t rains  of hardwoods could lead t o  increased ut i l izat ion and reduced 
residues from such species. 

Hardwoods considered 

Alder, tanoak,  and bigleaf maple trees 

UTI L IZATI ON RESEARCH 

Research i s  urgently needed t o  develop new uses and improved technology fo r  
ut i l izat ion of hardwoods such as red alder,  bigleaf maple, tanoak,  and chinkapin. 
Availability of great volumes of  conifer timber i n  larger trees has overshadowed 
th is  need in the past so t h a t  i t  has been almost completely neglected. However, 
considerable volumes of  hardwoods are available. 
old-growth conifer sawtimber makes i t  imperative t h a t  we now attempt t o  develop 
the technology t h a t  will allow us t o  use these hardwoods t o  supplement our  soft-  
wood resources. 

Rapid depletion of  available 

Increased ut j l izat ion would also provide funds t o  help pay f o r  converting 
these s i t e s  t o  production of  conifers, minimize wasteful disposal of usable 
material, and reduce disposal costs. In fac t ,  development of suitable technology 
for ut i l izat ion of hardwoods may show t h a t  some species are entirely acceptable 
and desirable on large acreages of Pacific Northwest forest l a n d .  
appreciably reduce residues t o  be disposed of as an expense of forest management. 
With species such as red alder,  i t  would also simplify and reduce costs of forest  
regeneration. 

This could 

Utilization research t h a t  seems desirable includes: 

1. 

2 .  

3 .  

4. 

Development o f  processing techniques and equ jpment to- increase production of 
p u l p  from alder and other hardwoods a t  reasonable cost. 

Drying schedules and processing equipment t o  produce useful lumber from our 
smal l e r  hardwoods. Such lumber might be further processed and manufactured 
i n t o  hardwood furniture or other milled products, thus a d d i n g  t o  diversif i-  
cation of wood-using industries in the Northwest. 

Biochemical studies of hardwoods and brush species may reveal additional 
special products and crude drugs t h a t  m i g h t  further increase ut i l izat ion of 
these ''weed species" and further supplement the regional economy. 

Special studies of smal 1-stemmed brush species t o  determine whether shrubby 
vegetation can be ut i l ized in production of usable pulp, mulches, packing 
materials, o r  other products. 
neglected. 

This f ie ld has been almost completely 
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These are  b u t  a few of the many types of studies t h a t  can be suggested. 
Favorable resul ts  from any of these, however, could serve t o  appreciably reduce 
wasteful disposition of potentially useful resources and save funds t h a t  can be 
better used i n  type conversion, brushfield reclamation, or improving growth of 
established conifers'. 

SUMMARY 

Between 4.4 and 6.0 million acres (1.8 and 2 .4  million ha)  of  commercial 
forest  l a n d  in the Pacific Northwest have been occupied by native shrubs and 
undesirable hardwoods. These lands require reclamation and reforestation or 
type conversion i f  they are t o  a t ta in  their  productive potential .  
however, will n o t  be easy; the shrubs and hardwoods include a great variety of 
herb, shrub, and t ree  species, many different plant communities, and much 
disparity i n  age and composition. 
numerous forest  types on s i t e s  w i t h  a wide range of soil  types, topographic, 
and climatic conditions. 

Reforestation, 

Furthermore, they are distributed t h r o u g h o u t  

Effective reclamation and type-conversion methods have included mechanical 
scarification and eradication, prescribed burn ing ,  and application of herbicides. 
Most s i t e s ,  however, require a planned program involving combinations of methods 
t o  allow successful establishment of conifers and to insure dominance of the 
young trees over germinating, resprouting, and invading competitive vegetation. 

Reclamation and type-conversion operations i n  Oregon and Washin ton can be 
expected to produce almost 240 million tons (218 million metric tons! of  forest  
residue t h a t  must e i ther  be disposed o f ,  concentrated, o r  accepted as an a d d i-  
tional f i r e  hazard for  many years while i t  decomposes on the s i t e .  I t  seems 
reasonable, however, t o  expect t h a t  a t  l eas t  150 t o  200 million tons (136 t o  
181 million metric tons) will have to be eliminated by prescribed burning or  
other methods t o  reduce the f i r e  hazard and prepare s i t e s  for reforestation. 
Silvicultural treatments, reclamation of areas previously planted with offsi  t e  
stock, and t h i n n i n g  and weeding w i t h  s i lvicides could add appreciable volumes of 
residue. All such material must be considered in any appraisal of forest  residue 
problems. 
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LIST OF PLANTS'' 

Scient i f ic  name Common name 

Acer circinutwn 
Acer g Zabmun 
Acer macrophy Z Z w n  
Acer rubmun 
AZnus sp. 
AZnus rubra 
Arne Zanchier spp.  
Arbutus menziesii 
Axtostaphy Zos spp. 
Arctostaphy Zos patuZa 
Betu Za popu Zi fo Zia 
Castanopsis chrysophy Z Za 
Castanopsis sempervirens 
Ceanothus spp. 
Ceanothus integerrimus 
Ceanothus sanguineus 
Ceanothus ve Zutinus 
Ceanothus veZutinus var. Zaevigatus 
Cercocarpus spp. 
CoryZus comuta var. caZifomica 
Gaultheria shaZZon 
Lithocarpus densi f Zoms 
Lithocarpus densif lora var . echinoides 
Menziesia gZabeZZa 
Physocarpus maZvaceous 
Pinus ponderosa 
PopuZus tremuZoides 
-nus spp. 
Pmnus emarginata 
Pmnus pensy Zvanica 
Pseudotsuga menziesii 
Quereus chyso  Zepis 
Rhamnus purshiana 
Ribes spp. 
Rubus parviflomrs 
Rubus spectabi Zis 
SaZix s p p .  
Sambucus spp. 
Umbe Z Zu Zaria ea Zi fornica 
Vaeciniwn spp. 
Vaccirriwn ovatwn 

vine maple 
Rocky Mountain maple 
bi gl eaf map1 e 
red maple 
a1 der 
red alder 
serviceberry 
Paci f i c madrone 
ma nza n i t a 
green1 eaf manzanita 
gray birch 
go'lden chinkapin 
Sierra chinkapin 
ceano thus 
deerbrush ceanothus 
redstem ceanothus 
snowbrush ceanothus 
varnish1 eaf ceanothus 
mountain-mahogany 
hazel , California. 
sal a1 
tanoa k 
shrub tanoa k 
smooth menziesia 
mallow-leaved ninebark 
ponderosa pi ne 
quaking aspen 
cherry 
b i t t e r  cherry 
pin cherry 
Douglas-fir 
canyon l ive oak ' 

cascara buckthorn 
currant 
thimbleberry 
salmonberry 
willow 
elderberry 
Cal ifornia-laurel 
huckleberry 
huckleberry , evergreen 

6/ - 
No. 41 , "Check List of Native and Naturalized Trees of the United States" 
(L i t t l e  1953). 
Flora of the Pacific States:  Washington, Oregon, and California" (Abrams 1955) 
or "An I l lustrated Manual of California Shrubs" (McMinn 1951). 

Scient i f ic  and common names are those given in Agriculture Handbook 

Those n o t  in t h a t  reference are ei ther  from "An I l lustrated 
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REGENERATION AND GROWTH OF COASTAL DOUGLAS-FIR 

Richard E. Miller, Richard L. Williamson, and Roy R. W e n  

ABSTRACT 

EnvirownentaZ requirements for regenerating coastal 
Douglas-fir m e  described. The e f f e c t s  of fores t  residues 
and various residue treatments on natural regeneration and 
growth are discussed; i n  generaZ, Zack of residue trea-tment 
favors regeneration of species more shade-to Zerant than 
Douglas-fir. Residues l e f t  a f t e r  harmest of old-growth 
stands are the most typ5caZ and most costZy t o  eZiminate 
especiaZZy where economics do not permit a high level  of 
u t i  Zization. 
for  wood products or f o r  so i l  h m s  and nutr ients  essent ial  
t o  soiZ productivity;  however, residues can aZso be f i r e  
hazards or obstacZes t o  other fores t  management objectives.  
Residues and t he i r  treatment a f f e c t  the e f f o r t  needed for 
regenerating, tending, and protecting the forest-- timber 
yieZds as  QeZZ as water, recreation, and wiZdZife are 
infZuenced. A detailed examination of conditions a t  each 
Zocation sbuZd routineZy precede the sZash treatment 
decision. In most s i tuat ions ,  conseruation of smaZ Z branches, 
t w i g s ,  and needles i s  important t o  s i t e  productivity,  
particuZarZy i n  managing immature or easiZy erodibZe so i l s .  
In fomation i s  presented to  heZp the Zand manager assess the 
confZicting vaZues of f o r e s t  residues and determine the best  
treatment for spec i f i c  s i t e  conditions. 

Some of these residues have potential  vaZue 

Keywords: Pseudotsuga menziesii--si t e  preparation , natural 
regeneration, soi l  productivity, t ree g rowth ,  
clearcutting, f i r e  effects .  

INTRODUCTION 

All organic matter of the forest  eventually f a l l s  t o  the forest  f l o o r  as a 
resul t  of natural stand development, catastrophic events, o r  man's ac t iv i t i e s .  
In commercially managed forests ,  man harvests whatever can be ut i l ized for  wood 
products; the remaining material i s  termed forest  residue. Under na tura l  condi- 
tions,  forest  residues are destroyed by wildfire o r  gradually mineralized o r  
modified t o  humus and incorporated into the mineral so i l .  

Currently, excessive accumulations of residues remaining a f t e r  harvest of 
old-growth stands are our most pressing residue problem in the Pacific Northwest. 
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Some of these residues have potential value for  wood products or for  soil  humus 
and nutrients essential t o  soil  f e r t i l i t y ;  however, i f  residues are l e f t  
untreated, they can also be f i r e  hazards o r  obstacles t o  other forest  management 
objectives. For example, species composition, adequacy, and timing of natural 
regeneration are strongly influenced by the amount and distribution of  residues 
or by the method used t o  reduce the hazard of wildfire.  Timber harvest or 
accompanying residue treatment can affect  the short-term growth and long-term 
productivity of Douglas-fir forests ,  as well as watershed and recreational 
values of the forest .  Moreover, the practical effects  of these operations 
depend on s t a n d  and s i t e  conditions; removal or redistribution of logging slash 
and the organic accumulation overlying mineral soi l  can be disastrous a t  some 
s i t e s  and of l i t t l e  long-term significance on others. Therefore, for  maximum 
benefit:cost ra t ios  from managing commercial Douglas-fir forests ,  the inter-  
relations of individual management operations should be known and coordinated 
in planning and executing timber harvests, residue treatment, and subsequent 
regeneration and cultural practices. 

DESCRIPTION OF FOREST TYPE, ENVIRONMENT,  
AND SILVICAL CHARACTERISTICS 

Coastal Douglas-fir, Pseudotsuga menziesii (Mirb. ) Franco var .  menziesii 
(hereafter called Douglas-fir), i s  the major t ree species in one of the world's 
most productive forest  types. The coastal variety i s  restr ic ted t o  areas Nest 
of the Coast Range in British Columbia, west o f  the Cascade Range Crest in 
Oregon and Washington, west of the Sierra Nevada Range in northern California, 
and western Nevada. 
million acres (4.7 million ha)  in western Washington and Oregon.!) I t  represents 
about  47 percent of the commercial forest  l and  and an estimated timber volume of 
approximately 352 bil l ion board fee t  (International 1/4-inch rule)  in t h a t  area 
(Wall 1969).  

The Douglas-fir type currently covers appro 'mately 11 .7  

Forest T.ype and Environment 

Coastal Douglas-fir i s  usually a subclimax component in the Tsuga 
heterophyZZa Zone (Franklin and Dyrhess 1969).  
a m i s t ,  mild maritime climate with dry summers, although there i s  much varia- 
tion from difgerences in la t i tude,  elevation, and location relat ive t o  
mountains. Almost pure, even-aged natural stands of coastal Douglas-fir commonly 
evolved a f t e r  wildfires or clearcut logging operations and slash burning. The 
principal associates of Douglas-fir are western hemlock (Tsuga heterophyZZa 
(Raf. ) Sarg.  ) and western redcedar (Thuja pZicata Donn) .  A1 though Douglas-fir 
i s  a major species south of the Tsuga heterophyZZa Zone, our discussion will be 
limited t o  the Douglas-fir forests  north of the divide between the North and 
South Umpqua Rivers and n o r t h  of the Klamath Mountains in southern Oregon. 

This zone i s  characterized by 

Soils supporting the Douglas-fir type vary widely in physical and chemical 
characteristics resulting in various amounts and rates of organic matter 

l/ Personal correspondence with Donald R .  Gedney, Pacific Worthwest 
Forest and Range Experiment Station, Port1 a n d ,  Oregon, December 1973. 
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decomposition (Forest Soils Committee of the Douglas-fir Region 1957, Franklin 
and Dyrness 1969~, Moore and Norris 1974) .  Regional so i l s  also vary in suscep- 
t i b i l i t y  t o  erosional and productivity losses which are l ikely t o  follow severe 
disturbance of protective vegetation and the forest floor (Swanston and Dyrness 
1973). 

Silvical Characteristics and Microsite Requirements 

To regenerate and grow Douglas-fir effectively, one should consider i t s  
requirements for  and tolerances of moisture, temperature, l i gh t ,  and nutrients,  
and how these factors are affected by residues and residue treatment. 

Coastal Douglas-fir i s  moderate i n  i t s  soil moisture requirements, tolerat-  
ing neither high water tables as do western redcedar and red alder (AZnus m h a  
Bong. ) (Minore 1971), nor excessively droughty conditions as do ponderosa pine 
(Pinus ponderosa Laws.) and black oak (Quereus keZZoggii Newbr.) (Waring 1969) .  
Adequate soil  moisture i s  particularly c r i t i ca l  for seed germination and seedling 
survival. The amount and ra te  of movement of soil moisture t o  germinating seed 
or seedling roots are largely determined by soil characteristics and the amount 
o f  competing vegetation. Subsequent water use by the -plant ,  however, depends on 
climatic s t ress  and the plant 's  response t o  i t .  In the Douglas-fir region, 
warm, dry summers create large evapo-transpirational s t ress ;  re lat ive t o  lodge- 
pole pine (Pinus eontorta Doug1 . )  and ponderosa pine, Douglas-fir seedlings show 
less control of the amount of water l o s t  t o  th i s  s t ress .  For example, a t  a 
soil  water tension of -10 atmospheres, Douglas-fir seedlings continue t o  
transpire about 32 percent of maximum rates compared with 9 percent for  the 
pi nes (Lopushi ns ky and K1 oc k 1974). 

Extremes in a i r  and soil  temperatures have adverse effects on seedling 
survival and growth. High temperatures develop a t  the air- soi l  interface 
exposed to direct  sunlight; suff ic ient ly long exposure of seedlings t o  soi l  
surface temperatures over 125" F may cause heat lesions upon the stems of newly 
germinated seed1 ings and subsequent death. 
bed materials which conduct heat away from the seed bed surface are important 
in the ab i l i t y  of seedlings t o  survive h i g h  temperatures (Silen 1960). Soil 
surface temperatures above 138" F are usually le thal .  Such temperatures are  
common on southerly slopes i n  the Oregon Cascades b u t  also occur on exposed 
northerly slopes ( W e n  1960, Hallin 1968b). Although f i rs t-year  Douglas-fir 
seedl ings gradually develop increased resistance t o  high temperatures (Kei jzer  
and Hermann 1966) , seedlings escaping or surviving high soil  surface temperatures 
can die from prolonged d r o u g h t  which causes mortality losses t h r o u g h o u t  the 
Douglas-fir type (Isaac 1938). 

Hence, intermittent shade and seed 

Below-freezing temperatures are equally hazardous t o  young seedlings. 

On 

Frost heaving of 1- t o  2-year-old natural seedlings and freshly planted seedlings 
can be expected i f  temperatures d r o p  below freezing and the surface soi l  i s  
bare and moist. 
established t rees ,  foliage can be injured with subsequent loss of  t ree growth 
when very cold a i r  temperatures occur (Reukema 1964b). 

Frosts nip succulent new foliage of young seedlings. 

Douglas-fir seedlings have high requirements for nutrients compared with 
associated conifers (Walker e t  a l .  1972) .  Yet, fe r t i l i za t ion  unde f ie ld  con- ditions generally f a i l s  t o  improve survival of a r t i f i c i a l l y  seeded-/ 5 o r  planted 

Unpublished data on f i l e  a t  Forestry Sciences Laboratory, Olympia, 
Washington . 
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Douglas-fir (Austin and St rand  1960, Rothacher and Franklin 1964) , mostly because 
fe r t i l i za t ion  increases the growth of other vegetation competing for  moisture. 
Nutrient tolerances o r  requirements probably increase with t ree  age; fo r  example, 
l ight  to moderate dosages of f e r t i l i z e r  which increased mortality of newly 
germinated seeds or young seedl ings also increased growth in young pole-size 
trees (see footnote 2) .  

Only under very heavy slash o r  vegetative cover i s  l igh t  insufficient for  
survival and growth  of Douglas-fir seedl ings. 
growth of seedlings under f ie ld  situations i s  about  50 percent of ful l  sunlight 
(Isaac 1943); however, l i gh t  requirements of Douglas-fir evidently increase with 
increasing moisture s t ress  (Atzet and Waring 1970). 
Strothman ([Strothmann] 1972) observed that shade did not improve survival o f  
planted Douglas-fir in northern Cal ifornia and tha t  25-percent shade reduced 
seedling growth. 
of Douglas-fir seedl ings in favorable growth chamber o r  nursery environments 
(Krueger and Ferrell 1965, Wal ker e t  a1 . 1972);  however, extrapolation of these 
resul ts  t o  f ie ld  conditions i s  uncertain. Thus, light-to-moderate shading of 
seedlings by residues or residual trees probably permits adequate l i gh t  for 
normal survival and growth as well as protects from temperature extremes. 

Minimum requirement for  normal 

This may explain why 

There has been considerable investigation of l i gh t  requirements 

The capacity of microsites for  p r o v i d i n g  Douglas-fir seed and seedlings 
with adequate moisture, temperature, l i gh t ,  and nutrients i s  markedly affected 
by forest  residues and residue treatments. Residue treatment direct ly  affects 
the amount and distribution o f  various kinds of seed beds, aboveground residues, 
and residual vegetation; subsequent plant succession and wild1 i f e  depredations 
are indirectly affected. 

Mineral soil  i s  the best seed bed f o r  regenerating Douglas-fir from seed. 
Mineral soil  surfaces are usually cooler with less  extremes of temperature t h a n  
organic matter seed beds (Anonymous 1929, Silen 1960, Hermann and Chilcote 1965, 
Fowler 1974) .  Mineral soil  surfaces usually provide less  competition from 
residual vegetation. In contrast ,  organic seed beds have insulating properties 
which delay the transfer of heat energy t o  and from the underlying s o i l ,  thus 
raising surface temperature during the day (Silen 1960) and depressing i t  a t  
night (Silen 1960, Fowler 1974). 
dry under exposed conditions. 
variety of conditions (Isaac 1943, Tappeiner 1966), ra te  and percentage of 
germination are affected by seed bed type (Hermann and Chilcote 1965). 

Moreover, organic seed beds become excessively 
Although Douglas-fir seed germinates under a wide 

Seed bed surface temperatures and moisture conditions are less  c r i t i ca l  
for planted seedlings t h a n  fo r  natural seedlings. The thicker bark of older, 
planted seedlings i s  more resis tant  to  h i g h  soil  surface temperatures and 
their  roots are planted deep into mineral soil  where moisture conditions are 
generally more favorable than  in the surface so i l .  Under extreme conditions 
(steep south slopes with shallow s o i l ,  for example) even planted seedlings need 
protection from excessive surface temperatures and soil  moisture s t ress .  
also Edgren and Stein (1974). 

See 

The net effect  on Douglas-fir regeneration of vegetational communities which 
develop on clearcuts i s  extremely variable and depends largely on relat ive rates 
of development between Douglas-fir seedlings and competing vegetation and  the 
type of vegetation. For i n i t i a l  survival in most s i tuat ions,  recently germinated 
Douglas-fir seedl ings need shade (Isaac 1943); however, moderate to heavy 
shading on seed beds can increase losses from damping-off fungi and clipping by 
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white-footed deer mice (Peromyscus manieuZatus) (Hermann and Chilcote 1965). 
Over a 6-year period a t  his study s i t e  in southwestern Washington, Isaac (1943) 
found t h a t  f i rs t-year  survival averaged 7 ,  21 ,  and 57 percent, respectively, 
with no shade, medium shade, and dense shade (logging debris and brush). 
quent survival through 5 years was also improved by shade, although height growth 
was gradually reduced when the shade was provided by vegetation. 

Subse- 

Vegetation can provide too  much shade and competition for  moisture. 
example, Hallin (1968a) found t h a t  so.il moisture a t  the 6-inch (15-cm) depth 
in l a t e  summer in a southwestern Oregon clearcut was a t  -15 t o  -25 atmospheres 
tension under 2-year-old herbaceous vegetation compared with 2 t o  8 atmospheres 
where the vegetation was removed. Isaac (1943) concluded t h a t  species which 
occupy ground as well as crown space are more serious competitors than  those 
which occur in clumps and leave growing space for seedlings below and between 
these clumps. Both Isaac (1943) and Dyrness (1965) concluded t h a t  invading 
herbaceous species were generally more competitive to Douglas-fir seedl ings t h a n  
residual shrub species. Besides moderating microcl imate, some shrub species 
improve seedl ing survival growth by .providing mechanical protection against 
browsing (Gratkowski 1967). 

For 

After i n i t i a l  survival, Douglas-fir needs t o  maintain a dominant position 
among i t s  competitors. Investigations of snowbrush and varnishleaf ceanothus, 
two var iet ies  of ceanothus veZutinus which are promoted by slash burning, i l lus-  
t r a t e  th i s  point. Zavitkovski e t  a l .  (1969) concluded t h a t  snowbrush i s  eventu- 
a l ly  suppressed by conifers, b u t  the period of dominance by snowbrush probably 
determines species composition o f  the succeeding conifer stand. 
remains dominant for more than 15 years, then only tolerant species, espe.cially 
hemlock, can succeed i t  naturally. 
Rehd. ) , planted or natural,  can be successors providing they become established 
a t  the same time as snowbrush. Similar resul ts  were reported in southwest 
Oregon for varnishleaf ceanothus (Gratkowski 1967). 

If snowbrush 

Douglas-fir and noble f i r  (Abies procera 

FOREST RESIDUES 

In unmanaged Douglas-fir forests ,  accumulation of residue typically s t a r t s  
a f t e r  wildfire.  
wood accumulates and gradually decomposes. 
sapling, pole, and saw-log stages, i t  provides additional woody material from 
suppression and other losses. Most o f  th i s  material i s  sapwood w i t h  l i t t l e  
resistance t o  decay; and since the forest  environment i s  usually well shaded, 
the forest  reaches i t s  most residue-free and f i r e  resis tant  stage. As the new 
stand reaches maturity, mortality and l ive breakage have higher portions of 
heartwood which decay slowly in the moist conditions of the forest .  Finally, 
accumulated wood on the forest  floor of the unmanaged overmature or old-growth 
stand becomes so great t h a t  a catastrophic f i r e  eventually occurs t o  s t a r t  the 
cycle anew. 

As snags of the o l d ,  f i re-ki l led stand break and f a l l ,  rotten 
A s  the new stand grows t h r o u g h  

In harvesting old- growth stands, man interrupts th i s  natural cycle and sub- 
s t i t u t e s  harvest for  catastrophic f i r e .  Because of the excessive amounts of 
residual organic matter of the forest  floor and t h a t  contained in unmerchantable 
t ree crowns and boles, these harvests create local f i r e  hazards; these hazards 
remain until much of the residue gradually decomposes, burns th rough  natural or 
accidental man-caused f i r e ,  or i s  purposefully treated by burning or mechanical 
means. 
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I n  managed, young-growth Douglas-fir stands, few residues persis t  because 
the amount o f  natural residue i s  small and includes only a small proportion of 
decay-resistant wood. Intermediate and final harvests of these young-growth 
stands produce less  slash t h a n  old-growth harvest, because of reduced defect and 
fel l ing breakage. Thus, increased ut i l izat ion of total  wood production will 
help minimize the future residue problem. 

Types and Amounts of  Residues 

Natura2 residue s i tuat ions.  --As one of the world I s most productive forest  
types, coastal Douglas-fir produces large quantit ies of forest  residues. Average 
annual l i t t e r  f a l l  (needles and twigs) in youn Douglas-fir stands i s  approxi- 
mately 1 ton per acre (2 .24 metric tons per hay; lesser  amounts f a l l  i n  thinned 
stands (Reukema 1964a). Li t ter  f a l l  in old-growth stands of similar s i t e  quality 
i s  about  the same; however, larger limbs, bark,  -and understor hardwoods con- 
tr ibute  an additional 1 ton per acre (2.24 metric tons per hay per year (Abee 
and Lavender 1972) .  Normal and catastrophic t ree mortal i ty contribute additional 
amounts. 

With the most favorable soil and climatic conditions and l ea s t  decay- 
resis tant  plant residues, there i s  r a p i d  soi l  biological ac t iv i ty  and thus rapid 
decomposition of l i t t e r  f a l l  o r  incorp r a t i o n  i n t o  the so i l .  

so-called "mull" forest  f l o o r  type, which i s  readily observed i n  red alder and 
fast-growing Douglas-fir stands. As macrocl imate or microclimate becomes cooler 
or dr ie r ,  so i l s  less  f e r t i l e ,  or p l a n t  residues more res i s tan t ,  soil biological 
act ivi ty  i s  reduced and increasing amounts of residues accumulate. In  extreme 
situations,  the so-called "mor" or "raw humus" (Hoover and L u n t  1952) form i s  
observed; th i s  forest  humus type indicates an undesirably low ra te  of organic 
matter and nutrient cycling. Under these conditions, an average o f  70 tons 
(150 metric tons per ha)  o f  organic matter and 1,800 pounds of nitrogen per 
acre (2,017 kg per h a )  accumulated on the forest  floor i n  nine old-growth stands 
in western Washington (Gessel and Balci 1963). 
stands, however, an intermediate, "duff mull" humus type i s  present. This type 
can have quantit ies of organic matter overlyin mineral soi l  t h a t  are nearly as 
deep as in the mor type (Gessel and  Balci 19633; however, there i s  an incorpora- 
tion o f  organic matter in the upper soi l  so t h a t  an A1  horizon i s  present as i n  
the mull type. 

cultural practices, or road construction, man periodically increases the ra te  of 
organic deposition. 
slash usually decompose on j o i s t  s i t e s ,  b u t  some foliage and much twig material 
remain on very dry s i t e s  (Childs 1939). A study (Wagener and Offord 1972) in 
the mixed conifer type of northern California over a 34-year period suggested 
t h a t  h igh  summer temperatures and low summer and f a l l  precipitation were major 
factors affecting slash decay organisms. Residue treatment i s  particularly 
important on an estimated 100,000 acres (40,000 ha)  of old-growth coastal 
Douglas-fir harvested annually; considerably less important on a greater number 
of acres of young growth. 

Only a t h i n  layer 
of organic residues, the forest  floor,-/ s accumulates above the soi l .  This i s  the 

In  the majority of Douglas-fir 

Man-relaied residue situations.--Through his final or intermediate harvests, 

Within 10 t o  12  years, needles and twigs of Douglas-fir 

Old-growth logging slash often exceeds 150 tons per 

2' Terminology used in this  paper corresponds to t h a t  o f  the Soil Science 
Society of America Committee on Terminology (1965). 
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acre (335 metric tons per h a ) ,  and residues from harvest of 80- t o  150-year-old 
Douglas-fir are l ikely t o  be less  than  h a l f  th i s  amount (Dell and Ward 1971). 
Although the acreage harvested annually in mature young growth i s  increasing 
s teadi ly,  cutting i n  old growth i s  expected t o  continue fo r  several decades. 

Characteristics of Forest Residues 

Residues vary in quality as well as quantity. Type and s ize of residue 
are significant;  small s ize residues in i t i a l l y  are a greater f i r e  hazard (Morris 
1970), b u t  they contribute more nutrients t o  the soil  than do t ree boles (Moore 
and Norris 1974): 

Need1 es Branches Bo7 es 

Weight per acre Minimum Moderate Maximum 

Fire hazard: 
Rate of spread Maximum Moderate Minimum 
Resistance t o  control Minimum Moderate Maximum 

Nutrients per ton Maximum Mod era t e Minimum 

Rate of conversion: 
To minerals 
To humus 

Maximum Moderate Minimum 
Maximum Moderate Minimum 

Need and Methods for  Residue Treatment 

A t  present, residues from clearcutting of old-growth timber are  the most 
d i f f i cu l t  to t r ea t  in coastal Douglas-fir forests.  
wood harvesting and regenerating systems, particularly in southwestern Oregon, 
creates lower f i r e  hazard and intensity than clearcutting because slash i s  
spaced out between two or  three cuts a t  l eas t  5 years a p a r t .  Moreover, under 
the protective canopy, slash does n o t  dry so rapidly as i n  the open (Fahnestock 
1960) a n d ,  therefore, decays more rapidly (Ah0 1974). If needed, slash can 
s t i l l  be disposed of by burning or other means, although these measures are 
usually more costly t o  apply w i t h i n  a p a r t i a l l y  cu t  than i n  a completely cut  
stand. Use of she1 terwood systems probably will increase as young-growth forests 
make up  a higher propor t ion  o f  the t o t a l  harvest. 

The increasing use of  shelter-  

With a l l  harvesting systems, the l a n d  manager can i n i t i a l l y  minimize 
residues by fel l ing carefully t o  reduce breakage and thus increase u t i l  ization 
of  the t ree bole. 
or broken beyond intensive ut i l izat ion;  however, i t  has been estimated t h a t  
about 50 percent of the volume i n  unmerchantable boles meet current u t i l i t y  l og  
standards and could produce abou t  one-half the raw material requirements of  
regional p u l p ,  paper, and part ic le  board industries (Howard 1971). Increased 
stumpage prices and improved harvesting -and manufacturing practices will provide 
additional incentives for better u t i l i z a t i o n .  Thus, there i s  considerable 
opportunity for increasing usable yields per acre and for  reducing residue and 
thus costs of f i r e  protection. 

Some of the unmerchantable t ree boles are decayed, shattered, 

A1 t h o u g h  u t i l  ization o f  economically marginal or submarginal logs increases 
harvesting costs,  i t  reduces cost of residue treatment and s i t e  preparation for  
future s i lvicul tural  operations. In 1970, the U.S. Forest Service in the Pacific 
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Northwest Region began requiring t h a t  a17 logging residues exceeding specified 
minimum sizes be yarded todandings. 
t o  compensate the operator for the extra logging costs. 
some residues, a f t e r  being yarded t o  landings, might ave enough value t o  pay 
for loading and hauling them t o  manufacturing s i tes .5? However, transporting 
defective material t o  a mill may change the nature of the residue disposal 
problem. When decks o f  yarded cull material are n o t  used, they may be burned 
or l e f t  as a concentrated, local ized hazard. 

Appraised stumpage prices were reduced 
Expectations were t h a t  

A1 though numerous a1 ternatives are available for  treating residues, the 
manager's specific choice must depend on his management objectives and the 
specific s i t e  conditions, e .g . ,  volume and arrangement of residue, steepness 
of slope, and s t ab i l i t y  of so i l .  His options include leaving residue t o  
decompose naturally o r  burning i t  broadcast, in pi les ,  o r  with mechanical help 
as in pi ts  with a blower o r  in a portable bin. He may leave i t  unburned b u t  
t r ea t  i t  mechanically by chipping, crushing, or burying. 
or move i t  into ravines o r  other depressions. 
treating with f i r e  retardants or decay-promoting chemicals o r  removing most 
residues from the s i t e  for use or disposal elsewhere. 

He may windrow, pi le ,  
More res t r ic t ive  options include 

RESIDUE TREATMENT AND DOUGLAS-FIR 
SILVICULTURE AND MANAGEMENT 

The prudent forest  manager considers his management objectives, the local 

If treatment i s  needed, then w h a t  are the 

residue situation (existing or pending), and the treatments most l ikely t o  help 
obtain these management objectives. 
and benefits of forest  management. 
costs and benefits o f  various options a t  a specific location? 
l e f t  untreated, the manager saves cost and contributes to soi l  productivity; to 
some degree, however, the manager thereby incurs a f i r e  hazard and other obstacles 
to regeneration or stand access. Conversely, by treating residues, future f i r e  
protection and possible regeneration costs will be reduced. 
treatment reduces o r  anic matter and disturbs s o i l ,  some of th i s  can be offset  
by other treatments 9 for  example, f e r t i l i ze r s  o r  erosion control).  

Residues and residue treatments affect  costs 

If residues are 

A1  t h o u g h  residue 

Common management objectives on lands designated for  wood production, the 
major variables affecting them, and additional sources of information are: 

Add i tiona 1 compend i um 
i n f orma t i  on Ma na gemen t ob j ec t i  ves Major variables 

1. F.1 i n i mi ze product i on 1 .  Residue disposal 
costs (per acre and 2.  Regeneration of R u t h  1974, Seidel 1974, Edgren 
per unit of products desired species and Stein 1974 
removed ) 3. Stand accessi bi 1 i ty 

4.  Protection 

Martin and Brackebusch 1974 

Fire Martin and Brackebusch 1974 
Insects Mi tchell and Sartwell 1974 
Disease Nelson and Harvey 1974 

5. Soil amendments Moore and Norris 1974 

41 See Forest Service Manual 5750.3--5 Supplement R-6 65, April 1972, 
regarding YUM (yarding unutilized material ). 
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Addi t i  onal compendi u m  
Management objectives Major variables information 

2. Maintain or improve 1 .  Organic matter Moore and Norris 1974 
soil  productivity 2 .  Soil disturbance Bollen 1974, Aho 1974 

3. Soil compaction Rothacher and Lopushinsky 1974 

3 .  Maximize compatibility 1 .  Water quality Rothacher and Lopushinsky 1974 
w i t h  nontimber 2 .  Recreation Wagar 1974 
products 3. Wildlife Dimock 1974, Garrison and Smith 

1974 
Brown 1974 

Soil i s  the basic resource of the l and  manager; maintaining or improving 
soil  productivity should be a major management objective. Yet, harvesting 
Douglas-fir timber and treating residues inherently lead t o  some loss of  soil  
productivity, so the l a n d  manager seeks t o  reduce these impacts by choosing 
methods which minimize the percentage of the area affected and the degree of 
disturbance t o  the mineral soil o r  t o  the vegetation and organic layer protecting 
i t .  Additionally, he can correct them th rough  soil-improving practices. Except 
f o r  catastrophic loss o f  soil  mantle, changes in forest  soil  productivity are 
d i f f i cu l t  t o  measure. Thus, general principles of soil management must frequently 
be accepted on the basis of intuition rather than evidence. 

By minimizing disturbance on most forest  so i l s ,  we maintain high i n f i l t r a -  
tion rates and reduce surface runoff and thus potential for soil erosion. A 
concern for organic matter’ losses and erosion i s  particularly important on 
certain so i l s  and situations,  including: ( 1 )  so i l s  on steep slopes; ( 2 )  so i l s  
with low inf i l t ra t ion  rates;  and ( 3 )  so i l s  developing from acidic parent materi- 
a l s  such as granite,  rhyolite,  and some sediments in contrast t o  those from 
more basic parent materials such as basalt ,  andesite, and gabbro (Dyrness 1966, 
Swanston and, Dyrness 1973). Soil compaction i s  a disturbance of particular 
concern on f ine textured so i l s ,  especially when these are wet; conversely, com- 
paction i s  of l i t t l e  concern on gravelly or sandy so i l s .  

More than ever before, the residue decision requires an evaluation o f  the 
compatibility o f  treatment options with water quality,  recreation, and wildlife.  
The l a n d  manager must consider a l l  his management objectives and possible trade 
offs.  A l t h o u g h  general guidelines wi l l  guide his planning, his decision will 
depend on the local situation. Where residues accumulate t o  unacceptable levels,  
choice of treatment should attempt t o  minimize the ra t io  between total treatment 
costs (including s i t e  degradation or remedial e f for t s )  and treatment benefits. 
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EFFECTS OF UNTREATED FOREST RESIDUES 

Amoun t  and distribution of forest  residues affect  the cost of harvesting, 
regenerating , tendi ng , and protecting the forest .  

RESIDUES AND CONDITIONS FOR NATURAL REGENERATION 

I n  clearcut harvests of Douglas-fir with no residue treatment a f t e r  logging, 
from 94 t o  65 percent of the area may remain relat ively undisturbed (Swanston and 
Dyrness 1973). Minimal disturbance resul ts  when low volumes per acre are  removed 
and yarding systems which primarily l i f t  logs rather than d rag  them are used; 
e.g., skyline, balloon, o r  helicopter. I f  residues are l e f t  untreated and 
increased f i r e  hazard i s  accepted for  a period of time, then the costs of regen- 
erating Douglas-fir may be substantially increased or decreased depending on 
the specific situation. If natural regeneration i s  the manager's objective, then 
the benefits of t h i s  no-treatment residue decision depend on (1)  the presence and 
species of advance regeneration; ( 2 )  anticipated natural seed f a l l ;  ( 3 )  types, 
amounts, and distribution of seed bed surfaces and microclimates; ( 4 )  types of 
residual competing vegetation; and (5 )  likelihood of wildfire. 

Untreated residues are usually poor seed bed materials for  i n i t i a l  survival 
of Douglas-fir; the presence of excessive residues as deep forest  f loor  o r  dense 
logging slash can preclude Douglas-fir natural regeneration (Bever 1954, Lavender 
e t  a l .  1956). Presence of residues i s  of less  concern i f  planted seedlings are 
used, although quantit ies of slash a f t e r  harvest of old-growth stands usually 
inhibit  planting operations (Edgren and Stein 1974). 
effectiveness in improving accessibi l i ty  for planting and other s t a n d  management 
practices, broadcast slash burning has been a standard practice in the Douglas- 
f i r  region. 

In p a r t  because of i t s  

A major benefit from slash i s  t h a t  i t  provides numerous patches of shade 
th roughou t  cutover areas,  thus moderating high and l o w  surface temperatures 
(Silen 1960, Hallin 1968b, Fowler 1974) and reducing mortality from freeze, 
f ros t  heave, heat lesion, and d rough t .  

Shrubs or lesser  vegetation remaining a f t e r  loggin might be considered 
forest  residues and a factor in the treatment decision QJernison and Lowden 1974). 
With some notable exceptions, residual vegetation--in contrast t o  invading 
species--is probably of l i t t l e  consequence in successfully regenerating Douglas- 
f i r .  Nontree species, present in the stand before logging, usually decline in 
vigor o r  increase the i r  area occupancy very slowly a f t e r  Jogging (Yerkes 1960, 
Dyrness 1965). Exceptions are established salmonberry (Rubus spectabiZis Pursh) 
communities character is t ic  o f  open Douglas-fir and red alder stands of the 
Coast Ranges and swordfern (PoZystichwn munitwn (Kaulf .) Pres1 . )--Oregon oxalis 
(OmZis oregana N u t t .  ex T .  & G . )  communities on moist s i t e s  in the western 
Cascades. 
i s  clearcut.  Invading species, including Ceanothus species, are usually more 
serious competitors for  Douglas-fir seed1 ings (Dyrness 1965). 
living residue may be necessary t o  minimize competition and assure 
successful regeneration (Gratkowski 1974). 

These two communities commonly increase rapidly in vigor a'fter timber 

Control of such 
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RESIDUES AND SOIL PRODUCTIVITY 

Climate and soil  a r e  major f a c t o r s  of s i t e  product iv i ty .  Product iv i ty  of 
f o r e s t  s o i l s  can be improved o r  degraded by man's a c t i v i t i e s ,  e spec ia l ly  those 
a f f e c t i n g  quan t i t y ,  q u a l i t y ,  and dis t r ibut ion of organic mat te r  on or i n  the 
mineral s o i l .  Since fine-textured residues a r e  a pr inc ipa l  source of s o i l  
humus and many nutrients needed f o r  f o r e s t  growth, a general guide l ine  i s :  
Minimize the loss of such ma te r i a l s  from the s i t e .  
l a r l y  important on immature s o i l s  which c h a r a c t e r i s t i c a l l y  contain r e l a t i v e l y  
small amounts of s o i l  humus and n i t rogen.  

This precaution i s  par t icu-  

Because i n s u f f i c i e n t  ni t rogen c h a r a c t e r i s t i c a l l y  l i m i t s  growth of Douglas- 
f i r  f o r e s t s  i n  the Pac i f i c  Northwest, the loss, accumulation, and cycl ing  of 
this element i n  and between vegeta t ion ,  f o r e s t  f l o o r ,  and s o i l  a r e  p a r t i c u l a r l y  
s i g n i f i c a n t .  
ni t rogen i n  the mineral s o i l  ranges from about 1,800 t o  over 23,500 pounds per 
ac re  (2,000 t o  over 26,000 kg per ha) w i t h  lower amounts assoc ia ted  w i t h  coarse- 
t ex tu red ,  immature s o i l s  and higher amounts w i t h  f ine- textured ,  residual  s o i l s  
(Gessel e t  a l .  1972). T h u s ,  i n  the absence of f o r e s t  f l o o r  and vegeta t ion ,  a l l  
ni t rogen of the s i t e  is contained i n  the s o i l .  As vegetat ion develops, n i t ro-  
gen accumulates i n  the f o r e s t  f l o o r  and stand so t h a t  the proportion i n  the 
s o i l  may f a l l  t o  50 t o  80 percent  of the t o t a l ,  w i t h  lower percentages i n  
immature s o i l s .  A 1  though t o t a l  organic matter  production on coarse- textured 
or.immature s o i l s  is r e l a t i v e l y  low, the low level  of biological  a c t i v i t y  on 
such s o i l s  can r e s u l t  i n  a f a s t e r  r a t e  of f o r e s t  f l o o r  accumulation than on 
deep, mature s o i l s .  Except f o r  extremely hot f i r e s ,  most s o i l  ni t rogen i s  s a f e  
from loss through f o r e s t  management; however, management p rac t i ce s  can redis- 
tribute s o i l  N from s p e c i f i c  micros i tes  through mechanical d is turbance  or erosion 
o r  cause ni trogen t o  be l e s s  ava i l ab le  f o r  p l an t  use by degrading the environment 
f o r  soi  1 mi cro-organi sms (Bo1 1 en 1974). 

In f o r e s t  s o i l s  o f  western Washington and Oregon, the amount of 

Primari ly due t o  va r i a t ions  i n  stand age and decomposition r a t e ,  ni t rogen 
i n  the overlying f o r e s t  f l o o r  va r i e s  i n  quant i ty  and i n  proportion t o  the t o t a l  
supply. In coas ta l  Douglas- fir f o r e s t s ,  ni t rogen i n  the overlying f o r e s t  f l o o r  
genera l ly  ranges from 90 t o  1,800 pounds per acre  (100 t o  2,000 kg per ha) 
(Gessel e t  a l .  1972). For example, i n  immature, pole- size s tands ,  90 t o  270 
pounds per a c r e  (100 t o  300 kg per ha) may be located i n  the f o r e s t  f l o o r ;  i n  
old-growth stands, 1,250 t o  1,800 pounds per acre (1,400 t o  2,000 kg per ha)  have 
been measured i n  duff-mull and mor humus types (Gessel e t  a1 . 1972). Nitrogen 
i n  the overlying f o r e s t  f l o o r  is  l i k e l y  t o  be reduced or redistributed by 
residue treatments .  

Nitrogen i n  the subordinate vegetat ion and the tree stand gradual ly  
accumulates, pr imar i ly  through withdrawals from the ni trogen c a p i t a l  of the 
s o i l .  Although amounts and d i s t r i b u t i o n  of ni trogen i n  mature and overmature 
s tands of Douglas- fir a r e  unknown (Gessel e t  a l .  1972), t o t a l  amounts of  N i n  
a l l  above round vegetat ion a r e  probably l e s s  than 1,000 pounds per a c r e  (1,120 
kg per hay, even i n  old-growth Douglas- fir of highest product iv i ty .  For 
example, Moore and Norris  (1974) have estimated t h a t  760 pounds per ac re  (852 
kg per ha) m i g h t  be contained i n  tree crowns and stems of a 400-year-old Douglas- 
f i r  stand on average s i t e  qua l i t y .  
immature s o i l  i n  Washington showed the following d i s t r i b u t i o n  of nitrogen 
(Dice 1970): 

A 36-year-old Douglas- fir p lanta t ion  on an 
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Component Pounds N per acre Percent of total  

Forest 286 9.7 
Subvege t a t  i on 5 .2 
Forest floor 156 5 . 3  
Soil 2,506 84.8 

100.0 (:::!: k g / h a )  

From d a t a  on nitrogen transfer and accumulation a t  th i s  s i t e ,  Gessel e t  a l .  
(1972) have estimated t h a t  by the time th is  stand i s  200 years old, the soil  
will contain less  t h a n  50 percent of the total  amount of N. T h u s ,  more t h a n  50 
percent of the nitrogen capital will be vulnerable t o  loss or redistribution by 
wildfire or t ree  harvest and subsequent slash reduction or s i t e  preparation 
effor ts .  In contrast ,  s i t e s  with larger quantit ies and proportions of N in 
the soil  are less  vulnerable t o  reductions in s i t e  productivity t h r o u g h  natural 
f i r e s  or man's forest  ac t iv i t i e s .  

RESIDUES AND MORTALITY LOSSES 

Al though conservation of certain forest  residues is desirable,  excessive 
accumulation may lead t o  mortality th rough  f i r e  (Martin and Brackebusch 1974), 
bark beetles (Johnson 1970, Mitchell and Sartwell 1974), or disease (Nelson and 
Harvey 1974) .  
openings in the stand, i t  leads t o  reductions in usable yields and short-term 
producti vi ty . 

To the extent t h a t  mortality i s  unsalvaged o r  creates unused 

Residues from thinning operations in young-.growth stands can constitute a 
f i r e  hazard for  several years. 
slash compacts, and the canopy closes (Fahnestock 1960). Without treatment, 
these residues can increase the intensity of accidental ground f i r e s  so t h a t  
serious damage or loss in the stand can occur. 

The hazard gradually abates as needles f a l l ,  the 

In some cases, the amount of nitrogen available t o  residual trees may be 
temporarily reduced by organisms decaying residues (Cochran 1968); th i s  could 
cause losses in growth b u t ,  in our opinion, i s  unlikely t o  cause mortality in 
Douglas-fir. 

EFFECTS OF RESIDUE TREATMENTS 

A l t h o u g h  recognizing the impossibility of completely fireproofing his fores t ,  
the land manager frequently finds situations where combinations of factors c lear ly 
favor residue treatment. By appropriate choice of method of treatment, however, 
he can achieve optimum balance between his objectives--minimum production costs,  
maintenance of soil  productivity, and maximum compatibility and benefits t o  water 
quality,  recreation, and wildlife.  

Treatment methods may be compared by the proportion of the total  area t h a t  
i s  affected and the degree t o  which: ( 1 )  organic matter on o r  below the soil  
surface i s  removed from or redistributed over the treated area--if organic matter 
has been consumed by f i r e ,  nitrogen, sulfur ,  and phosphorus are lost  from the 
s i t e  t o  the atmosphere, b u t  most other nutrient elements i n  the ash or unconsumed 
organic matter remain onsite;  ( 2 )  mineral soil i s  physically disturbed--i .e. , 
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loosened, compacted, or mixed with organic matter; (3) existing vegetation o r  
conditions f o r  invading vegetation are affected--this vegetation can be a soil  
protector or a potential f i r e  hazard, b u t  also a potential competitor for  
seedlings and established t rees;  ( 4 )  residual seedlings o r  trees within o r  
surrounding the treatment area would be direct ly  affected. 

Currently, there i s  l i t t l e  direct  evidence of the effects of various methods 
of treating residues on soil  productivity, regeneration, and growth of Douglas- 
f i r .  However, by knowing the effects  of treatment on environmental factors ,  one 
can predict the effects  of these changed factors--and thus treatment--on seedling 
o r  t ree growth. For example, treatments which disturb mineral soil  on steep 
slopes are l ikely t o  cause soil  erosion and thus loss of productivity. 

I t  i s  important t o  recognize, however, t h a t  residue treatment i s  only one 
ac t iv i ty  in the harvesting operation t h a t  changes forest environment. 
struction and maintenance in steep terrain are major and recurring causes of 
soil  disturbance and erosion (Swanston and Dyrness 1973, Rothacher and 
Lopushinsky 1974); however, assessing the effect  of individual harvesting 
ac t iv i t i e s  i s  d i f f i cu l t .  Each successive harvesting act ivi ty  contributes new 
disturbance or  exposure of the mineral soil and masks the effect  of the previous 
act ivi ty .  For example, Dyrness (1972) reported t h a t  the limited amount of bare 
soil exposed a f t e r  balloon yarding ( 6  percent, compared with t h a t  a f t e r  
skyline and high-lead yarding, 12  and 14 percent, respectively) permitted him 
t o  identify t h a t  most of the s l ight ly disturbed area resulted from tree fel l ing 
and yarding. 

Road con- 

Some yarding or residue treatments cause more s i t e  disturbance than  others, . 
and the effects  of treatment also vary from s i t e  t o  s i t e .  
include: s ize and amount of residue, steepness and irregularity of the terrain, '  
and fragil  i ty of the so i l .  Consequently, generalit ies have 1 imi ted appl ication. 
For high quality of land management, analysis and prescription of treatment and 
equipment for  each s i t e  and residue situation are necessary. 

Critical variables 

EFFECTS OF BROADCAST BURNING 

S t a r t i n g  in the l a t e  1930's, slash burning in the Douglas-fir type was 
investigated t o  determine i t s  effects  on f i r e  hazard, n a t u r a l  and planted 
regeneration, secondary plant succession, and on physical, chemical, and biologi- 
cal properties of the so i l .  Much of th i s  work has been summarized (Tar ran t  1956, 
Dyrness 1966, Morris 1970). 
reduction of f i r e  hazard and elimination of physical barriers t o  planting and 
some potentially competitive vegetation, slash burning causes additional baring 
of mineral soil  and losses of organic matter from the forest  f l o o r  and mineral 
so i l .  However, the potentially harmful effects of slash burning on soil  produc- 
t i v i ty  were considered restr ic ted to severely burned portions which were usually 
less than  10 percent of the total  area. All investigators recognized t h a t  better 
uti1 ization standards in harvesting old-growth timber and a greater proportion 
of harvests i n  young-growth timber would further reduce the need for  or intensity 
of slash burning. 

There i s  general agreement t h a t ,  in return for  

Hazard reduction.--Morris (1970) concluded t h a t  broadcast slash burning 
accomplishes i t s  primary purpose of reducing wildfire hazard. 
sampling in western Washington and Oregon, he estimated t h a t  slash burning 
greatly reduces probable ra te  of wildfire spread and resistance t o  control for  

From an extensive 
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5 years, and significantly reduces rate o f  spread for 15 years. 
areas where 1 uxuriant growth of herbaceous vegetation provides an annual crop 
of  dead fuel,  b u r n i n g  offers a shorter period of  reduced rate of spread. 
by burning slash during favorable weather and with adequate personnel using 
correct procedures, a manager can reduce danger of uncontrolled f i res .  
during weather favorable fo r  burning, a sudden change of wind or fuel moisture 
may spread f i r e  beyond the slash area into surrounding timber. 
or burning slash entails risk." 

However, in 

Thus, 

B u t  even 

"Either leaving 
(Morris 1958, p .  43). 

Seuerity and extent of burning. --Broadcast burning after  clearcutting 
old-growth Douglas-fir provides a mosaic in burning intensity and i t s  effects 
(table 1 ) .  
burned (mineral soil exposed and changed in color--usually t o  reddish), was 
less than 10 percent; severe burn ing  occurred in smalJ, scattered patches, 
usually where some logs o r  stumps had produced prolonged intense heat. 

W i t h  few exceptions, the po r t i on  of the sampled unit which was severely 

Less intense f i r e  can expose mineral soil w i t h o u t  changing i t s  color. 
Morris (1958, 1970) reported this moderate burn condition averaged 22 and 14 
percent of the area on his plots in the western Cascades and coastal Oregon, 
respectively. Morris (1970) found exposed mineral soil on 50 percent of line 
transects on burned plots, b u t  only 22 percent (presumably from logging) on 
nearby unburned plots. Thus, f i r e  more t h a n  doubled the amount of exposed 
mineral so i l ,  most of which was probabl in the moderate b u r n  category (table 1 ) .  
Tarrant  (1956) and Dyrness e t  a1 . (19573 evidently found so l i t t l e  of the 
moderate burn  category i n  their  respective study areas t h a t  they did n o t  classify 
o r  record i t .  
t o  determine the extent of various severity classes f o r  the entire unit, whereas 
Morris rejected candidate plots t h a t  were less than  two-thirds blackened by a 
slash f i r e ;  thus, Morris probably overestimated severity o f  burning on the entire 
u n i t .  There i s  l i t t l e  question t h a t  broadcast slash burning can expose additional 
mineral soil without severely affecting i t s  color. I t  i s  unlikely, for example, 
when slash was broadcast burned on a skyline logged clearcut and the percent of 
bare mineral soil was increased from 1 2  t o  55 (Yersereau and Dyrness 1972) ,  t h a t  
a l l  mineral soil was severely burned. The question remains as t o  the extent t o  
which moderate burning occurs and i t s  effects on soil and subsequent vegetation. 

One likely explanation i s  t h a t  they sampled burned clearcuts 

Lightly burned and unburned portions combined averaged 72 t o  94 percent of 
broadcast burned units (table 1 ) .  
twigs, needles, and logs less t h a n  11 inches (28 cm) in diameter, and blackened 
or charred the forest floor without completely consuming i t .  
include those in which logging removed potential fuel,  as in skid t r a i l s .  

With light burning, f i r e  consumed branches, 

Unburned areas 

The amount of additional mineral soil exposed by severe and moderate 
b u r n i n g  can have practical consequences in regeneration and soil erosion. 
Investigations have shown t h a t  broadcast burn ing  increases the amount of mineral 
soil over t h a t  exposed by logging. The additional mineral soil has varied 
from slight (8-12 percent) t o  excessive (43 percent) which resulted in exposed 
mineral soil on more than  half of the unit (table 2 ) .  

Burning temperatures mrd their effects .--To the general statement, "the 
hotter the f i r e ,  the cleaner the b u r n , "  one can add: "and the more destructive 
of soil productivity"; this revised statement summarizes the conflict facing 
the land  manager. With the objective of removing residues with minimal future 
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Table 1.--Extent of bum by severity classes from broadcast sZash burning 
in otd-growth Douglas-fir ctearcuts 

Location C 1 earcu t s  Average severity of broadcast b u r n  Source 
observed 

Severell blodera t&/ Light?/ Unburned/ 

Number - - - - - - Percent of totaZ mea - - - - - - 
Western Cascades 49 6 22 55 17 Morris 1970 

Coastal s t r i p ,  Oregon 9 .1 14 75 10 Morris 1970 

Western Cascades 10 3 (z/ 1 47 47 Tarrant 1956 

Western Cascades, Oregon 8 2 7 29 62 Silen 1960 

Corvall i s  watershed 3 8 (y 1 44 48 Dyrness e t  a l .  1957 

1/ Severe burn--top layer of mineral soi l  exposed and changed in color,  usually to  reddish. 

z/ Moderate burn- - duff  and other woody debris consumed b u t  mineral soi l  under ash not changed 
i n  color. 

- 31 L i g h t  burn--duff and other woody debris par t ly  burned, b u t  not t o  mineral soil. 

5’ Unburned--mineral s o i l ,  d u f f ,  o r  other woody debris.  

3/ Not found or  c lass i f ied .  



Table 2.--Percent of rnineraZ so i l  exposed a f t e r  Zogging and 
a f t e r  f i r e  b y  yarding method 

Yarding method Units examined Mineral soi l  exposed Source 
After I After I hcrease  1 logging 1 f i r e  I by f i r e  I 

- - - - -  Percent - - - - - Nwnber 

Unspec i f i ed 58 1/22 -1150 28 Morris 1958 

High lead 3 3/31 39 8 Dyrness e t  a l .  
1957 

High lead 4 44 56 12 Silen 1960 

Tractor 3 36 48 12 Silen 1960 

High lead 1 1 2  55 43 Mersereau and 
Dyrness 1972 

1' An underestimate because plot selection avoided areas without slash 

2' An overestimate because sampling was restr ic ted t o  we1 1 -burned plots.  
3' An underestimate; i ncl udes "di sturbed, unburned'' b u t  not "disturbed, 

such as catroads. 

burned'' category. 

f i r e  hazard and a i r  pollution (Fritschen e t  a l .  1970), he wi l l  attempt t o  create 
conditions for a rapid, h o t  b u r n .  As he increases f i r e  temperature, however, he 
increases his losses of fine-textured organic matter and the depth and degree 
t o  which he affects the mineral soil  ( table  3 ) .  

A t  low f i r e  temperatures, vapors and gases flow from the organic matter, 

Significant t o  our 

some of  these gases contain hydrophobic .substances which condense on cooler 
surfaces w i t h i n  the soil  and subsequently cause an undesirable water-repellency 
t h a t  l a s t s  a t  l eas t  5 t o  10 years (DeBano and Rice 1973). 
particular concern a b o u t  the effects  of residue treatments on immature so i l s  i s  
the observation in Western United States t h a t  coarse-textured so i l s  become more 
water-repellent t h a n  so i l s  of f iner  texture, possibly because there i s  less  
surface area to coat with hydrophobic substances (DeBano and Rice 1973). 

When organic matter i s  consumed by burning, practically a l l  i t s  content of 
ni trogen (DeBel 1 and Ral s ton 1970), sulfur ( A 1  1 en 1964) ,  and much phosphorus 
(Grier 1972)  are l o s t  as gases t o  the atmosphere. 
in unconsumed organic matter remain on the s i t e  along with ash from consumed 

Nitrogen and other elements 
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Table 3.--Effects of burning temperature on organic matter and soiZ depth at 
which such temperatures uere attained 

Maximum tempera turpll 

"C " F  

S o i l  depth under 

Heavy slas&/ Light slasl.2/ 
1 /  Effects on organic matter- 

100-200 21 2-424 Nondes tructi  ve d i  s t i  1 1 a t i  on of 2+ 
volatile organic components 

2 

200-300 424-636 Destructive dis t i l la t ion of u p  % + 
t o  85 percent of  organic matter; 
sound wood does not  ignite;  
black ash or charcoal residue 

300 636 Ignition of carbon residues % - 1% % -  1 

450-500 842-932 White ash residue 0 % 

99 percent of organic matter 
removed i f tempera tures main- 
tained a t  500" C for $ hour 

1/ Ralston and Hatchell (1971).  
2/ Neal e t  a1 . (1965).  

organic matter. 
causes temporary increases in pH which can favor n i t ra te  production (Moore and 
Norris 1974) .  
leached from the rooting zone (Grier and Cole 1971, Fredriksen 1971) .  

Precipitation leaches these nutrients t o  the soil  below and 

If  vege t a t i on  i s  s t i l l  present, only insignificant amounts are 

On severely burned portions (usually less t h a n  70 percent of the total  
area) o f  clearcut uni ts ,  physical , chemical, and biological properties of soil  
are adversely affected (Isaac and Hopkins 1937, Tarrant  1956, Dyrness e t  a l .  
1957, Neal e t  a1 . 1965). These changes are l ikely t o  affect  plant growth 
adversely. Moisture-holding capacity in the t o p  few inches of mineral soil  i s  
reduced (Neal e t  a l .  1965), with loss of some organic matter, nitrogen, sulfur ,  
and phosphorus, and possible increases in available nitrogen, ash, and pH. 
When severe burning occurs, water-stable soil  aggregates are reduced in number 
and s ize,  presumably by losses of associated organic colloids (Dyrness e t  a l .  
1957). Clay and s i l t  fractions decrease with corresponding increase i n  coarse 
fractions (Dyrness e t  a l .  1957). 
evaporated so t h a t  expanding clay types (montmorillonitic) permanently lose 
their  capacity t o  expand and contract; net effect  i s  for clay aggregates t o  
assume the moisture characteristics o f  sands and gravels (Ralston and Hatchell 
1971 ) .  

Water in the clay l a t t i c e  structure i s  
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Broadcast Burning and Natural Regeneration 

Despite wide variations i n  i t s  severity and extent, broadcast b u r n i n g  
normally affects 40 t o  90 percent of a clearcut unit (table 1 ) .  
area i s  1 i ghtly burned where f i r e  consumes branches , twigs , need1 es , and small 
logs and blackens the forest floor. Burning  destroys or severely damages any 
advance regeneration (mostly species other than Douglas-fir) and destroys any 
new seedlings o r  seed from the most recent seed f a l l  of Douglas-fir; b u r n i n g  
subsequently affects  fa te  of seeds fal l ing on the burned area and the seedlings 
which develop from them. 

Most of  the 

Burning influences subsequent above- and below-ground microcl imate (Fowler 
1974)  affecting bo th  seed and seedlings of Douglas-fir d i rec t ly ,  as well as 
indirectly through effects  on associated fungi , plants, and animals. 
or blackened forest  f loor ,  soil  temperatures are increased (Isaac 1938, Neal e t  
a l .  1965);  th i s  can increase the amount and rate  of seed germination (Hermann 
and Chilcote 1965). Where early spring frosts  are a problem, ea r l i e r  germina- 
tion of Douglas-fir and a scarcity of  protective overhead slash or vegetation, 
w i t h  consequent freezing, could reduce stocking. Conversely, stocking could be 
improved by ea r l i e r  or greater germination in areas where heat and d r o u g h t  are 
major factors of seedling survival, because seedlings would be older and there- 
fore more 1 i kely to to1 erate  environmental extremes (Kei jzer  and Hermann 1966) 
o r  more numerous so t h a t  su f f ic ien t  seedlings survive the greater mor t a l i t y  
from higher soil  surface temperatures character is t ic  of burned seed beds (Isaac 
1949, Silen 1960) .  For example, Hermann and Chilcote (1965) sowed equal numbers 
of Douglas-fir seeds on different  seed bed materials placed on an unburned s i l t  
loam on a south aspect i n  the Coast Ranges of Oregon; despite greater postgermina- 
tion losses, they found significantly greater f i rs t-year  survival on charcoal (30 
percent) and soil  discolored from a hard b u r n  (17 percent) compared w i t h  l ight ly 
burned s o i l ,  l i t t e r ,  nonburned s o i l ,  and sawdust (17 t o  12 percent). 

On charred 

In general, less t h a n  10 percent o f  clearcuts and burned units i s  severely 
burned so t h a t  a l l  surface organic matter, including charcoal, i s  removed and 
the soil baked t o  a reddish color. Existing d a t a  ( table 1 )  suggest t h a t  about  
three times more area i s  moderately burned. Changes i n  severely burned soil may 
adversely affect  Douglas-fir regeneration, b u t  our information i s  limited and 
frequently conflicting. 
germination of subsequent seed i s  n o t  affected (Tarrant 1954) or may be increased 
in rate  and mount (Hermann and Chilcote 1965). Postgermination losses t o  heat 
damage are generally reduced where mineral soil  i s  exposed. I n  greenhouse or 
laboratory t e s t s ,  losses t o  damping-off fungi increase on severely burned soil  , 
presumably because increases in soil  pH promote growth o f  these organisms 
(Tarrant  1954). In a f ie ld  study, however, Hermann and Chilcote (1965) noted 
t h a t  damping-off losses typically occurred where shade existed and presumably 
provided a moist environment a t  the soil  surface for  these fungi; such conditions 
are unlikely on severely burned areas because the seedlings would probably be 
res i s tan t  by the time shade from vegetation developed on severely burned spots. 
However, seedling losses t o  d r o u g h t  are l ikely where severe b u r n i n g  reduces 
moisture-holding capacity of so i l .  

A1 t hough  existing seed and seed1 ings are destroyed, 

Subsequent growth of  surviving seedlings on severely burned soil  has been 
measured a t  only a few locations. 
natural Douglas-fir seedlings was n o t  inhibited (Tarrant and Wright 1955), 
a1 t h o u g h  the propor t ion  of mycorrhizal seedlings was reduced by severe burning 
(Wright and Tarrant  1958). 

A t  two s i t e s ,  growth of 1-  and 2-year-old 

These observations of young na tura l  seedlings in 
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severely burned microsi t es  confl i c t  with ea r l i e r ,  longer term observations on, 
survival and growth of planted Douglas-fir (Isaac and Hopkins 1937). 
particu7ar7y low survival of seedl ings planted in severe7y burned spots where 
several logs had been burned together. Survival of replacement seedl ings 
increased annually u p  to the f i f t h  year of replacement, when practically a l l  
survived. However, even in their  10th year, Douglas-fir seedlings in heavily 
burned soil were n o t  as vigorous as those growing on l ight ly burned so i l .  
Baker and Phelps (1969) also reported t h a t  1-year-old Douglas-fir grown on burned 
so i l s  were about half as t a l l  as those grown on unburned so i l s .  
undisturbed soil  cores from two different  so i l s  and grew the i r  seedlings und,er 
controlled conditions of temperature, l i gh t ,  humidity, and water. 
additional direct  evidence about the effects  of burning on Douglas-fir i s  needed, 
especially on shallow o r  coarse-textured so i l s .  

They noted 

They collected 

In short,  

Competing and protecting vegetation is affected. --Secondary succession a f t e r  
clearcutting provides a luxuriant development of brush and herbaceous species 
which survive logging o r  invade clearcuts. 
changes can occur on the 40 to 90 percent of the unit affected. Burning elimi- 
nates some species from the original forest  and delays expansion of others 
capable of resprouting. These shrubs include salal (Gaultheria shullon Pursh) , 
Oregon grape (Berberis nervosa Pursh , vine maple (Acer circinatwn Pursh), and 
sal monberry (Rubus spectabiZis Pursh 1 (Isaac 1943). Morris (1 970) found t h a t  
slash burning usually reduced shrub (brush) competition for several years and in 
the coastal s t r i p  of Oregon reduced the prevalence of salmonberry, a particularly 
strong competitor for  Douglas-fir seedlings. 
southern Cascade Range, heat associated with slash burning stimulates germina- 
tion of long-dormant seed from several shrub species no t  present in the s t a n d  a t  
harvest. 
Ceanothus spp., and sumac ( R h s  spp.) (Gratkowski 1967). Seed beds created by 
burning were quickly populated by herbaceous species with windblown seed, b u t  
total  herbaceous growth was n o t  significantly different from unburned areas 
(Morris 1958, 1970). Moreover, secondary succession on severely burned spots 
was delayed by several years. 

With slash burning, however, other 

However, a t  some s i t e s  in the 

These i ncl uded several species of manzanita (Arctostaphylos spp. ) , 

Anima2 damage may be increased. --Residue treatments affect  the amount and 
type of bird and animal damage t o  Douglas-fir. 
burned, access t o  seed and seedlings i s  improved; greater depredation by birds 
and large animals i s  l ikely. Conceivably, b u r n i n g  could promote growth o f  shrub 
and herbaceous plant species which provide more or less  a t t rac t ive  animal 
habitats and a1 ternate food sources t o  Douglas-fir. 
plants or unburned slash can aid survival of seedlings, shade may increase 
seedling damage by animals. Thus, Hermann and Chilcote (1965) reported t h a t  
losses by animals in newly germinated Douglas-fir increased from 13 percent on 
open seed beds to 31 percent on l ight ly shaded, and t o  57 percent on heavily 
shaded (25 percent of ful l  sunlight) seed beds. 
caused by white-footed deer mice clipping cotyledons and stems of  newly emerged 
seedl ings. The complex relations of residue treatments and animal damage are 
reviewed by Dimock (1974). 

When residues are broadcast 

Although shade from some 

Most of th i s  mortality was 

Species composition and stocking percentages. - - I t  i s  general ly recognized 
t h a t  lack of burning favors dominance of the associates of Douglas-fir, such 
as western hemlock, western redcedar, and Pacific s i lver  f i r  (Abies amabilis). 
These species are often present as advance regeneration (Hofmann 1924; Morris 
1958, 1970) and survive well on nonmineral soil seed beds (Minore 1972) .  For 
example, Florris compared stocking o f  commercial conifers on 4-milacre quadra ts  
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w i t h i n  paired plots (burned or unburned) on 30 units in the western Cascades o f  
Washington and Oregon and 8 units in the coastal s t r i p  of Oregon. 
advanced reproduction on abou t  half the plot pairs;  l i t t l e  of th i s  was Douglas- 
f i r  and l i t t l e  survived the slash f i r e s .  
before logging (advanced regeneration) were considered, then his average 
percentage of stocked quadrats increased approximately 10 percent on unburned 
and 1 percent on burned plots.  

He found 

If seedlings t h a t  were established 

I f  clearcuts are l e f t  unburned, then recent seed and seedlings a l s o  contri- 
bute t o  future stocking. Morris' (1958) da t a  indicate the significance of th i s  
t o  subsequent stocking. 
crops shortly before or soon a f t e r  logging, he found significantly better average 
stocking 3 years a f t e r  log ing on the unburned than  on the burned plots in bo th  
the western Cascade areas 9 23- vs. 14-percent stocking) and coastal s t r i p  (57- 
vs. 49-percent stocking). However, differences between burned and unburned plots 
were no longer significant when seedlings were retabulated t o  compare stocking 
3 years a f t e r  logging and the same number of years a f t e r  burning. 

When he considered seed1 ings established from seed 

Morris' continued observations of burned and unburned plot pairs a t  fewer, 
selected locations for  more than 15 years showed ( 1 )  no long-term difference in 
the percentage of stocking between burned and unburned plots in ei ther  location; 
( 2 )  gradual increase in stocking; and ( 3 )  continued higher and prompter stocking 
in the coastal area t h a n  the Cascades, probably due t o  a greater proportion of 
p ro l i f ic  western hemlock in nearby stands and to  a more favorable climate. 
long-term effects  o f  slash burning on species composition and Douglas-fir growth 
have n o t  been determined in th i s  or other studies; investigations are needed. 

The 

Particularly on steep slopes, bo th  moderate and severe burning probably 
increase seedling losses caused by the downslope movement of soil  , gravel , or 
logging debris which bury or uproo t  seedlings. Movement of surface material 
a f t e r  clearcutting and burning was a major cause of mortality on steep slopes, 
especially for  smaller sizes of planted seedlings (Berntsen 1958). In another 
f ie ld  t r i a l  in which 5,600 seedlings were planted in five clearcuts on steep 
slopes in the North Umpqua drainage of southwestern Oregon, f i rs t-year  mortality 
ranged from 40 t o  80 percent; soil  and debris movement was the major cause of 
th i s  mortal ity.21 

Isaac (1949) suggested several options for promoting natural regeneration 
and s t i l l  providing adequate protection against accidental f i r e s ;  most organi- 
zations have used these guidelines. ( 1 )  spo t  bu rn  high hazard areas, instead of 
broadcast burning ent i re  units;  ( 2 j  avoid burning southerly aspects where slash 
provides needed shade; ( 3 )  r e s t r i c t  broadcast burning to those areas where 
reasonable protection from f i r e  requires hazard reduction, or where heavy brush 
development or debris will hinder regeneration; and (4) minimize the f i r e  
intensity by burning a f t e r  .early f a l l  rains,  as soon as the f ine slash dries 
enough t o  ignite b u t  while the duff layer i s  s t i l l  moist. 

In our opinion, these general guidelines remain valid. Their use requires 
an area-by-area appraisal and decision about the need and most feasible means 
for reducing f i r e  hazard and securing regeneration. An objective of na tura l  

.!?/ Richard E. Miller. Critique of and resul ts  from the Glide Ranger 
Distr ic t  - Reforestation Administrative Study. 
the Forestry Sciences Laboratory, Olympia, Washington, 22 p .  , 1965. 

Unpublished report on f i l e  a t  
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regeneration of Douglas-fir requires removal or disturbance of  the forest  floor 
a t  numerous microsites throughout the harvested area. 
planting, then the need to  provide mineral soil  seed beds i s  replaced by a need 
t o  remove physical obstacles and reduce brush competition. Broadcast b u r n i n g  i s  
one of several means for  accomplishing adequate s i t e  preparation. 
yarding of clearcuts and intensive uti1 ization, the manager's postlogging survey 
could often show t h a t  no additional s i t e  preparation i s  necessary. 

If regenerati.on i s  th rough  

With high-lead 

Broadcast Burning and Growth 

Growth of existing or future stands can be affected by residue treatment. 

Effect on existing stands.--Broadcast burning has been the usual method for  
reducing the extreme f i r e  hazard t h a t  frequently remains a f t e r  clearcut harvests 
in old-growth Douglas-fir. 
within the harvested u n i t  and trees outside the unit .  
remaining af te r  logging i s  usually of species other than  Douglas-fir. Broadcast 
burning will usually destroy advance regeneration, in species infected by 
dwarf mistletoe, Arceuthobiwn spp., or balsam woolly aphid, AdeZges piceae, th i s  
may be of l i t t l e  consequence (Nelson and Harvey 1974) .  

This practice can affect  any advance regeneration 
Any advance regeneration 

In a properly executed b u r n ,  stands adjacent t o  the broadcast-burned clear- 
cut will benefit from the lowered risk of wildfire. 
slopovers can be expected where residue management was a design consideration. 
More serious damage has resulted from holdover f i r e  which reappeared days or 
weeks a f t e r  slash burning; in most cases, f i re-ki l led trees can be salvaged. 
know o f  no published da t a  about  acres of l ive timber burned from escaped slash 
f i r e s  and the resultant impacts on stand management; however, such da t a  are 
important for evaluating the true costs and benefits of broadcast burning t o  
reduce f i r e  hazard or prepare a s i t e  for  regeneration. 

Minimum edge scorching and 

We 

Not a l l  Douglas-fir i s  harvested by clearcutting. Thinning i s  common; 
she1 terwood harvesting i s  increasing. Though  no t  currently practiced in the 
Pacific Northwest, l igh t  underburning in the future may be used i n  residual 
stands to  expose mineral soil  or reduce vegetative competition for  seedlings. 
The use of underburning in stands with heavy accumulations of forest  floor to  
reduce f i r e  hazard and stimulate nutrient cycling t o  the mineral soil  has also 
been proposed (Moore and Norris 1.974). Obviously, the potential for damage t o  
residual t rees  can be minimized by low f i r e  intensity.  Piling slash, removing 
concentrations near t rees ,  and burning under carefully prescribed fuel and 
weather conditions t h a t  permit a controlled f i r e  of the desired intensity are 
options for  the land manager. Since precautionary measures t o  reduce heat or  
f i r e  damage t o  residual t rees  increase the costs of residue treatment, informa- 
tion i s  needed t o  quantify the vulnerability of various t ree species to damage 
and t o  identify the degree t o  which precautionary measures must be taken to 
avoid damage. 

Effects on fu ture  foresk product iv i ty .  --Soi 1 productivi ty i s  probably 
reduced to the extent t h a t  broadcast burning exposes mineral soil  and consumes 
fine-textured organic matter. Unfortunately, direct  evidence t h a t  t ree  growth 
i s  actually reduced, even in severely burned spots, i s  short term, limited, 
and conflicting. Thus, Tarrant  and Wright (1955) found no difference in height 
and root length of 1- and 2-year-old Douglas-fir growing on severely burned and 
unburned so i l ;  the soil a t  the two locations studied was neither stony nor 
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shallow. Yet, Isaac and Hopkins (1937) and Baker and Phelps (1969) observed t h a t  
severe b u r n i n g  did reduce Douglas-fir seedling growth for  a t  least  10 years af ter  
planting. The soil a t  their  respective study s i tes  was also neither stony nor 
shallow. Unfortunately, the effects of various intensities of b u r n i n g  on Douglas- 
f i r  growth have not  yet been measured on shallow, stony soi ls  located on steep 
slopes where soil disturbance and loss of organic matter are most likely t o  result 
in soil productivity and Douglas-fir growth. 

Slash burning increases the proportion of exposed mineral soil t o  an addi- 
tional 8 t o  43 percent over t h a t  exposed by. harvesting ac t iv i t ies  (table Z), 
a1 t h o u g h  this  provides more favorable seed beds o r  makes planting easier; exposed 
soil on sloping terrain i s  l ikely t o  accelerate erosion and reduce soil 
product i vi ty . 

The effects of slash burning on erosion have been summarized by Dyrness 
(1966, p.  605): 

. . . a l t h o u g h  severe burning may a l t e r  surface soil characteristics 
sufficiently t o  bring a b o u t  some increase in erodibility, moderate and 
l ight  burning often have very l i t t l e  direct effect on soil properties. 
Therefore, the most important changes caused by f i r e  are often n o t  i n  
the mineral soil i t s e l f ,  b u t  rather in the vegetation and l i t t e r  
which protect the soil surface. I f  essentially a l l  surface fuel i s  
consumed by an intense f i r e ,  exposure of mineral soil will often result  
in decreased infi l t rat ion rates largely due t o  destruction o f  surface 
structure by raindrop impact. A l ight  surface f i r e ,  on the other hand,  
will generally only char the l i t t e r ,  leaving most of the mineral soil 
a t  least  partially covered. I n  many instances, this remaining l i t t e r  
may af ford  sufficient protection t o  maintain soil porosity, a n d ,  
therefore, t o  avoid a large-scale increase in accelerated erosion. 

To meet his objective o f  maintaining o r  improving  s i t e  productivity, the 
land manager should be selective in his use of broadcast burning. 
opinion, broadcast burning should be avoided on immature soi ls  which are 
characteristically stony, coarse'textured, or shallow and in situations where 
accelerated erosion i s  likely. When broadcast burning i s  the most effective 
way t o  secure regeneration or reduce the danger of wildfire, an even greater 
threat t o  short- o r  long-term productivi ty--remedial efforts such as drainage 
control, f e r t i l i ze r ,  and  seeding annual cover crops are recommended (Rothacher 
and Lopushinsky 1974). 

I n  our  

EFFECTS OF OTHER RESIDUE TREATMENTS 

The need t o  minimize risk of accidental f i r e s  in logging slash, yet avoid 
a i r  pollution from broadcast slash f i r e s ,  has stimulated search fo r ,  and use o f ,  
a1 ternative methods of residue disposal. However, the effects of a1 ternative 
methods on regeneration and especially on soil productivity and growth of 
Douglas-fir have no t  been investigated. Thus, we have only indirect evidence 
about  the effects of these a1 ternatives t o  slash burning. 

When compared with broadcast burning, most other residue treatments (piling, 
piling and burning, crushing, o r  chipping in place) have limited application 
because tractors rather than  cable systems are used; thus, operations are 
generally limited t o  slopes under abou€ 40 percent. In a d d i t i o n ,  operations 
involving heavy machinery bn medium-to-heavy-textured soi ls  should be limited t o  
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dry periods to  avoid soil  compaction (Steinbrenner 1971). Additional t ractor  
operations a f t e r  yarding increase the amount of disturbance t o  the mineral so i l .  
For example, t ractor  logging w i t h  slash piling on 11 small clearcuts on gentle 
slopes l e f t  an average of only 5-percent undisturbed soil  compared w i t h  44 
percent a f t e r  high-lead yarding on a 35-percent s l o p e . /  Although a d d i t i o n a l  
disturbance exposes more mineral soil seed bed and promotes natural regeneration 
of Douglas-fir, this disturbance can adversely affect  advance regeneration and 
soil productivity. 

Piling Slash 

Use of t ractors  t o  pi le  residues can provide suff ic ient  exposure of mineral 
soil  for  natural regeneration, further reduction of brush competition for  ' l i g h t  
and moisture, and good access for  planting and other cultural practices. How- 
ever, removal of residues and reduction o f  brush density reduce shade o r  f ro s t  
protection for  seed1 ings; on severe s i t e s ,  this could be catastrophic unless 
cover i s  maintained by other means, such as shelterwood. 

Piling slash implies additional soil  disturbance and loss of  organic matter 
in affected portions of the unit. In clearcut harvests, large material i s  l ikely 
t o  be piled, yet  much fine logging slash and surface soil will also be included 
unless brush blades are used carefully t o  avoid soil disturbance. Ordinarily, 
slash p i l i n g  by t ractors  strongly conflicts with prudent soil  management since 
ex-posure of bare soil  or  compaction can lead t o  serious erosion and reduction in 
s i t e  productivity. W i t h  exceptional care, reasonable terrain,  and dry soil  
conditions, however, p i l i n g  residues a f te r  l o g g i n g  should n o t  greatly increase 
the extent of exposed or  compacted soil  or loss of organic matter from the s i t e  
over that w i t h  broadcast slash b u r n i n g .  

P i l i n g  and Burning Slash 

Burning piled slash creates hotter f i r e s  with less a i r  pollution than  
broadcast, burns (Fritschen e t  a l .  1970);  burning the piled slash further 
increases accessibi l i ty  for future cultural practices. Effects on regeneration 
will be the same as for piling w i t h o u t  burning, b u t  the h i g h  soil  temperatures 
achieved under the piles will affect  the soil  even more adversely than  under 
severely burned spots a f te r  broadcast b u r n i n g .  
amount of severely burned area resulting from pi le-and-burn operations compared 
w i t h  broadcast b u r n i n g .  

We found no e x i s t i n g  d a t a  on the 

Mechanical Treatment of Slash 

Reducing the s ize of logging slash by crushing or  chipping and by leaving 
slash close t o  or mixed with the soil  can reduce f i r e  hazard and  provide condi- 
tions f o r  fas te r  decomposition and incorporation of organic matter into the 
so i l .  
treatment would resu l t  i n  ( 1 )  retention of most organic matter, ( 2 )  suff ic ient  
exposure of mineral soil  for  natural Douglas-fir regeneration, (3) good access 
for  cultural operations, ( 4 )  substantial reduction o f  brush density, and 
(5 )  minimum soil  compaction where equipment operates largely on an organic 

A l t h o u g h  specific information i s  n o t  available, we assume t h a t  mechanical 

5' Personal communication with Dr. C.T. Dyrness, Pacific Northwest Forest 
and Range Experiment Station, October 1972. 
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matter "cushion." Possible limitations to mechnically treating slash include,: 
1 )  elimination o f  advanced regeneration, ( 2 )  high cost ,  ( 3 )  steep topography, I 4 )  reduced b u t  prolonged slash hazard, and (5)  soil  compaction where an organic 

cushion i s  no t  present. Where nutrients l imit  ra te  of decomposition, position- 
i n g  large quantit ies of slash close t o  o r  w i t h i n  the soil  may cause temporary 
nitrogen deficiencies; however, applying f e r t i l t z e r  may speed decomposition and 
direct ly  benefit regeneration. Means fo r  accelerating rates  of natural  decom- 
position should be researched. 

The diff icul ty  of mechanical treatment increases w i t h  s ize  and density of 
harvest residues; where soi l  compaction i s  a potential problem, t ractor  use 
should be limited t o  dry soil  conditions. For small t rees  o r  good u t i l i za t ion ,  
moving large t ractors  over brush and l o g g i n g  debris may be suff ic ient ;  t ractors  
should fol low a twisting p a t h  so t h a t  tracks disturb the forest  f l o o r .  However, 
a t  the other extreme characterized by large old-growth debris and poor u t i l i za-  
t i o n ,  huge equipment might be necessary to reduce s ize and height of  the slash, 
create enough spots of  mineral soil  for  natural regeneration, and improve access 
for subsequent cul tural operations. 

Removina Residues from Si te  

The  cost and effects  of removing residues from the s i t e  f o r  use and disposal 
elsewhere will obviously depend on the s ize and amount of material removed. 
These variables and the means for removing the slash will determine the extent 
of hazard reduction, mineral soi 1 disturbance, access for  cultural operations, 
loss of  organic matter, and potential for  erosion. 
i s  a further extension of current trends toward intensive ut i l izat ion and YUM 
yarding; further information i s  needed t o  determine situations i n  which th i s  
technique has advantages over other options. 

This residue treatment method 

SUMMARY DISCUSSION 

The l a n d  manager's decisions--if, how, and where t o  t r ea t  forest  residues-- 
are admittedly complex; his decisions will depend on relat ive or absolute values 
given t o  various management objectives and their  interrelationships.  
for f i n a l  harvest o f  mature and especially overmature stands of  Douglas-fir 
should be integrated with s i lvicul tural  plans for regenerating and tending the 
new s t a n d .  Moreover, these plans should be f i t t ed  t o  carefully assessed stand 
and s i t e  conditions which ex is t  or may exis t  a f t e r  logging. 
proper choice and execution of logging or  residue treatment methods will probably 
eliminate need for additional s i t e  preparation or remedial s i t e  restoration 
ac t iv i t ies .  

Thus, plans 

In  most s i tuat ions,  

flatw)aZZy regenerating DougZas-fir.--Currently, we .have insufficient and 
frequently contradictory evidence t o  judge which methods of  residue treatment 
are most l ikely t o  provide satisfactory natural regeneration of Douglas-fir. 
The success or fa i lure  of residue treatment will depend on i t s  direct  effects  
on existing seedlings and seed and on indirect effects  on environmental factors 
which are c r i t i ca l  for  successful regeneration a t  specific locations. 

There is  general agreement t h a t  mineral soil  is  the most desirable seed 
bed for  survival and growth of Douglas-fir. Exposed or disturbed mineral soil  
favors seedling survival by reducing vegetative competition for soil  moisture 
and providing more moderate surface temperatures and moisture relations than  
those existing on undisturbed organic materials. Yet, treatments which expose 
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mineral soil also destroy overhead cover which provides heat and frost  protection 
and reduces risk of accelerated erosion. Thus, a general need for sufficient,  
well-distributed seed beds of mineral soil must be balanced against a specific 
need a t  some s i tes  t o  provide adequate shade or frost protection. 

Exposed mineral soil may be obtained by mechanically removing or breaking 
the matted forest floor (duff) or mixing i t  with mineral so i l ;  the forest floor 
can also be removed by burning. A t  four locations i n  southwestern Washington, 
mineral soil exposed by mechanical means (logging) provided a significantly 
higher stocking percentage af ter  aerial seeding of Douglas-fir than t h a t  exposed 
by burning.l/ The amount of soil disturbance accompanying logging operations i s  
controllable so t h a t  more or less mineral soil can be exposed; however, this  
control may increase logging costs. For example, t o  fac i l i ta te  regeneration 
efforts by increasing the amount of soil and brush disturbance normally resulting 
from skyline yarding systems, chains or tubes w i t h  protruding hooks have been 
dragged back and for th  by the yarder af ter  logging .(Somtner 1973). 
are to  be planted, adequate s i t e  preparation can usually be achieved by scalping 
o u t  seedling locations w i t h  hand tools, i f  access within the units has been 
achieved th rough  good ut i l izat ion,  slash f i res ,  or machine piling of residues. 

I f  seedlings 

In  general, any logging method or residue treatment which increases the 
amount of exposed mineral soil a t  sufficient microsites th roughou t  the treatment 
area should rank high fo r  achieving natural regeneration. Broadcast b u r n i n g  can 
provide an additional 8 t o  43 percent exposed or disturbed mineral so i l ;  the 
increase will be greatest af ter  use of cat and skyline yarding systems which 
minimize soil disturbance over the logging u n i t .  
f i r  averaged two t o  three times greater on burned t h a n  on undisturbed seed beds 
af ter  14 clearcuts were aerial ly seeded w i t h  Douglas-fir i n  northwestern 
Washington (see footnote 7 ) .  
able, however, there i s  l i t t l e  need t o  expose additional mineral soil by 
broadcast burning. 
conifers) on burned and unburned plots i n  southwestern Washington and western 
Oregon (Morris 1970) and burned and unburned milacre plots in western Oregon./ 

Stocking percentage o f  Douglas- 

Where species other t h a n  Douglas-fir are accept- 

Thus, there was no difference in average stocking (al l  

Thus, broadcast b u r n i n g  creates more mineral soil seed beds, b u t  there i s  
no consistent improvement of stocking from natural or he1 icopter-disseminated 
seed. Depending on the local s i t u a t i o n ,  b u r n i n g  affects other environmental 
factors which are cr i t ical  t o  seed1 ing survival. For example, Isaac's numerous 
investigations of natural  regeneration of Douglas-fir clearly showed the need 
for shading t o  increase in i t ia l  survival and height growth. He observed t h a t  
"dead" shade of stumps, l o g s ,  and overhead slash was preferable t o  l i v i n g  shade 
of vegetation; moreover, 
more desi rabl e than t h a t  
Morris (1970) found t h a t  

t h a t  "living" shade of clumpy, shrubby vegetation was 
provided by continuous stands of herbaceous invaders. 
broadcast burning d i d  n o t  affect the coverage by 

7/ Ronald Stewart. 
reporT No. 4,  Washington 
1966. 

A study of Douglas-fir aerial seeding. Unpublished 
State Department of Natural Resources, Olympia, 25 p . ,  

8/ ,Eugene R. Manock. Unpublished preliminary report, Information No. 5: 
Seed source effectiveness study. Oregon S t a t e  Board of Forestry. 1965. On f i l e  
a t  Forestry Sciences Laboratory, Olympia, Washington. 
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herbaceous vegetation b u t  did reduce the proportion of most shrubby vegetation, 
except where buried Ceanothus seeds were stimulated into germination, producing 
character is t ical ly  heavy cover. 
also reduce the propor t ion  of shrubby vegetation b u t  without stimulating Ceanothus 
species and other species in which germination i s  stimulated by heat. 

The effect  of logging and residue treatment on existing shrubby vegetation 
can be significant in securing regeneration. Because of i t s  continuous, rather 
than clumpy, growth h a b i t ,  salmonberry i s  particularly undesirable in the Coast 
Ranges; thus, any treatment--for example, slash burning--which reduces salmon- 
berry would favor Douglas-fir regeneration. We do no t  know what effect  the 
increased amount of soi l  disturbance associated with other slash treatments 
would have on the distribution and growth of salmonberry. 
having a more clumpy h a b i t  may improve the seedling environment by providing 
shade or f ros t  protection. Except where f i r e  stimulates the germination of  
certain brush species, a l l  residue treatments are l ikely t o  have a t  l eas t  a 
temporary adverse effect  on growth ra te  of clumpy vegetation such as vine maple 
or rhododendron. Thus, with extreme residue treatment, b o t h  dead and living 
shade will be reduced t o  a minimum. Whether th i s  minimum will s t i l l  provide 
suff ic ient  moderation of the seedling microclimate will , of course, depend on 
the severity of s i t e .  
adverse s i t e s ,  we should probably attempt t o  maximize shade, particularly dead 
shade of logging slash. 

Presumably, other residue treatments would 

Shrubby vegetation 

When minimum quantit ies of seed are available, as on 

In brush hazard areas, scarification from logaing or l igh t  t o  medium burns 
seldom provides suff ic ient  well-distributed exposure of mineral soil  and 
removal of competing vegetation t o  insure adequate natural regeneration o f  
Douglas-fir. For example, on h i g h-  t o  medium-quality s i t e s  of the Coast 
Ranges, a rel iable  practice i s  t o  plant a f t e r  getting as much scar if icat ion as 
practical with cable logging followed by burning with dry soil  conditions. 
The large reserves of  soil  nitrogen and rapid vegetational succession on these 
s i t e s  will probably minimize the negative effects  of these treatments on s i t e  
productivity. 

Other residue treatments will vary by type of seedling microsite. 
the possible exception of some mechanical treatments, such as onsi t e  crushing o r  
chipping of slash, residue treatments should increase exposure of mineral soil  
and reduce protective cover. 'However, the effects of these methods must be 
surmised until the various types of microsi tes  resulting from specific harvest- 
ing and residue treatment combinations are known and correlated w i t h  seed1 ing 
growth and survival. 

With 

Maintaining soiZ productivity.--As detailed previously, residue treatments 
can affect  short- and long-term soi l  productivity t h r o u g h  immediate effect  on 
vegetation, forest  f loor ,  and the surface so i l .  Subsequent effects  will be seen 
on other natural processes, such as secondary succession and soil  erosion, which 
can remedy or  extend the in i t i a l  effects  of logging and residue treatment. 
as the land manager generally s t r ives  t o  maximize the amount of mineral soil  
exposed by residue treatment and thus reduce risk of wildfire and costs of 
regenerating Douglas-fir, this  conflicts direct ly  with his general objective t o  
minimize disturbance of the soil  to protect soil productivity. Obviously, some 
tradeoffs are necessary ei ther  by accepting loss of productivity or by following 
residue treatment w i t h  some remedial measures t o  maintain or improve productivity. 

Where- 

> 

Effects of  removal 06 disturbance of residue, vegetation, and the forest  
Minimal reductions in productivity are l ikely t o  occur on higher floor vary. 
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quality s i t e s  which commonly have ( 1 )  a relatively large capital of nitrogen and 
organic matter i n  the mineral s o i l ;  ( 2 )  deep, well-drained so i l s  w i t h  h i g h  
in f i l t ra t ion  rates and moisture-holding capacity; such so i l s  have minimal poten- 
t i a l  fo r  surface erosion and mass movement, or are less affected i f  these occur; 
(3)  favorable climatic conditions which compensate for reductions in chemical or 
physical properties of the so i l ;  and ( 4 )  rapid secondary succession by a wide 
variety of  plants which reestablish a nutrient and organic cycle and frequently 
add nitrogen through symbiotic N-fixation. 
growth on high-quality s i t e s  can be improved by nitrogen f e r t i l i z e r  suggests 
t h a t  s i t e  productivity may have been reduced by past natural or man-caused 
act i  vi t i e s .  

However, the fac t  t h a t  Douglas-fir 

Forested areas of low or medium s i t e  quality have less  t o t a l  nutrient and 
organic matter capital and a higher proportion of  this  distributed on the forest  
f l o o r  and in the stand; b o t h  these aboveground sources are vulnerable t o  destruc- 
tion by f i r e .  Restricted soil  depth or large content of gravel or rock outcrops 
further reduce the nutrient and moisture storage capacity of the so i l .  
some so i l s  have less  tolerance for losses of nutrient or organic matter th rough  
f i r e  or surface erosion. 
treatment methods carefully for such s i t e s .  

Thus, 

The land  manager must choose his logging and residue 

Choosing an appropriate residue treatment.--We se t  u p  a hypothetical, yet 
typical , residue situation in the mid-Oregon Cascades and made the following 
ass umpt i ons : 

1. Objective: The manager desires to convert the existing old-growth stand 
to a well-stocked stand of Douglas-fir for  future intensive management for wood 
production; effects  of timber management on this  unit must be compatible with 
current watershed and recreational uses in the ent i re  drainage. 

2.  Regeneration system: Doug1 as-f i r  regeneration i s  desi red; insufficient 
advance regeneration of hemlock and s i lver- f i r  i s  present. 
westerly aspect and probability of many dormant seeds in the forest  f loor ,  heavy 
Ceanothus development, especially a f t e r  broadcast burning, i s  anticipated. 
ing i s  feasible,  although a t  l eas t  25-percent f i rs t-year  mortality i s  expected. 
Residue treatments which reduce heavy slash concentrations (more than 1 foot 
(30.5 cm) deep) will reduce p l a n t i n g  costs,  yet these same treatments wi l l  reduce 
dead shade and increase access for deer browsing. Cost per surviving t ree will 
thus depend on the need for  shade and deer protection d u r i n g  the f i r s t  years 
a f t e r  planting. 

Because of  south-  

Plant- 

Adequate natural regeneration of Douglas-fir i s  also possible. This 20- 
acre (8.1-ha), elongated unit--5 chains by 40 chains (100.6 m by 804.6 m)--is 
surrounded by mature Douglas-fir; a moderate-to-good seed crop i s  predicted 
within 2 years of logging. 
probably desirable for  seed and seedling survival--providing no accidental f i r e  
occurs. 

Residue treatments which leave l igh t  slash are 

3. Disease: Numerous Por ia  weirii foci are i n  the proposed clearcut. 
Infected stumps, roots, and b u t t  chunks are reservoirs of inoculum for  renewed 
infection. These residues should be confined t o  the existing foci ,  reduced to 
smaller s izes ,  and no t  pushed *into the soil  (Nelson and Harvey 1974) .  

4. Fuels: Despite anticipated close standards of u t i l i za t ion ,  large amounts 
of residue--150 tons per acre (336 metric tons per ha)--of a l l  sizes will remai-n 
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a f t e r  clearcut harvest of old growth. Fuel type will be H - X / X ,  L e . ,  high t o  
extreme rate-of-spread and extreme resistance-to-control . Igni t ibi l  i t y  will be 
high in rotted wood t h a t  i s  general on area. 
t o  H-1.1 (high t o  moderate) in 5 years as the f iner  flashy fuels deteriorate.  

Rate-of-spread expected t o  decrease 

5. Risk of  f i r e :  Well-traveled public-use road th rough  u n i t .  Area i s  
subject to lightning storms several days each summer. 

6. Fire detection and control: Area i s  readily visible t o  a i r c r a f t  patrol. 
Reporting time by public traveling through the area, a t  l eas t  30 minutes t o  
nearest phone; i n i t i a l  attack 45 minutes from reporting. 

7. Terrain: Moderate; 30-percent slopes near ridgetop with moderate 
dissection permit t ractor  logging and localized piling o r  crushing of logging 
slash. Reasonable b u t  not exeptional care must be taken t o  minimize the dis-  
turbance of the mineral s o i l ,  especially near streams; earthmoving from spur 
and skid road construction must be minimal. 

8. Soi l  productivity: Low; th i s  shallow, immature soil  has very gravelly, 
clay loam texture; compaction i s  l ikely i f  t ractors  are used on bare, moist 
so i l ;  accelerated sheet and gully erosion are l ikely where mineral soil  i s  
exposed; conservation o f  organic matter and nitrogen i s  h i g h l y  desirable. 

9. Water'quality: Increase in suspended sediments in the small stream 
passing t h r o u g h  the unit would cause ' s i l t a t ion  of a nearby recreational lake 
and should be avoided. 

10. Recreation: The unit  i s  readily observed from several, well-visited 
vantage points; deer hunters and general public will v i s i t  the area. 

11. Wildlife: Heavy deer usage and seed depredation by birds and mice 
are expected. 

We provide our ratings of several residue treatment methods for obtaining 
given management objectives on th i s  hypothetical situation ( table  4 ) .  Only the 
in i t i a l  costs of applying a iven residue treatment are considered. Obviously, 
the passive disposal system !natural decomposition) has the leas t  i n i t i a l  costs,  
and other procedures require added costs;  increased disposal costs ,  however, can 
encourage better ut i l izat ion or decrease other costs of management. Mechanically 
chipping or  crushing or machine piling are expensive treatments which are limited 
in application t o  those areas accessible t o  heavy machinery and not subject t o  
soil compaction. Removing residues from the s i t e  i s  probably the most expensive 
residue treatment considered; for example, experience with YUM yarding by the 
U.S. Forest Service has shown t h a t  removing small logs--minimum of 10 feet  ( 3  m )  
with 8-inch (20.3 cm) diameter inside bark a t  large end--increased yardin 
as much as $500 per acre, although some additional ut i l izat ion did occur.- %costs 

Rating residue treatments for their  effects  on attaining satisfactory 
natural Douglas-fir regeneration proved extremely d i f f i cu l t ,  even w i t h  assump- 
tions a b o u t  the hypothetical clearcut. Successful natural regeneration requires 

2/ Personal correspondence with Ron Johnson, Forester, Olympic National 
Forest, October 1972. 
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Tab1 e 4.--Rating of seveml residue treaknent methods for  a hypothetical ctearcutll  

Management ob j ec t i  ve and su bobj ec t i  ve 
Treatment 

l e c  anica y 
No Broadcast wi@out hid 'tr:at Remove?/ 

treatment burn  burn- burn- 1 e a v e J  

Minimize production cos ts  per 
acre  and per un i t  of products 
removed 

Doug1 a s-f i r regenera t i  on 
Residue treatment 1 4/ 2 3 4 

Natura 1 5 3 2 1 
Planted/ 5 1 3 2 

Stand accessi bi 1 i t y  5 3 2 1 

Fire 5 2 3 1 
Insects  5 2 4 

Protection o r  r i sk  

d Disease 2 2 514 

N(S) f e r t i l i z i n g  1 4 3 5 
Rep1 acemen t s  

Erosion control 1 3 4 5 

5 5 

4 2 
4 2 
2 4 

4 3 
3 2 

61 5 1 

2 3 
2 3 

2. Maintain so i l  productivity 
Conserve f i n e  organic matter 1 4 3 5 1 2 
Minimum disturbance 1 2 4 5 3 3 
Mi n imum compaction 1 2 5 5 3 3 

3 .  Maximum compatibility and 
benefi t  t o  

Water qual i t y  
Rec rea t i on 
Wild1 i f e  

1 4 3 4 2 2 
5 3 3 1 2 3 
5 2 4 5 1 3 

1' Ratings from 1 (most favorable) t o  5 ( l e a s t  favorable) f o r  a t ta in ing  given management object ives.  

11 Treatment not feas ib le  on steep slopes (exceeding about 40 percent) .  

?/ Equivalent t o  YUM yarding. 

?/ Potential higher cos t  because slash f i r e s  can escape. 

Cost per surviving planted t r e e  (planting costs  and survival a re  var iab les ) .  

Rate a s  2 ,  i f  s lash piled on Poria foci o r  s lash chipped and l e f t  above soi l  (personal correspondence 
with Earl Nelson, Research Pathologist ,  Forestry Sciences Laboratory, Corval lis, Oregon, June 1974). 

adequate seed fa l l  , germination, and survival which are uniformly distributed 
over the clearcut. 
ing the management objective of a well-stocked unit soon af ter  the removal o f  
the preceding stand i s  impossible. 

I f  one o r  more of these factors are inadequate, then a t t a i n -  

Further refinement of this  relative cost:benefit analysis will require 
measuring the effects o f  various residue treatments and assigning dollar values 
t o  costs and possible benefits from residue treatments. 
i s  soil f e r t i l i t y  reduced? What i s  the cost of  avoiding or correcting this loss? 
Currently, we know t h a t  preserving soil f e r t i l i t y  i s  a particularly important 
management objective on immature soi ls ,  which are common t o  steep, rocky slopes. 
As land utilization becomes more intensive, forestry i s  traditionally relegated 
t o  soi ls  which are marginal for other uses. Yet immature soils  can least afford 
damage, because soil moisture capacity and nutrient capital are low; moreover, 
soi ls  on steep slopes are highly subject t o  damage, because of greater soil dis- 
turbance associated w i t h  logging on steep slopes and greater potential for  

For example, how much 
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erosion. 
place the protection of his soil  resource h i g h  among his other management 
objectives. 

Irrespective of soil  type and te r ra in ,  the land manager i s  advised t o  

Choice of residue treatment method has fewer complexities and less  impor- 
tance when Douglas-fir i s  regenerated by planting or when more tolerant t ree  
species are acceptable. 
treatment or minimal treatment adversely affect  the in i t i a l  cost of planting 
and usually provide havens f o r  small mammals which often use seedlings for  food 
(Dimock 1974);  yet  in other s i tuat ions,  these same residues can increase 
survival and growth o f  the seedlings by being obstacles to radiation and browsing 
deer. 
treatment on survival and growth of planted Douglas-fir. 
our hypothetical clearcut,  we predicted t h a t  reducing the amount of slash on the 
ground would provide the lowest cost per surviving seedling. 

Large quantit ies of slash associated with no residue 

Thus, i t  i s  d i f f i cu l t  t o  generalize abou t  the net g a i n  from residue 
For the harsh s i t e  of 

CONCLUSIONS AND RECOMMENDATIONS 

RES 

t u n  
dec 

DUE SITUATIONS AND TREATMENT PRACTICES NEEDING REVISION 

We cannot suggest any completely new practices b u t  can emphasize oppor-  
t i e s  and precautions t h a t  should become routine i n  the slash disposal 
sion.  

1. Coordinated effor ts  should be accelerated in the Douglas-fir region 
toward improving economic climate and interdisciplinary technology for  more 
complete conversion of residues t o  useful products. 

2. A detailed examination of conditions a t  each location should routinely 
precede the slash disposal decision; fo r  example: 

A.  Conservation of organic matter and associated nutrients i s  
particularly c r i t i ca l  on steep, shallow, or stony s o i l ,  in which a large 
fraction of the s i t e ' s  nutrient and organic matter capital could be lo s t  by 
burning or removal. 
slash burning should n o t  be done routinely on these so i l s .  
rearrangement' of the material should be minimized t o  avoid soil  disturbance and 
redistribution or loss of organic matter. 

Such so i l s  are extensive th roughou t  the Douglas-fir region; 
Moreover, mechanical 

B .  In contrast ,  on highest quality s i t e s  where a smaller fraction o f  
the organic matter and nutrient capital i s  above the mineral s o i l ,  burning of 
slash may be the most economical or leas t  damaging method for slash disposal and 
control of competing vegetation. 

C .  Adequacy and distribution o f  coniferous seedlings amid the residues 
Wherever past experience should be carefully assessed before residue treatment. 

indicates probable fa i lure  in reproducing Douglas-fir, we should avoid destroying 
advance reproduction of  th i s  or other species. 

J-30 



NEEDED RESEARCH 

1 .  Develop new and economical uses for  unmerchantable material. 

2. Establish o r  reestablish permanent plots t o  quantify and compare the 
long-term effects  of various f i r e  and nonfire residue treatments on vegetational 
development and s i t e  productivity. For example, the reestablishment of some of  
the 60 paired-observation plots (burned vs .  unburned) t h a t  were established in 
1946 (Morris 1970) i s  most desirable. 
investigating the effects of residue treatments were located on moderately deep, 
relatively stone-free so i l s ,  additional plots will be necessary t o  sample shallow 
o r  extremely stony so i l s ,  particularly on steep slopes. 
sively distributed, relatively uninvestigated, and undoubtedly more susceptible 
to damage th rough  man's ac t iv i t i e s ;  they should receive research pr ior i ty .  

cast burning, determine the effects of a l ternat ive methods of residue treatment. 
For example, what are the amounts and distribution of various microsites resul t-  
ing from crushing, removing, or chipping residues? How do these affect  the 
regeneration and growth of Douglas-fir and associated species? 

Because his plots and those of others 

Such s i t e s  are exten- 

3. Since most of our current knowledge pertains t o  the effects  of broad- 

4. Determine the importance of specific forest  residues in nutrient cycling 
and s i t e  productivity. 

5. Develop a residue treatment index expressing the need for  and risks o f  
residue disposal treatment; extending previous work by Fahnestock (1960) in 
Idaho i s  desirable. The index should include at Zeast the following factors and 
thei r i nterac t i  on : 

A .  Values t o  be protected and their  susceptibili ty t o  damage by w i l d-  
f i r e  and various methods of residue treatment: estimated amounts of nitrogen 
contained in the forest  f loor ,  logging slash, and so i l ;  percentage of unit  
adequately stocked with advance regeneration; and potential for  soil  erosion. 

B. Quantity and flammability. 

C .  Risk and ign i t ib i l i ty .  

D. Availability of f i r e  protection. 

E. Climate and microclimate. 

F .  Probable ra te  of natural decomposition and hazard reduction. 

6. Develop an index or  decision logic table quantifying the need for  
s i t e  preparation for  natural or planted regeneration and the probable costs 
and r isks  of various options for  attaining th i s  in individual situations.  

7. Quantify the vulnerability of various t ree species t o  f i r e  and mechani- 
cal damage and identify the degree to which precautionary measures must be taken 
t o  avoid 'damage t o  these species when treating logging slash in thinning and 
she1 terwood operations. 
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8. Find practical means t o  increase rate  of natural decomposition by modi- 
fying physical or chemical properties of the residue or so i l ;  we should be able 
t o  reduce f i r e  and disease hazards and improve organic matter and nutrient cycl- 
ing in our managed stands. Adding nitrogen f e r t i l i z e r  and protecting or p l a n t -  
i n g  nitrogen-fixing plants o r  other plants which provide easily decomposable 
organic matter are  means for increasing the decomposition rate  of more resis tant  
residues. 

IMPLICATIONS FOR RESIDUE-TREATING EQUIPMENT 

1. Accelerate development of equipment capable of removing a t  l eas t  the 
larger pieces of logging residues a t  lower costs. 

2.  Increased ut i l izat ion will probably reduce slash quantit ies from regen- 
eration cuts 'in young-growth timber so t h a t  burning i s  not necessary for  f i r e  
control or access for  planting. When natural regeneration i s  desired, some s i t e  
preparation measures may be necessary t o  expose mineral soil  suff ic ient ly.  On 
gentle ground,  t ractors  can easily handle th i s  operation. 
ever, there is a need for  developing ef f ic ien t  equipment for preparation of  seed 
be+ 

For steep g round ,  how- 

CURRENT AND PERTINENT RESEARCH PROGRAMS 

ABOUT RESIDUE MANAGEMENT, NATURAL REGENERATION, 

AND GROWTH OF DOUGLAS-FIR 

I .  University of British Columbia, Vancouver 

A .  Soils Department and Faculty o f  Forestry 

1. Impact of harvesting on soil properties, means and ra te  of recovery 
from harvesting disturbances 

2. Studies of high elevation so i l s  

B.  University Research Forest 

1 .  Natural and a r t i f i c i a l  regeneration 

2. Mechanization of s i lvicul tural  practices 

3 .  Si te  preparation 

11. Canadian Forestry Service Vancouver Forest Products Laboratory 

A .  Logging methods 

B. Complete t ree ut i l izat ion 

C .  Utilization of forest  residues 
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111. University of Washington College o f  Forest Resources, Seattle 

A. Si te  preparation and regeneration 

B. Effects of sewage sludge on decomposition of forest  residues and 
nutrient cycling 

C .  Effect of timber harvesting on soil and water 

D. Effect o f  various s i lvicul tural  systems on forest  residues and 
regeneration 

IV. Weyerhaeuser Company Research Center 

A. Effects of logging and s i t e  preparation on regeneration 

B. Natural regeneration 

V .  Pacific Northwest Forest and Range Experiment Station 

A. Forestry Sciences Laboratory, Olympia, Washington 

1. She1 terwood systems for stand regeneration 

2. Animal damage reduction 

Forestry Sciences Laboratory, Corvallis, Oregon 

1 .  Regeneration in southwest Oregon 

2.  

B. 

Effect of  management practices on nutrient and water cycles 

C .  Seat t le  U n i t ,  Seat t le ,  Washington 

1 .  Logging systems 

2 .  Harvesting methods for l o g g i n g  residue reduction 

VI. Oregon State University, Corvallis 

A. Soils Department 

1. Nature and properties of forest  humus 

B. School of Forestry 

1 .  Soil compaction and t ree growth 

2.  Utilization of  forest residues 
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REGENERATION AND GROWTH OF WEST-SIDE MIXED CONIFERS 

Robert H .  R u t h  

ABSTRACT 

West-side mixed conifer fores t s  include coastal hemlock- 
spruce, upper-s lope true fir-mountain hemlock, and mixed 
coni fers  of southwest Oregon. Numerous overmature and 
defective stands resu l t  i n  large volwnes of Zogging residue. 
Mature stands characterist ical Zy have an understory of 
advanced regeneration, some of which survives the Zogging 
operation and becomes .intermixed with logging residues. 
Residue treatments largely determine the f a t e  of these 
seedlings. Broadcast burning of residues k i  2 2s most in ter-  
mixed t ree  seedlings and se t s  back fores t  succession t o  an 
ear l i e r  stage, creating an environment favorab l e  t o  sera 2 
t ree  species. Forest f Zoor materia 2s and Zogging residues 
o f t en  contain an apprecid.le portion of the t o ta l  nutrient 
capital  on a s i t e  and shouZd not be removed i f  needed for 
t ree  nutr i t ion.  Residues should be l e f t  on steep slopes 
t o  help protect  the so i l  from erosion. 
genera229 are an unsatisfactory seed bed when exposed t o  
the sun but are satisfactory for  tolerant species under 
the protection of a fores t  canopy. 
for a given area should be determined only a f t e r  careful 
evaluation of the var ious e f f e c t s  of a l l  treatment alterna- 
t i v e s ,  not only from the standpoint of regeneration and 
growth but other fores t  uses as well .  

Such slopes 

The residue treatment 

Keywords: Mixed conifer forest (Pacific Northwest west 
side)--site preparation, natural  regeneration, 
tree growth. 

INTR ODU CTlO N 

Forest residues, often considered only from the standpoint o f  f i r e  hazard 
or unutilized wood, are an integral pa r t  o f  the natural forest where they exert 
important environmental influences. Desirable from one standpoint, and a 
problem from another, the same materials are here classified as residue when, 
from the standpoint of forest management objectives, they are present in excess, 
in the wrong place, o r  a t  the wrong time. 
residues as used in this  paper: 
accumulation of woody material, including l i t t e r  on the forest floor, t h a t  
originates from natural processes and i s  added t o  and rearranged by man's 
act ivi t ies  such as cultural and harvesting operations and land clearing 
(Jemison and Lowden 1974). 

This leads t o  the definition of forest 
Forest residue i s  the living or dead, unwanted 
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Residue treatments play a major role in management of west-side mixed 
conifers. 
stored nutrients and other benefits of residues are also impor tan t .  Overmature 
stands character is t ical ly  have an understory of tolerant species. 
story may be protected t o  become the nucleus o f  a new timber stand or destroyed 
in favor of less tolerant species. 
treatment i s  a key factor in accomplishing the desired objective. 
here i s  t o  summarize existing knowledge of effects  of residues and the i r  treatment 
on regeneration and growth of west-side mixed conifer forests .  

Volumes of residues often are large, creating a f i r e  hazard, b u t  

This under- 

The purpose 
Residue treatments or the decision for no 

THE FORESTS 

Mixed conifers cover 8,200,000 acres (3,321,000 ha) of commercial forest  
l and  in western Oregon and western Glashinqton and contain 10 percent of the 
national softwood timber supply. 
vary widely. For discussion purposes, these forests are divided into three 
vegetational areas : Picea s i tchensis  Zone encompassing the coastal western 
hemlock-Sitka spruce forests ;  upper-slope true fir-hemlock forests ,  includinq 
the Abies m a b i z i s  and Tsuga mertensianu Zones; and mixed conifer forests  of 
southwest Oregon incl udi  ng the Mixed-Coni f e r  , Abies concoZor , and Abies 
rnagnifica shastensis Zones (Frank1 in and Dyrness 1973).  

The cl imate, topography, and species mixture 

COASTAL HEFILOCK-SPRUCE 

Forests of  western hemlock (Tsuga heterophzjZZa (Raf.) Sarg.) and Sitka 
spruce (Picea s i tchensis  (Bong.)  Carr.) occupy a narrow coastal s t r i p ,  extend 
u p  r iver valleys, and cover the broad coastal plain on the west side of the 
Olympic Peninsula. 
increasingly common associate eastward where hemlock-spruce merges into 
hemlock-fir or pure Douglas-fir. 
common in areas with high water tables. 
(Doug1 . ) Forbes) becomes a minor associate in klashington increasing northward 
and with elevation. 
disturbed s i t e s  and overtops conifer seed1 ings. 
extend northward t o  Alaska , b u t  only the Oregon-Washington portion i s  considered 
here. 

Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) i s  an 

Western redcedar (Thuja pZicata Donn) i s  
Pacific s i lver  f i r  (Abies amabiZis 

The hemlock-spruce forests  
Red alder (Alnus mbra Bong.) often invades recently 

The mild, moist coastal environment provides a residue management situation 
d is t inc t ly  different  from other parts of the Pacific Northwest. 
forest  growing conditions resu l t  in a huge forest  biomass (Fujimori 1971), b u t  
residue volumes may be high or low depending on defect percentage and u t i l i za t ion  
standard. For example, clearcutting a mixed old-growth stand on the Quinault 
Indian Reservation in the early 1960's  l e f t  18,604 cubic fee t  per acre (1,302 
m3/ha) of material 4 inches (10.2 cm) and larger in diameter plus an estimated 
20 t o  40 tons (18.1 t o  36.3 metric tons) of fine material (Dell and Ward 1971). 
In contrast ,  defect percentages are low in most young-growth hemlock-spruce 
that  originated a f t e r  wildfire,  blowdown, or harvest cutting. 
standards on public lands often require cutting logs t o  a 6-inch (15.2-cm) top 
diameter and 80 board-foot volume. Logs containing less  t h a n  80 board fee t  
often are sold on a per-acre basis a t  a low price, thus encouraging ut i l izat ion 
of this  small material. Tbis leaves a much smaller residue volume. Utilization 
on industrial lands often i s  excellent. 
(10.2 crn) in diameter, 4 fee t  long (1.2  m),  and 10 percent chippable material, 

Excellent 

Utilization 

For example, residues exceeding 4 inches 
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measured on ix in s t r ia1 forest  clearcut areas, averaged 1,332 cubic fee t  per 
acre (93.2 m3/ha).!.y Adding in the f iner  material and material less t h a n  10 
percent chippable s t i l l  leaves residue volume f a r  below t h a t  from defective old 
growth.  
wide range of residue volumes for which management decisions must be made. 

Variations in stand age, defect, and ut i l izat ion standards cause a 

Fire danger in the coastal s t r i p  generally remains well below t h a t  in other 
parts of  the Pacific Northwest. Summer precipitation, prolonged cloudiness, and 
summer fog minimize d r o u g h t  conditions t h a t  are so common farther inland, keeping 
coastal areas moist and usually safe from wildfire.  Precipitation varies within 
the hemlock-spruce type i t s e l f ,  with a June-September rainfal l  of 13.6 inches 
(345 m m )  in the nor th  near Forks, Washington, and 6.4 (163 m m )  in the south a t  
Newport, Oregon (U.S. Weather Bureau 1965). 
conditions, drying east  winds do create the possibili ty of wildfires.  Major 
conflagrations of the past t e s t i fy  t o  their  occurrence in coastal forests .  

In spi te  of generally moist 

Except for  the Olympic coastal plain, most topography i s  i r regular ,  a b r u p t ,  
and dissected by small canyons. Because of t h i s ,  in some areas forest  residues 
tend t o  s l ide  downslope and plug stream channels; harvesting operations 
accelerate th i s  tendency. Generally the soi ls  are deep, relatively r ich,  strongly 
acid, and high in organic matter and total  nitrogen. 
speeds up  the nutrient cycle, and forest residues tend t o  decay rapidly. 

The moist, mild climate 

Forest succession generally i s  toward western hemlock as the cl imax species. 
Hemlock i s  more tolerant of shade t h a n  Sitka spruce and commonly predominates in 
the understory of mixed stands. Heavy thinnings or shelterwood cuttings usually 
provide enough additional l igh t  for some Sitka spruce t o  come in with the hemlock. 
B u t  clearcutting i s  the most common harvesting system and here western hemlock 
loses i t s  advantage, except for  advance regeneration t h a t  survives the logging 
operation. A ful l  stocking or overstocking of b o t h  species normally results.  

Clearcutting favors Douglas-fir and red alder.  Many forest  managers prefer 
Douglas-fir t o  Sitka spruce because of f i r ' s  higher stumpage value and spruce's 
suscepti bi 7 i ty t o  the spruce weevi 1 (Pissodes sitchensis) , whi ch retards height 
growth and causes deformities. They often plant or seed Douglas-fir and remove 
many spruce trees during thinning operations. 

In sp i te  of i t s  nitrogen-fixing ab i l i t y  (Tar ran t  e t  a l .  1969) ,  red alder 
i s  not a favored species. 
rotations,  yields per acre are f a r  below those of mixed conifers. 
of red alder are killed with aerial sprays each year t o  release conifers. 

Alder stumpage values are low a n d ,  a t  normal 
Large areas 

After logging or other disturbance, rapid growth of herbs and shrubs soon 
forms a closed canopy over forest  residues keeping them moist even on warm 
summer days--too moist for broadcast burning except during unusually dry  
periods--and promoting decay. 
slowing the i r  growth ra te .  Some shrubs, particularly salmonberry (Rubus 
spectabiZis Pursh) and thimbleberry (R. parvifZoms N u t t .  ) ,  sprout vigorously, 
form dense thickets,  and may effectively exclude conifer regeneration. 

This same cover closes over conifer seedlings 

Dwarf mistletoe (Arceuthobiwn campyZopodwn f .  Tsugae) infects the western 
hem1 ock component of many old-growth and some young-growth stands. Infected 

1/ Melvin E .  Metcalf. Personal communication, March 1 7 ,  1971. 
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trees have excessive defect,  adding t o  residue volumes. 
seedlings also may be classif ied as forest  residue; they should be destroyed to 
control infection in the new s t a n d .  

Infected understory 

UPPER-SLOPE TRUE FIR-HEMLOCK 

The upper-slope mixed conifers occur in the Cascade Range and' Olympic 
Mountains extending from the Douglas-fir forest  a t  midelevations upward to  
timber1 ine. Major timber species are: 

Pacific s i lver  f i r  
noble f i r  
grand f i r  
whi t e  f i r  
subalpine f i r  
Shasta red f i r  
western hem1 ock 
mountain hemlock 
Dougl as- f i r 
western white pine 
1 odgepol e pi ne 
Engelmann spruce 
western redcedar 
A1 aska-cedar 
western larch 

Abies amabiZis (Dougl . ) Forbes 
Abies procera kehd. 
Abies grandis (Dougl . ) L i n d l  . 
Abies concoZor (Gord. & Glend.) Lindl. 
Abies Zasiocarpa (Hook . ) Nu tt . 
Abies magnifica Murr. var .  shastensis Lemrn. 
Tsuga heterophy ZZa (Raf . 
Tsuga mertensiana (Bong. ::;:: 
Pseudotsuga menziesii (Mirb. ) Franco 
Pinus monticoZa Dougl. 
Pinus contorta Doug1 . 
Picea engehannii  (Parry) Engelm. 
Thuja pZicata Donn 
Chamaecyparis nootkatensis (D .  Don) Spach 
La* occidenta Zis N u t t  . 

Pacific s i lver  f i r  i s  the climax species in most loca l i t i e s ,  b u t  ex is t ing .  
stands vary widely in composition. 
succession following wildfire and contain mixtures of seral species (e .g . ,  
noble f i r ,  Douglas-fir, the pines) and climax or subclimax species (e.g. ,  
s i lver  f i r ,  the hemlocks, western redcedar). 
age w i t h  the older ones favored for early harvest cutting. 

Most are in various stages o f  secondary 

Most stands are pas t  rotation 

Defect varies widely with stand age and local i ty  and between species. 
Noble f i r  and Alaska-cedar have l i t t l e  defect,  and harvest cuttings leave 
relatively l i t t l e  residue. 
very defective, and large volumes of residue are l e f t  in the f ie ld .  Other 
species are intermediate in defect. 
re lat ively free of defect. 
high proportion of old-growth timber. As in hemlock-spruce fores t s ,  a f t e r  old 
growth i s  harvested and replaced by vigorous young stands, residue volume will 
decrease. 

Western hemlock and Pacific s i lver  f i r  often are 

In general, residue volumes are high because of the 
Young stands generally are healthy and 

Forest residues decay slowly in the cooler pa r t s  of upper-slope forests .  
Annual precipitation varies widely b u t  averages about 90 inches (2286 m m ) .  
of i t  accumulates in winter snowpacks. 
by the snow, b u t  cold temperatures and high moisture content of the wood slow 
action of decay organisms. 
become extreme; i n  addition, th i s  upper-slope area i s  subject t o  summer lightning 
storms. 

Much 
Residues tend to be borne to the ground 

Fire danger increases during the summer and may 

Podsolization i s  the major soil  forming process, and so i l s  range from 
Podzols and Gley Podzols i n  the north t o  Brown Podzolic in the sou th .  
depth of the forest  floor i s  1.8 inches (4.6 cm), b u t  the range i s  from about  

Average 
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5 inches (12.7 cm) i n  the north t o  almost no accumulation i n  the south. 
weight i s  abou t  28 tons  per acre (62.7 metric t o n s / h a ) .  A duff  mull forest 
f loor  type i s  common in the Mount Baker area w i t h  l i t t e r ,  fermentation, and humus 
layers overlying the A1 soil horizon. In  the Mount Rainier, Mount Adams, and 
Mount Hood areas, the forest f l o o r  may be of the fel ty mor type w i t h  the A1 
horizon usually absent, o r  of the fine mull type with the humus layer absent. 
The fe l ty  mor type predominates in the Willamette, Three Sisters,  and Crater Lake 
areas in the south.  
t o  26 percent of the supply of major nutrient elements i s  tied up in this  forest 
f l o o r  material (Williams and Dyrness 1967). 
densely matted layer which, when exposed t o  the sun, becomes very dry--an 
inhospitable seed bed for  germinating seed1 ings--and steadfastly resists  
penetration by a p l a n t i n g  hoe ( R u t h  1963). 

Average 

Based on 46 sample stands throughout the Cascade Range, 12 

The forest floor often forms a 

Preferred species for p l a n t i n g  or seeding usually are Douglas-fir a t  the 
lower elevations bordering the Douglas-fir forests,  and noble f i r  elsewhere 
within the range of this species. Western hemlock, Pacific silver f i r ,  and 
other upper-slope species seed i n  naturally t o  make mixed conifer stands. 

MIXED CONIFERS OF SOUTHWEST OREGON 

In southwest Oregon the floras of the Pacific Northwest intermingle w i t h  
those of northern California and form an array of vegetation types ranging from 
low chaparral i n  the dry interior valleys t o  cool, moist conifer f o r e s t a t  h i g h  
elevations and near the coast. 
in the Mixed-Conifer, Abies coneoZor, and Abies mgn i f i ca  shastensis Zones 
( F r a n k l i n  and Dyrness 1973). Only these three zones will be discussed here. 

Most harvest cuttings and residue problems are 

The Mixed-Conifer Zone ranges from about  2,450 t o  4,600 feet  (750 t o  1,400 m )  
i n  elevation in the Cascade Range. 
occurs in a narrow band up t o  about  5,250 feet (1,600 m ) .  
shastensis Zone occurs from about  5,250 t o  6,560 feet (1,600 t o  2,050 tnr Similar 
zones occur a t  slightly higher elevations i n  the Siskiyou Mountains. 

I t  merges into the Abies coneoZor Zone which 
The Abies ma i f i c a  

Southwest Oregon has a complex geology and highly variable soi ls .  
p a r t i c u l a r  importance here are  the soi ls  derived from schists and gneisses, 
pumice soi ls  a t  higher elevations, and Pleistocene sands along the coast. 
may erode rapid ly  i f  exposed t o  surface runoff  and need t o  be protected by a 
vegetative cover or by a mantle of  forest residues. 
infer t i le  and need nutrients stored in onsite organic material. 

Of 

They 

Other soi ls  may be quite 

The climate of southwestern Oregon i s  characterized by h o t ,  dry summers, 
low humidity, h i g h  f i r e  danger, and occasional lightning storms. 
a long history of f i r e ;  most forest stands originated af ter  f i r e .  
are now i n  various stages of secondary succession and contain both  seral and 
climax species. 
brushfields or poorly stocked timber stands intermixed w i t h  brush (Gratkowski 
1961, Hayes 1959). 
residue problem. A t  present, i n  southwest Oregon, shelterwood systems often are 
preferred over clearcuttings which expose bo th  forest residues and new seedlings 
t o  desiccation in the hot  sun. 
must be accomplished in i t i a l ly  in the presence of an overstory stand and 
subsequently in the presence o f  establ ished tree seedl ings. 
are h i g h  af ter  the in i t ia l  cut in old-growth timber. 

The area has 
These stands 

Wildfire and often clearcutting have led t o  development of 

During rehabilitation, the brush i t se l f  becomes a major 

W i t h  shelterwood cutting, residue management 

Residue volumes 
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RESIDUES FROM THINNING 

Most thinnings in west-side mixed conifers have been in the coastal hemlock- 
spruce timber type where good seed production coupled with shade-tolerant 
species resul ts  in particularly dense stands. In upper-slope forests ,  few 
thinnings have been made because of a limited road network, limited market for  
small material, and the preponderance of overmature stands in need of harvest 
cutting. I n  southwest Oregon, most partial  cuttings have had a regeneration 
objective and,  therefore, properly are termed shelterwood cuttings.  Residue 
volumes usually are more t h a n  from thinning b u t  less than  from clearcutting. 

rotation t h a t  leaves residues. In  coastal hemlock-spruce, precommercial 
thinnings usually are made when the stand i s  10 t o  22 years old and diameter 
of trees t o  be thinned ranges up t o  about  5 inches (12.7 cm). 
for thinning are treated with herbicides o r  are cut with powersaws near the 
ground. The powersaw method i s  gaining favor (Hansen 1971). Chemically 
treated t rees  deteriorate slowly, losing needles f i r s t ,  then twigs and limbs. 
Finally, the roots deteriorate and the stem topples. When trees  are  cut With 
a powersaw, many remain standing, held up  by branches intertwined w i t h  uncut 
trees.  
above ground by protruding branches. 

. 
Precommercial thinning often i s  the f i r s t  cultural operation in a forest  

Trees selected 

Most f a l l  t o  the ground, b u t  even then, main stems usually are held 

Precommerci a1 thi nni ng res i dues become a f i r e  hazard whenever they dry. 
The small, lightweight material favors a high ra te  of spread. The intertwined 
stems above ground level severely obstruct movement and increase resistance t o  
control. However, a f t e r  5 t o  7 years, most stems have dropped t o  ground level 
and decay i s  well advanced. Precomercial thinning residues generally are 
l e f t  untreated with extra f i r e  protection provided during the few years of 
i ncreased f i re  danger. 

Residues from precommercial thinning degrade the appearance of a young 
stand. 
the main area from view. 
with the ground vegetation, the narrow roadside s t r i p  would be thinned and 
the residues from i t  r u n  t h r o u g h  a chipper. 

A proposed solution i s  t o  leave a roadside s t r i p  unthinned t o  screen 
After thinning residues have dropped down and merged 

Residues from commercial thinning in coastal forests are l e f t  untreated, 
Generally the volume is  small and lopped and scattered, or piled and burned. 

does n o t  constitute a s ignif icant  f i r e  hazard in the moist coastal climate. 
The. material involved is small enough t o  decompose rapidly. Usually i t  i s  n o t  
a serious obstruction t o  future management act ivi ty .  In  f ac t ,  occasional' huge 
stumps and logs from the preceding old-growth forest  may be more of an 
obstruction. 
accomplished by hand.  
because the risk of man-caused f i r e  i s  greatest here. Away from the roads,  
residues usually are l e f t  t o  decay where they f a l l .  Establishment of regenera- 
tion i s  not a specific objective of thinning, so no residue treatment i s  
indicated for this  purpose. I f  large-scale residue treatments become necessary, 
they will be d i f f i cu l t  t o  accomplish with mechanical equipment because coastal 
forests have so many stems per acre and maneuvering among the trees would cause 
damage. 

L i t t l e  machine piling has been done, most o f  the work being 
Often only logging residues along roads are treated 
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EFFECT OF RESIDUES ON REGENERATION AND GROWTH 

Forest residues are b o t h  beneficial and harmful t o  regeneration and growth 
of west-side mixed conifer forests ,  with harmful effects  often predominating 
a f te r  logging. Individual e f fec ts ,  good and bad, need careful consideration. 
Their balance before treatment, expected balance a f te r  treatment, and harmful 
effects  of the treatment i t s e l f  form the basis for residue management decisi'on. 

FAVORABLE EFFECTS 

An important favorable e f fec t  of forest  residues i n  west-side mixed conifer 
forests  i s  the protection they provide to  the basic soil  resource. The soi l  must 
be preserved for regeneration and growth of succeeding timber crops as well as 
for other forest  uses, particularly in the northern Washington Cascade Range. 
Here steep slopes, shallow so i l s ,  and heavy rainfal l  are common. 

Forest residues protect the soil  from erosion: 
protect the mineral soi l  from the impact of raindrops, by holding back downhill 
movement of soi l  during winter storms o r  during periods when dry ravel may occur, 
and by shielding the soi l  from disturbance by wi1dTife or man. 
slope-shal low soi l  conditions occur sporadically t h r o u g h o u t  mixed conifer 
forests ,  so the soil protection factor should always be evaluated before residue 
management decisions are made. The importance of residues t o  soi l  protection i s  
discussed by Rothacher and Lopushinsky (1974). 

by forming a mantle t o  

Similar steep 

On mixed conifer s i t e s ,  forest  residues often serve as a storehouse for an 
important p a r t  of the nutrient capital .  Depending on the residue volume and 
f e r t i l i t y  of the mineral s o i l ,  they contain variable proportions of the total  
nutrient supply. The proportion i s  high in podzol soil areas with thick 
accumulations of mor humus, lower in coastal areas where residues decay rapidly. 
Residues can be l e f t  to decay slowly or treated to speed u p  nutrient release. 
In the l a t t e r  case, some nitrogen will be l o s t  to the atmosphere. 

The decay of organic material and i t s  incorporation into the forest  soil  
usually improves water in f i l t ra t ion  r a t e ,  water-holding capacity, and soil 
aeration. Residues shade the soil surface and reduce evaporation. Lethal soil 
surface temperature and d r o u g h t  are 7 imi ting factors i.n some areas--there 
residues should be l e f t  on the s i t e .  

Residues often provide the shade needed for seed germination and seedling 
establishment. 
would be exposed to  the h o t  summer sun, th i s  shade can be the difference between 
l i f e  and death of t ree seedlings. I t  reduces the level and duration of lethal 
soi l  surface temperatures, a common k i l l e r  of germinating seedlings (Hallin 
1968a). I t  slows evaporation from the soil  surface, reducing moisture tension 
in planted seedlings. On the Dead Indian Plateau i n  southwest Oregon, for 
example, 2-year. survival of seedlings t h a t  were shaded on the i r  south and west 
sides by logs, ba rk ,  or rocks was 60 percent compared with 10 percent for 
unshaded seedlings (Minore 1971). A common prescription i s  t o  plant seedlings 
in the shade of logs or stumps t o  protect them from direct  sunlight. 
natural seedlings become established on such protected microsi tes  (Isaac 1938). 

Particularly in southwestern Oregon b u t  wherever seedl ings 

Most 

Frost damage i s  common on some mixed conifer areas, and the presence of 
residues near seedl ings intercepts outgoing longwave radiation and tends t o  

K-7 



slow nighttime cooling. 
varies, b u t  the presence of forest residues does reduce frost  damage on numerous 
microsites. 

Residues also slow cold a i r  drainage. The net effect 

Microclimatic effects are discussed in detail by Fowler (1974). 

Residues also limit access t o  mixed conifer seedlings by ca t t le  and big 
On the other hand,  residues provide game, thereby reducing browsing damage. 

shelter for the small mammals t h a t  damage seedlings. 
varies. Dimock (1974) discusses this matter in detai l .  

Again the net effect 

UNFAVORABLE EFFECTS 

Certainly a major unfavorable effect of forest residues on mixed conifer 
seedlings i s  the threat of wildfire with consequent destruction o f  the inter-  
mingled seedlings,-perhaps nearby timber as well. The danger i s  high in 
southwest Oregon and upper-slope forests,  lower i n  the moist coastal s t r ip .  
Fire hazard aspects of residues have been covered by Martin and Brackebusch 
(1974). 

When exposed t o  the elements, forest residue seed beds generally are 
unsatisfactory for natural regeneration. An organic seed bed dries rapidly in 
the sun and frequently develops surface temperatures lethal t o  germinating 
seedlings. 
seeds' reaching microsites where they can become established 'and grow. The 
mor humus layer ( d u f f )  of the forest floor i s  generally an unsuitable seed bed 
under exposed conditions. This problem may be turned t o  an advantage by residue 
treatment and s i t e  preparation. 
well-distributed mineral soil seed beds. interspersed with organic matter t h a t  
would result  in a fully stocked b u t  n o t  overstocked timber s t a n d  should be 
possible. The clumpy appearance of many timber stands often is  the result of 
an uneven distribution of suitable seed beds. 

Particularly in clearcut areas, forest residues become a barrier t o  

Treating an area t o  leave an optimum number of 

In coastal hemlock-spruce forests,  seed beds often are kept moist by summer 
fog and drizzle. 
beds t h a n  in other areas, b u t  success depends on the stage o f  decay of the 
organic material. 
material may be quite satisfactory. 
clearcut area 6 years af ter  logging and found seed beds o f  rotten wood 97 
percent stocked compared with 83 percent for mineral so i l .  The difference was 
attributed t o  competing vegetation which did well on mineral soil and tended t o  
crowd ou t  tree seedlings. The competition did not do well on rotten wood, and 
tree seedlings essentially were free t o  grow. Areas classified as heavy slash 
were 67 percent stocked. 

Here, forest residues have more potential as suitable seed 

For example, Berntsen (1955) examined a 
Fresh logging residues are unsuitable seed beds, but decayed 

Morris (1958, 1970) reported on paired plots; one of each pair was broadcast 
burned and the other l e f t  unburned. Nine of the pairs were i n  coastal forests 
where natural regeneration became established on both mineral soil  and organic 
surfaces with no preference noted. On the other hand,  Minore (1972) reported t h a t  
neither rotten wood nor duff-covered mineral soil were good seed beds when exposed 
t o  ful l  sunlight. Successful seedl i n g  establishment probably depends on moisture 
conditions during germination and in i t ia l  radicle penetration into the seed bed. 
A few warm, dry days durin the spring will dry the seed bed surface and permit 
surface heating ( R u t h  19673. Organic surfaces get hotter than mineral soil  
surfaces and cause more seedl ing mortality. 
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Under the protection of a forest canopy, residues are less of a seed bed 
problem. 
decay takes place and duff accumulates on logs and stumps, residues become 
acceptable seed beds. 
and Pacific s i lver  f i r  commonly become established on residue materials in the 
moist environment of the understory. Under coastal stands where there i s  less 
t h a n  40 percent ful l  sunlight, seedlings usually are larger and more abundant  
on rotten logs t h a n  on the duff-covered forest floor. When sunlight i s  over 40 
percent, seedlings do equally well on these two seed beds. Sitka spruce also 
will become established on decaying residue material if  the overstory i s  moderate 
or less in density. 

Fresh logging residues s t i l l  are unsatisfactory seed beds,. b u t  as 

The tolerant species such as western and mountain hemlock 

Rotten wood has been shown t o  be a suitable planting medium in the coastal 
hemlock-spruce type(Berntsen 1960) b u t  i s  avoided in other mixed conifer areas. 
Residue as an obstacle t o  .planting i s  discussed by Edgren and Stein (1974). 

Forest residues cause seedl ing damage and growth reductions in several 
A common problem is for bark t o  slough off a log or stump incidental ways. 

and cover nearby seedl ings. 
large limbs, only t o  have the leader grow u p  into them and be damaged or grow 
around them causing a deformity. Sometimes residues se t t l e  t o  the ground and 
crush seedlings. 
wind and rub  against residue materials. 
mammals t h a t  consume seed and damage tree seedlings. On f l a t  areas, residues 
may p l u g  stream channels, raise the water table, and destroy the forest crop. 

Some. seedl ings become established under logs or 

Other seedlings are damaged as their leaders sway in the 
Residues provide shelter for  small 

A continuing unfavorable effect of forest residues in old-growth mixed 
conifer forests i s  the physical obstruction to  intensive management. Cull logs, 
stumps, and piles of debris hinder men and equipment during t h i n n i n g  and other 
cultural treatments of young stands. Some obstruction may persist until the 
next harvest cut. Stand treatments may be deferred or rejected because of the 
residues and the growth potential of the s i t e  n o t  fully realized. 

EFFECTS OF RESIDUE TREATMENTS 

The several effects  of residue treatments on regeneration and growth o f  
trees mentioned in other sections of this compendium (Miller e t  a l .  1974, Seidel 
1974, Gratkowski 1974) are generally effective in the mixed conifer forests 
west of the Cascade Range. Burning i s  the most common residue treatment, and 
the effects of burn ing  on natural  regeneration and nutrition are particularly 
important. 

GENERAL EFFECTS OF BURNING 

Residue treatments by burning have profound effects on t i m i n g  of seedling 
establishment and species composition of mixed conifer stands. 
frequently are present under mature stands a n d ,  even with clearcutting, may 
survive the logging operation t o  form a t  least the nucleus of a new stand. 
Portions of an area may be ful ly stocked with trees, others n o t ,  presenting a 
clumpy appearance. Some areas, particularly in the hemlock-spruce type, may 
be fully stocked t h r o u g h o u t ,  w i t h  some overstocking. 
wi th  the seedlings. A conservative residue treatment such as hand piling, 

Seedlings 

The residues are intermixed 
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perhaps wi t h  burning , coul d be desi gned t o  protect these seedl i ngs , thereby 
getting several years' headstart on the new r o t a t i o n .  A general treatment such 
as broadcast burning could be designed t o  destroy them, thereby delaying stand 
establishment. With no treatment, the new stand normally will be dominated by 
the tolerant species from the understory. The no-burning approach also leaves 
more f i r e  hazard and increased risk of loss from wildfire. 

On the other hand,  broadcast burn ing  reduces the f i r e  hazard. Besides 
eliminating most of the advanced regeneration, such burn ing  opens up the area 
f o r  seeding and planting. 
generally favoring the less tolerant, seral tree species. Broadcast burning, 
therefore, rol ls  back forest succession t o  an earl ier  stage. If seral rather 
than climax tree species are preferred, as often i s  the case, this i s  a 
favorable resul t . 

I t  also  creates a more open, exposed environment, 

B u t  succession may be se t  back too far. Particularly in some upper-slope 
and southwest Oregon areas the s i t e  may become so severe t h a t  seedling estab- 
lishment i s  delayed o r  prevented with ensuing loss of productivity. 
problem may be avoided by prescribing a lighter intensity f i r e  t h a t  will leave 
enough residues t o  provide shaded microsites for seedling establishment. 
extreme conditions i t  may be necessary t o  grow a crop of brush o r  unmerchantable 
tree species t o  again develop an environment sui table for merchantable tree 
seedlings t o  become estab7ished. 

Often this 

Under 

Where tolerant species are acceptable, the best approach usually i s  t o  

Increasing use of the shelterwood 

uti l ize advanced regeneration. The decision t o  do th is ,  however, means t h a t  
logging residues will be intermixed with tree seedlings with a l l  the diff icult ies  
of residue treatment that this involves. 
system in west-side mixed conifers emphasizes the importance of this residue 
problem. 
the mature stand. 
may be regarded as a one-cut shelterwood system, leaves a l l  the logging residue 
a t  one time. On the other hand,  a classical shelterwood cutting w i t h  a 
preparatory cut, seed cut, and several removal cuts leaves logging residues 
periodi cal ly for several years with time for  some decay t o  take pl ace between 
cuts. A residue treatment decision must be made af ter  each cut. 

With shelterwood cutting, the problem varies w i t h  rate o f  removal o f  
Clearcutting with protection of advanced regeneration, which 

Burning of residues changes the pos t l  oggi ng environment, particularly seed 
beds where sqeds must germinate and seedl ings grow. When the result  i s  exposed 
mineral soi 1 , ' the chances for  natural regeneration are improved. Mineral soi 1 
does n o t  heat up as rapidly and provides a more reliable moisture supply t h a n  
organic material. When the result i s  blackened organic surfaces exposed t o  the 
sun, the high surface temperatures often kill  freshly germinated seedlings 
(Isaac 1938, Silen 1960). With some exceptions, most mixed .conifer seed beds 
are irregular enough t o  provide small shaded microsites where seedlings can 
become established. 
i t  easier for seedling roots t o  penetrate t o  mineral so i l .  

The average depth of residues is  reduced by burning, making 

Besides i t s  effect on tree seedlings and seed beds, burning ki l l s  o r  damages 
other live vegetation t h a t  m a y  be present. 
lishment of desired tree seedlings by reducing vegetative competition for l ight ,  
water, and nutrients. In  some situations such as moist coastal environments, 
burning may be prescribed almost solely fo r  control of vegetation, the reduction 
i n  logging residues being o ~ l y  an incidental result.  In other situations, such 
as Ceanothus areas i n  southwest Oregon, b u r n i n g  stimulates germination of seed 

This faci l i tates subsequent estab- 

K-10 



stored in the soi l  and may aggravate the competition problem (Gratkowski 1961, 
Morris 1970). Logging and residue burning have several important effects  on 
nutrient avai labi l i ty .  Felling trees disturbs the mineral cycling processes 
w i t h i n  the forest  ecosystem by abruptly s t o p p i n g  mineral uptake. Some of 
the nutrient capital in these trees i s  hauled o u t  of the fores t ,  and the 
remainder, which includes the small b u t  nutrient-rich leaves and twigs (Cole 
e t  a l .  1967), i s  scattered about  as forest  residue. Burning the residues 
further depletes t h i s  nutrient capital by volatil izing much of the nitrogen. 
Losses of other nutrient elements are less ,  most of each element being deposited 
in the ash (Knight 1966, Allen 1964, Grier 1972). 
away on convection currents during the f i r e  (Grier 1972). Burning has important 
chemical physical and microbiological effects  on the soil  i t s e l f ,  partly from 
the heat of the f i r e  b u t  mostly from materials being leached from the ash layer 
into the soi l  (Ahlgren and Ahlgren 1960). 
detail  by Moore and Norris (1974). 

Some o f  this  ash i s  carried 

These effects  are discussed in 

An important effect  of burning on n u t r i t i o n  i s  on t i m i n g  o f  nutrient 
avai labi l i ty  for  t ree  growth. 
and deposits them in the ashes. 
soil  where, for  the most p a r t ,  they become available for  uptake by plants. 
nutrients accumulated over a period of many years are made quickly available. 
This quick avai labi l i ty  i s  a t  the expense of slow release of nutrients through 
the decay process. Which schedule i s  more favorable to  tree nutrit ion i s  not 
well known. The burst of nutrients from the ash often contributes t o  a lush 
growth of herbs and brush which compete with t ree seedlings for c r i t i ca l ly  
short summer moisture, a particularly important factor in southwest Oregon 
(Hallin 1968b). A similar problem occurs in moist coastal forests ,  b u t  here 
l igh t  appears t o  be the most limiting factor ( R u t h  1956). Nutritional demand 
by trees increases as they develop and become dominant in the ecosystem. 

Burning rapidly extracts nutrients from residues 
Subsequent rains leach these nutrients into the 

Thus, 

Calcium and other s a l t s  included in the leachate make the soil  more alkaline, 
a condition often more favorable t o  competing vegetation than t o  conifers. This 
a lkal ini ty  i s  short l ived, however. Coastal mixed conifer so i l s  with an average 
pH of 7.1 immediately a f t e r  burning averaged a near-normal pH of 4.6 a f t e r  4 
years. This compares with nearby unburned so i l s  where the pH ranged from 4.3 to 
4.5 during the same period (Tarrant 1956). 

BROADCAST BURNING 

Whenever mixed conifers are harvested by clearcutting, broadcast burning 
becomes an a1 ternative treatment. This affects  t ree nutrit ion and advanced and 
postlogging regeneration, bo th  natural and a r t i f i c i a l .  Art i f ic ial  regeneration 
i s  discussed further by Edgren and Stein (1974). 

In coastal forests ,  broadcast burning destroys most western hemlock advance 
regeneration and creates conditions t h a t  temporarily favor Douglas-fir and red 
alder over the hemlock. Sitka spruce i s  intermediate. 
i s  preferred as a replacement for  Sitka spruce because of Douglas-fir's higher 
value and the spruce weevil problem, many consider th i s  a favorable resu l t .  
Generally, the f i r  i s  planted promptly without waiting for natural seeding. 
planted seedlings have a better chance of keeping ahead of the competing 
vegetation than would natural regeneration. 
i t s e l f  an argument for  burning because burning sets back competing vegetation 
already present and opens u p  the area for  the planting crew (Morris 1970). 
hemlock usually survives the f i r e .  
make a mixed stand. 

Since Douglas-fir often 

The 

A decision t o  plant Douglas-fir i s  

Hemlock and spruce usually seed i n  l a t e r  t o  
Some 
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When the s i t e  is being managed for  conifer production, the additional red 
alder t h a t  seeds i n  following burn ing  i s  an unfavorable result  because alder 
overtops and suppresses conifer seedlings. 
i s  controlled by acceptable aerial sprays.. Standing dead alder stems are an 
addition t o  the residue volume. They deteriorate rapidly, however, and residue 
treatments seldom are necessary. 

When this occurs, the alder often 

Broadcast burning usually i s  accomplished earl ier  in the fa l l  in coastal 
forests than  in other parts of the Pacific Northwest because of the moist climate. 
Fire danger may be extreme farther inland when the fuel moisture content in the 
coastal fog belt  i s  barely low enough for a f i r e  t o  r u n  broadcast across a 
clearcut. Seldom does i t  get dry enough for a severe burn in which the soil  i s  
baked red and physical soil properties adversely affected. Morris (1.970) 
classified the intensity of broadcast burning on nine clearcuts and found only 
0.1 percent of  the area severely burned. 

Preburn spray i s  a treatment applied mostly in coastal forests when herbs 
and brush invade a clearcut prior t o  residue treatment. They shade the residues 
and prevent them from drying o u t  enough t o  carry f i r e ;  yet b u r n i n g  may be needed 
t o  open the area fo r  natural regeneration and planting. The spray k i l l s  most of 
the aerial portions of the plants, the leaves dry and curl,  and the sun gets 
th rough  t o  the logging residues. 
across the area. Without a preburn spray, such an area could be burned only 
under very hazardous conditions or might not  burn a t  a l l .  
and brush i s  common on some coastal s i tes .  The spray-plus-burning treatment 
usually k i l l s  competing vegetation t o  ground level and ,  hopefully, planted tree 
seedlings will keep ahead of the regrowth t h a t  usually occurs. 
stock i s  used when available and postplanting sprays may be needed t o  hold back 
the competing vegetation until i t  i s  overtopped by the conifer seedlings. 
Preburn sprays usually are applied from the a i r .  

The spray-killed vegetation helps carry f i r e  

Such invasion by herbs 

Large p l a n t i n g  

Generally, the trend i s  away from broadcast burning in coastal forests 

An increasingly common practice 

because of  the moist climate, presence of advance regeneration, improved 
utilization standards, more harvest cuttings in young stands t h a t  have l i t t l e  
defect, and smoke management restrictions. 
i s  t o  n o t  b u r n  a t  a l l  or t o  r e s t r i c t  burning t o  the landing area and perhaps a 
few heavy sl ash concentrations. There are , however, heavily decayed ol d-growth 
stands or open stands w i t h  heavy brush understories where burning s t i l l  appears 
t o  be a necessary treatment. 

In upper-slope forests in the Cascade Range, areas of h i g h  residue volume 
and h i g h  f i r e  hazard are strong arguments for broadcast burning af ter  clearcutting. 
Here, most advance regenerati on i s  Paci f i c si 1 ver f i r  . A t  midel evati ons , and 
these are the most productive s i t e s ,  this species i s  severely damaged by the 
balsam woolly aph id  AdeZges piceae and i s  a poor risk as a component of a new 
timber s tand .  
burning favors other species. The burning also sets, back competing vegetation, 
exposes additional mineral soil for  natural regeneration, and facil i tates 
planting. 
blackened b u t  intact as  an inhospitable seed bed and obstacle t o  planting 
( R u t h  1963). 

Destruction of s i lver  f i r  advance regeneration during broadcast 

The f i r e  often does n o t  consume the mor humus layer which mostly remains 

A t  higher elevations, the climate is more severe and the s i t e s  less 
productive. 
more d i f f i cu l t ,  and fewer species are available to  choose from. 
advance regeneration t h a t  may be present i s  considered good insurance. 

Aphid damage i s  less serious, bu t  getting a new s tand  started i s  
Protecting any 

K-12 



Burning days are severely limited i n  almost al l  upper-slope areas. Spring 
burn ing  generally is  bypassed because snowdrifts limit access and cover parts o f  
areas scheduled for b u r n i n g .  The rapid transition from snowpack t o  severe f i r e  
weather limits the time available for b u r n i n g  and increases the danger of  a 
smoldering f i r e  spreading o u t  of control later .  Fall bu rn ing  a l so  is  limited 
because rains come early a t  h igh  elevations. Smoke management restrictions 
further limit b u r n i n g ,  though these are less diff icult  t o  meet a t  high elevations. 
The result is t h a t  i t  may t a k e  several years before a clearcut scheduled for 
burning can actually be burned. Th i s  requires an annual reevaluation of the 
area t o  determine whether o r  n o t  the b u r n i n g  prescription should be continued. 
These problems are contributing t o  a buildup of unburned residue on some 
u p p e r 4  ope management units . 

Particu7arly i n  the h igh  elevation forests b u t  a t  midelevations as well, 
the general trend i s  away. from broadcast burning. 
utilization i s  improving, and smoke management restrictions often would delay 
the work. 
remains an important management tool in high hazard areas. 

The burning season i s  short, 

In spi te  of this trend, however, broadcast burn ing  necessarily 

Broadcast b u r n i n g  helps eradicate dwarf mistletoe-infected seedlings. 
Seedlings in the understory of infected stands invariably have the disease, and 
unless destroyed, carry i t  t o  the next ro ta t ion .  A recommended procedure i s  
complete overstory removal followed by b u r n i n g  of seedlings along w i t h  other 
residue material. 

YARDING UNUTILIZED JMTERIAL 

Yarding unutilized material (YUM) is  a contract requirement on many public 
timber sales. The contract requires t h a t ,  in addition t o  removal of merchant- 
able material, al l  other material meeting specified dimensions regardless of 
defects must be yarded t o  the landing. Hopefully, once yarded, i t  will be taken 
t o  a utilization p7ant.  
forests are 8 inches (20.3 cm) o r  larger on the large end and 10 feet (3.05 m )  
or more in length. 
procedure removes the large material, leaving only smaller pieces which decay 
more rapidly. 
able logs. On the other hand,  i t  usually reduces f i r e  hazard t o  the p o i n t  t h a t  
burning is  n o t  required, thereby saving the regeneration t h a t  survives the 
yarding. Y U M  exposes additional mineral, soil seed beds and opens the area for 
planting. I t  eliminates many of the physical obstructions t o  thinning and other 
cultural operations essential t o  intensive management of the new timber crop for 
maximum timber production. 

The dimensions usually specified in mixed conifer 

A 12-inch (30.5 cm) diameter a lso  may be used. This 

YUM damages more advanced regeneration than taking only merchant- 

PILING AND BURNING 

Piling forest residues with a brush blade mounted on a crawler tractor and 
burning the piles i s  another common residue treatment in west-side mixed conifer 
forests . A variation, p a r t i  cul arly when deal i ng with h i g h  resi due vol umes , is 
t o  push  the material into windrows and burn  the windrows. A brush blade t h a t  
will pick up  the residues b u t  s i f t  ou t  the mineral soil i s  much preferred for the 
piling job .  A straight bulldozer blade picks up too much soil along with the 
organic material, making the piles and windrows di f f icul t  t o  burn. When soil 
i s  mixed in, the f i r e  may smolder for days, thereby add ing  t o  the f i r e  hazard. 
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Piling and windrowing, even without burning, f ac i l i t a t e  future cultural 
operations by concentrating residues on a small portion of the area. 
burning, the area i s  opened s t i l l  more for  intensive management. 

W i t h  

P i l i n g  and b u r n i n g  usually has two main objectives, hazard reduction and 
exposure of mineral soil seed beds. This treatment i s  used on some clearcuts 
in upper-slope and other mixed conifer areas where, otherwise,. the mor humus 
layer would prevent seedling establishment. 
up  the humus layer with some of this organic material getting mixed with 
the mineral soil and some go ing  t o  the slash piles. If the hazard reduction 
objective i s  minor relative t o  exposure of mineral soil seed beds, piles and 
windrows may be l e f t  t o  deteriorate naturally. 
generally expose more mineral soil seed beds than  broadcast burn ing .  This helps 
regeneration b u t  can be a disadvantage if an erosion problem exists.  Generally, 
machine piling is limited t o  moderate slopes where erosion hazard i s  low. 
Also, cost of operating crawler tractors becomes increasingly important  w i t h  
increasing slope. 

Teeth on the brush blade break 

Nachine p i l i n g  and burning 

Residue treatment techniques are n o t  well developed for  thinning or 
shelterwood cuttings in mixed conifers on steep slopes. 
burning is  being done, b u t  costs are high, and only fine residues can be 
hand1 ed. 

Some hand piling and 

Piling and burning i s  a standard residue treatment in most southwest Oregon 
and upper-slope areas harvested by the shelterwood system. 
away from the crop trees and into piles which may be burned la ter  under favorable 
weather conditions. 
no t  burned until the surrounding area has been wet down by rainfall  , a 
procedure largely eliminating the possibility of wildfire s t a r t i n g  from residue 
b u r n i n g .  
cambium on the near side of surrounding crop trees. This affects their  growth 
and eventually provides entry for  disease. The problem i s  common where residue 
volumes are h i g h  and residual trees closely spaced. However, consequences are 
minor i f  the overstory will be removed before decay and growth reductions 
would cause an economic loss. 

Residues are pushed 

The piles often are covered with waterproof material and 

However, heat radiating o u t  from burning residue piles may ki l l  the 

Running equipment over the soil and scraping i t s  surface with a brush or 
bulldozer blade damages near-surface roots o f  residual crop trees. Extent o f  
damage varies with nearness of the roots t o  the surface, soil physical properties, 
moisture conditions, pressure exerted by the equipment, and care taken by the 
operator. An additional entry fo r  disease may be provided th rough  the root  
system. This disturbance, i n  addition t o  exposure of tree crowns from the 
she1 terwood cut i t s e l f ,  causes some trees t o  uproot  during subsequent storm 
winds. Soil compaction i s  another unfavorable effect ,  although how much i t  
lowers the productivity of mixed conifer s i tes  i s  unknown.  When a shelterwood 
overstory will be retained only a few years, volume losses are reduced. If  i t  
is  t o  be retained many years, losses may be substantial. 
compaction and buildup o f  disease organisms in the soil will carry over t o  the 
next rotat i  on. 

Effects of soil 

Machine piling and burning after  shelterwood cutting in mixed conifers also 
affects any advanced regeneration t h a t  may be present. This will be favorable 
i f  the regenerating species are unwanted, unfavorable if they are needed for the 
next rotation, Both situa$ions may occur a t  different times on the same area. 
Consider, f o r  example, the mixed stand containing some mistletoe-infected western 
hemlock. Logically, the f i r s t  shelterwood cutting would remove the infected 
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overstory t rees ,  thereby eliminating the mistletoe seed source. Advance hemlock 
regeneration should be destroyed during the subsequent pi1 ing and burning 
operation. After new seedlings have become established on the exposed mineral 
s o i l ,  the overstory will be removed in one to several steps. Residues l e f t  a f te r  
overstory removal will be intermixed with the seedlings, most of which need to 
be protected during any residue treatment tha t  may be applied. Techniques for 
doing this  are not fu l ly  developed. 

Understory vegetation often gets uprooted and piled with other forest  
residues, thereby greatly reducing th i s  vegetation ds a competitor for moisture 
and nutrients.  
extent moisture and nutrients are l imiting, also benefits crop trees in the 
she1 terwood overstory. Pi1 ing forest  residues redistributes the i r  nutrient 
capital to small c i rc les  t h a t  cover only a small percentage of a treated area. 
The main p a r t  of  the area may suffer a nutrient deficiency, b u t  t rees  growing 
near residue piles would have better than  average n u t r i t i o n .  

T h i s  f ac i l i t a t e s  establishment of t ree seedlings a n d ,  t o  the 

When residue pi les  are burned, they produce very hot f i r e s  t h a t  may bake 
the soil  underneath. The resulting physical effects  of reduced percolation 
rate  and increased temperature extremes are ,  a t  l eas t  temporarily, detrimental 
to establ ishment and growth of conifer seed1 ings. 

If residues are piled a f te r  dissemination of tree seed i n  the f a l l ,  much of 
the seed i s  l o s t  in the pi les .  Natural regeneration then must wait 1 or more 
years for another seed crop. 

. OTHER TREATMENTS 

Residue treatments i n  west-side mixed conifer forests generally have been 
1 imi ted t o  the conventional methods--broadcast burning, burn ing  concentrations, 
piling or windrowing and burning, YUM, lopping and scattering, and no treatment. 
Mechanical treatments u s i n g  heavy equipment t o  crush and chop the residues 
certainly should not be ruled out, b u t  high residue volumes, a large number of 
stumps and steep slopes have discouraged t r i a l s  o f  mechanical treatment. 
Chipping mixed conifer residues has similar drawbacks, b u t  neither should this  
method be r u l e d  ou t .  
small chips speeds decay, b u t  the rapidly increasing p o p u l a t i o n  of decay 
organisms temporarily t i e s  up  nitrogen t h a t  may be needed f o r  growth of t ree 
seedlings. 
burn ing  or burying of residues. 

As p o i n t e d  ou t  by Aho (1974), reducing organic material t o  

No records have been noted concerning t r i a l s  of p i t  or incinerator 

CONCLUSIONS AND RECOMMENDATIONS 

Treating logging residues or leaving them untreated has important effects  
on regeneration of conifer seedlings and probably on subsequent growth of the 
forest  crop. Unfortunately, few specific studies have been made of residue- 
seedl ing relationships in mixed conifer forests .  The following conclusions and 
recommendations, therefore, are general. Their focus is on regeneration and 
growth. Residue management decisions must be made recognizing regeneration and 
growth as  important factors b u t  s t i l l  only pa r t  o f  the wide array of factors to 
be considered. Trade o f f s  will be necessary when treatments favoring regenera- 
tion and growth confl ic t  with other land management objectives. 
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1 .  Harvesting an overmature mixed conifer stand o r  one killed by insect o r  
disease may leave such huge residue accumulations t h a t  they physically obstruct 
establishment of  tree seedlings on the s i t e .  
hazard t o  seedl ings t h a t  do become established and an obstruction t o  intensive 
management of the new stand. 
for natural o r  a r t i f i c i a l  regeneration, reduce the f i r e  hazard, and f ac i l i t a t e  
future silvicultural operations. The most appropriate treatments are broadcast 
burning, YUM, o r  both.  

A h i g h  residue volume i s  a f i r e  

Residue treatment is  recommended t o  open seed beds 

2. A huge residue accumulation should be a one-time-only problem on most 
s i tes .  
rotation age rather t h a n  many years later  when stands become more defective 
shoul d reduce future residue v o l  umes . 

Intensive management d u r i n g  subsequent ro ta t ions  and harvesting a t  

3.  Improved utilization of material t h a t  otherwise wouldbe l e f t  as forest 
residue will i n  general benefit regeneration by leaving more mineral soil seed 
beds, reducing f i r e  hazard, and minimizing physical obstacles t o  intensive 
management. 

4. On steep slopes and shallow so i l ,  the mantle of forest floor material 
and logging residues helps protect the soil resource from erosion. 
should not  be removed from such areas by yarding o r  b u r n i n g .  

Residues 

5. On nutrient deficient forest so i l s ,  the nutrient capital stored in 
forest residues is needed for tree n u t r i t i o n .  
removed from these areas unless nutrients are replaced by fert i l izat ion.  

Logging residues should not be 

6. Broadcast burn ing  sets back forest succession and establishes an 
environment more favorable t o  seral than  t o  climax tree species. 
species are desired, residue treatment by broadcast burning i s  indicated. 
This will destroy most of any advanced regeneration of  tolerant species and 
open the area for seeding, planting, o r  natural seed fal l  of desired species. 

If seral 

7. A t  h i g h  elevations in the Cascade Range where star t ing a new stand i s  
dif f icul t ,  advance regeneration of Pacific s i lver  f i r  and other speci,es should 
be protected and utilized fo r  the new timber s t and .  
be held t o  the minimum required by f i r e  hazard and other factors. 

Broadcast b u r n i n g  should 

8. When desirable seedlings are intermixed with logging residues , broad- 
cast burning should be avoided. If residues must be treated, care should be 
taken t o  leave a ful l  stocking of well-distributed seedlings. 
incomplete, then s i t e  preparation should be incorporated i n t o  the residue treat-  
ment. w i t h  the objective of preparing appropriate seed beds for natural o r  
a r t i  f i  ci a1 regenerati on. 

If stocking i s  

9. Understory seedl ings often become established under intensively managed 
young stands in the coastal hem1 ock-spruce type. 
burn ing  as a postlogging treatment should be avoided and the seedlings 
protected and utilized fo r  the new timber crop. 

When they do , .broadcast 

1.0. Some mixed conifer stands have a heavy brush understory which becomes 
intermixed with logging residues af ter  the stand i s  harvested. 
is  generally indicated here for  controlling brush, reducing hazard, and opening 
the area for es tabl i shment o f  tree seedl i ngs . 

Broadcast burning 
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11.  llistletoe-infected seedlings may be classed as forest residues and 
should be destroyed by broadcast burning or other methods as part of a disease 
control program. 

12.  West-side mixed conifer forests include a wide range of forest residue 
situations t o  which blanket rules seldom apply. 
should be decided on the basis of local conditions, the favorable and unfavorable 
effects on regeneration and growth of the timber s t a n d ,  and a l l  the other factors 
appropriate t o  t h a t  s i t e .  

The treatment for each area 

13. The downward trend in residue treatment by broadcast b u r n i n g  will 
continue as utilization standards improve and harvesting operations sh i f t  from 
defective old-growth t o  intensively managed young-growth forests. / 

RESEARCH NEEDED 

An urgent research need i n  west-side mixed conifers is  development of 
residue treatment techniques t h a t  will protect intermixed tree seedlings. The 
problem arises in two situations: f i r s t ,  advanced regeneration under overmature 
stands, and second, overstory removal as p a r t  of the shelterwood system. I n  the 
f i r s t  instance, residue volumes may be very high and understory seedlings variable 
in size and distribution. In the second, residue volumes should be less because 
the stands will average younger and harvesting will be i n  two o r  more stages. 
Seedlings should be more plentiful and better distributed because the objective 
of she1 terwood cutting i s  t o  create an environment favoring seedling establish- 
ment. In both situations, i f  the residues must be treated, the problem i s  t o  
leave a full stocking of well-distributed seedlings. 

A related research need i s  for development of residue treatment techniques 
for steep slopes. Sometimes intermixed seedlings need protection, sometimes not .  
If an overstory timber stand i s  present, a l ight mantle of duff and fine residues 
will protect the soil from erosion. 

Only limited attention has been given t o  residues from precommercial and 
commercial thinning, perhaps rightfully so because regeneration i s  no t  directly 
involved i n  t he  early stages o f  s t a n d  development. However, commercial t h i n n i n g s  
made toward the end of a rotation indeed do result in seedling establishment. 
To this extent they may be regarded as in i t ia l  cuts under the shelterwood system. 
However the cuttings may be classified, the resulting residues need t o  be 
evaluated as t o  f i r e  hazard, effect on growth, and in the case of  la te  thinnings, 
effect on regenerati on. 

Soil compaction and r o o t  damage also need research attention. Shelterwood 
cutting and thinning operations involve operation of equipment over the soil 
surface with resulting compression of the soil and disturbance of r o o t  systems. 
The impact of this on the soil and tree roots needs careful investigation. 
Damage t o  the roots provides entry for disease which may affect tree growth and 
windthrow and may carry over t o  the next r o t a t i o n .  

NEEDS FOR EQUIPMENT DEVELOPMENT 

Equipment is needed for better residue treatment with less damage t o  inter- 
mixed seed1 ings and the soi l .  
slopes and with and without a residual overstory. 

This problem occurs on gentle slopes and steep 
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RESEARCH UNDERWAY 

A t  present, no studies are underway dealing with effects  of residue 
treatments on regeneration and growth of west-side mixed conifers. 

LITERATURE CITED 

Ahlgren, I.F., and C . E .  Ahlgren 
1960. Ecological effects  of forest  f i r e s .  Bot. Rev. 26(4): 483-533. 

Aho,  Paul E .  
1974. Decay. In  Environmental effects  of forest  residues management in 

USDA For. the Pacific Northwest, a state-of-knowledge compendium. 
Serv. Gen. Tech. Rep. PNW-24. Pac. Northwest For. & Range Exp. S t n . ,  
Portl and ,  Oreg . 

Allen, S.E. 
1964. Chemical aspects of heather burning. 3. Appl. Ecol. 1: 347-367, 

i l l u s .  

Berntsen, Carl 14. 
1955. Seedling distribution on a spruce-hemlock clearcut.  USDA For. Serv. 

Pac. Northwest For. & Range Exp. S t n .  Res. Note 119, 7 p . ,  i l l u s .  
Portl and ,  Oreg . 

1960. Planting Sitka spruce and Douglas-fir on decayed wood in coastal 
Oregon. USDA For. Serv. Pac. Northwest For. & Range Exp. S t n .  
Res. Note 197,  5 p . ,  i l l u s .  Portland, Oreg. 

Cole, D.W., S.P. Gessel, and S.F. Dice 
1967. Distribution and cycling of nitrogen, phosphorus,  potassium, and 

calcium in a second-growth Douglas-fir ecosystem. 
primary productivity and mineral cycling in natural ecosystems, 
p. 198-213. Am. Assoc. Adv. Sci. 13th Annu.  Meet., New York. 

In Symposium on 

Dell, John D . ,  and Franklin R .  Ward 
1971. Logging residues on Douglas-fir region clearcuts--weights and volumes. 

USDA For Serv. Res. Pap. PMW-115, 10 p . ,  i l l u s .  Pac. Northwest For. 
& Range Exp. S t n . ,  Portland, Oreg. 

Dimock, Edward J . ,  I1 
1974. Animal populations and damage. In Environmental effects  o f  fores t  

residues management i n  the Pacific Northwest, a state-of-knowledge 
compendi urn. USDA For. Serv. Gen. Tech. Rep. PNW-24. Pac. Northwest 
For. & Range' Exp. S t n . ,  Portland, Oreg. 

Edgren, James W . ,  and William I .  Stein 
1974. Art i f ic ial  regeneration. In Environmental effects  of forest  residues 

management in the Pacific Northwest, a state-of-knowledge compendi um. 
USDA For. Serv. Gen. Tech. Rep. PHW-24. Pac. Northwest For. & Range 
Exp. S t n . ,  PorFland, Oreg. 

K-18 



Fowler, W .  B. 
1974. Microclimate. In Environmental effects  of forest  residues management 

in the Pacific Northwest, a state-of-knowledge compendium. 
For. Serv. Gen. Tech. Rep. PNW-24. 
Exp. S t n . ,  Portland, Oreg. 

USDA 
Pac. Northwest For. & Range 

Franklin, Jerry F . ,  and C.T. Dyrness 
1973. Natural vegetation of Oregon and Washington. USDA For. Serv. Gen. 

Tech. Rep. PNW-8, 417 p. , i l  lus.  Pac. Northwest For. & Range Exp. 
S t n . ,  Portland, Oreg. 

Fujimori , Takao 
1971. 

Gratkowski, 
1961. 

Primary productivity of a young Tsuga heterophyZZa stand and some 
speculations about  biomass of forest  communities on the Oregon 
coast. USDA For. Serv. Res. Pap. PEIN-123, 11 p . ,  i l l u s .  Pac. 
Northwest For. & Range Exp. S t n . ,  Portland, Oreg. 

H .  
Brush problems in southwestern Oregon. USDA For. Serv. Pac. North- 
west For. & Range Exp. S t n . ,  53 p . ,  i l l u s .  Portland, Oreg. 

1974. Brushfield reclamation and type conversion. In Environmental effects  
of forest  residues management in the Pacific Northwest, a state-of-  
knowledge compendium. USDA For. Serv. Gen. Tech. Rep. PNbl-24. Pac. 
Northwest For. & Range Exp. S t n . ,  Portland, Oreg. 

Grier, Charles C .  
1972. Effects of f i r e  on the movement and distribution of elements within 

a forest  ecosystem. 167 p. Ph.D. thesis ,  Univ. Wash., Seat t le .  

Hallin, William E.  
1968a. Soi 1 surface temperatures on cutovers in southwest Oregon. USDA 

For. Serv. Res. Note PNN-78, 17 p . ,  i l l u s .  Pac. Northwest For. 
& Range Exp. S t n . ,  Portland, Oreg. 

1968b. Soil moisture tension variation on cutovers in southwestern Oregon. 
USDA For. Serv. Res. Pap. PrIU-58, 18 p. , i l l u s .  Pac. Northwest For. 
& Range Exp. S tn .  , Port land , Oreg. 

Hansen, Robert A. 
1971. Precommercial thinning - Weyerhaeuser s tyle .  In David t l .  Baumgartner 

(ed.) , Proceedings , precommercial thinning of coastal and inter-  
mountain forests in the Pacific Northwest, p. 103-105. Pullman: 
Wash. State Univ. 

Hayes, G . L .  
1959. Forest and forest  land problems of southwestern Oregon. 

Serv. Pac. Northwest For. & Range Exp. S tn .  , 54 p. , i l l u s .  Portland, 
Oreg . 

USDA For. 

Isaac, Leo A. 
1938. Factors affecting establishment o f  Douglas-fir seedlings. U.S. Dep. 

Agric. Circ. 486, 46 p . ,  i l l u s .  

K-19 



Jemison, G . M . ,  and Flerle S. Lowden 
1974. Clanagement and research imp1 ications.  In  Environmental effects  of 

forest  residues management in the Pacific Northwest, a state-of-  
knowledge compendium. USDA For. Serv. Gen. Tech. Rep. PFJW-24. Pac. 
Northwest For. & Range Exp. S t n . ,  Portland, Oreg. 

Knight, H. 
1966. Loss of Nitrogen from the forest  floor by burning.. For. Chron. 

42: 149-752, i l l u s .  

Idartin, Robert E . ,  and Arthur P .  Brackebusch 
1974. Fire hazard and conflagration prevention. In  Environmental effects  

of forest  residues management in the Pacific Northwest, a state-of-  
knowledge compendium. USDA For. Serv. Gen. Tech. Rep. PNbJ-24. Pac. 
Northwest For. & Range Exp. S t n . ,  Portland, Oreg. 

kliller, Richard E . ,  Richard L .  Williamson, and Roy E. Silen 
1974. Regeneration and growth of coastal Douglas-fir. In  Environmental 

effects  of forest  residues management in the Pacific Northwest, a 
state-of-knowledge compendium. USDA For. Serv. Gen. Tech. Rep. 
PNW-24. Pac. Northwest For. & Range Exp. S t n . ,  Port1 and ,  Oreg. 

Minore, Don 
1971. Shade benefits Douglas-fir in southwestern Oregon cutover area. 

Tree Plant. Plotes 22(1):  22-23, i l l u s .  

1972. Germination and early growth of coastal t ree species on organic 
seed beds. USDA For. Serv. Res. Pap. PNW-135, 18 p . ,  i l l u s .  Pac. 
Northwest For. & Range Exp. S t n . ,  Portland, Oreg. 

Moore, Duane G . ,  and Logan A .  Norris 
1974. Soil processes and introduced chemicals. In Environmental effects  

of forest  residues management in the Pacific fdorthwest, a state-of-  
knowledge compendium. USDA For. Serv. Gen. Tech. Rep. PNW-24. Pac. 
Northwest For. & Range Exp. S t n . ,  Portland, Oreg. 

Morris, William G .  
1958. Influence of slash burning on regeneration, other plant cover, and 

f i r e  hazard in the Douglas-fir Region. 
west For. & Range Exp. S tn .  Res. Pap. 135, 18 p . ,  i l l u s .  Portland 
Oreg . 

USDA For. Serv. Pac. North- 

1970. Effects of slash burnin 
region. 

in overmature stands of the Douglas-fir 
For. Sci. 16(& 258-270, i l l u s .  

Rothacher, Jack, and William Lopushinsky 
1974. Soil s t ab i l i t y  and water yield and quality.  In Environmental effects  

of forest  residues management in the Pacific Northwest, a state-of-  
knowledge compendium. USDA For. Serv. Gen. Tech. Rep. PNW-24. Pac. 
florthwest For. & Range Exp. S t n . ,  Portland, Oreg. 

K- 20 



R u t h ,  Robert H. 
1956. Plant.ation survival  and growth i n  two brush- threat  a reas  i n  coas ta l  

Oregon. USDA For. Serv. Pac. Northwest For. & Range Exp. Stn.  Res. 
Pap. 17, 14 p .  Port land,  Oreg, 

1963. S i t e  preparat ion i n  the h i g h  e leva t ion  types of the west Cascades and 
coas ta l  forests. In Western re fo re s t a t ion  1962. West. For. & Conserv. 
Assoc. Proc.,  p .  14-16. 

R u t h ,  Robert Harvey 
1967. D i f f e ren t i a l  e f f e c t  of s o l a r  r ad ia t ion  on seed1 i n g  establ ishment under 

a f o r e s t  s tand.  176 p .  Ph.D. thesis, Oreg. S t a t e  Un iv . ,  Corval l i s .  

Seidel , K.W. 
1974. Natural regeneration of ea s t- s ide  con i f e r  f o r e s t s .  In Environmental 

e f f e c t s  of f o r e s t  residues management i n  the P a c i f i c  Northwest, a 
state-of-knowledge compendium. USDA For. Serv. Gen. Tech. Rep. 
PNW-24. Pac. Northwest For. & Range Exp. Stn.  , Portland , Oreg. 

S i l e n ,  Roy Ragnar 
1960. Lethal sur face  temperatures and their i n t e r p r e t a t i o n  f o r  Douglas- fir.  

170 p. Ph.D.  thesis,  Oreg. S t a t e  U n i v . ,  Corval l i s .  

Ta r ran t ,  Robert F. 
1956. E f fec t s  of s l a sh  burning on some s o i l s  of the Douglas- fir region.  

Soil  Sc i .  SOC. Am. Proc. 20(3): 408-411. 

, K.C. L u ,  W.B. Bollen, and J.F. Franklin 
Nitrogen enrichment of two f o r e s t  ecosystems by red alder.  
Serv. Res. Pap. PNW-76, 8 p.  Pac. Northwest For. & Range Exp. Stn. , 
Port1 and , Oreg 

1969. USDA For. 

U.S. Weather Bureau 
1965. Climatology of the United S t a t e s ,  No. 86’, s ec t ions  31 and 39, 

decennial census of the U.S. c l imate ,  c l ima t i c  summary of the 
U.S. Suppl .  1951 through 1960. U.S. Dep. Comer . ,  Wash., D .C .  

Williams, Carro l l  B . ,  J r . ,  and C.T. Dyrness 
1967. Some c h a r a c t e r i s t i c s  o f  forest f l o o r s  and soils under true f i r-  

hemlock s tands  i n  the Cascade Range.. USDA For. Serv. Res. Pap. 
PNW-37, 19 p . ,  i l lus ,  Pac. Northwest For. & Range Exp. S tn . ,  
Port land,  Oreg. 

K-21 



NATURAL REGENERATION OF EAST-SIDE CONIFER FORESTS 

K . W .  Seidel 

ABSTRACT 

FavorabZe and unfavorabZe e f f e c t s  of fores t  residues 
and t he i r  treatment on natura2 regeneration of the coniferous 
fores t s  of eastern Oregon and Washington are discussed. 
e f f e c t s  o f  burning and mechanicaZ residue treatments on soiZ, 
seedlings, and advance reproduction are discussed i n  re  Zation 
t o  natural stands, thinning operations, and se Zection, she Zter- 
m o d ,  and c Zeareutting regeneration systems. 

The 

AZthough much additionaZ work is needed t o  deternine 
the re  Zationships between residue treatments and regeneration 
i n  east-side fores t s ,  avai ZabZe evidence cZearZy indicates 
tha t  u l igh t  amount of residue protects seedzings against 
environmentaZ extremes and that  compZete residue removaZ or 
destruction i s  neither necessary nor desirabZe. 
residue treatments, Zand managers shou Zd consider them not 
only as a means of f i r e  hazard reduction but aZso as a mfthod 
of improving the conditions needed for obtaining natura2 
regeneration. 

When pZanning 

Keywords: Mixed conifer forest  (Pacific Northwest east  
side)--si t e  preparation, natural  regeneration, 
t ree  growth. 

INTRODUCTION 

As a forest  stand develops from the seedling stage to maturity, residues 
accumulate on the forest  floor as a resu l t  of leaf f a l l  and from competitive 
t ree mortality and mortality caused by insect or disease attacks. In addition 
t o  the natural buildup of residues, residues 'are added to the forest  ecosystem 
by man's activities--thinning and other logging operations. In the coniferous 
forests  of eastern Oregon and Washington, residues remain intact  for  many years 
because the dry climate slows the ra te  of decomposition. 
persistence, logging residues generally need treatment t o  reduce the i r  f i r e  
hazard. Persisting residues are particularly troublesome in young pine s t a n d s  
t h a t  have been thinned. 
side weather conditions often are unfavorable t o  seed germination and seedl ing 
establishment because of f ro s t  in the spring and heat damage in the summer. 

Because of the i r  

In addition to causing slow residue decay rates ,  east- 
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The residues produced during the lifespan of a forest  s tand  and the treatment of 
these residues will modify the microclimate, s o i l ,  and veqetation of the area 
and thereby have an effect  on natural t ree regeneration. 

The purpose of  this paper is t o  summarizenthe existing knowledge o f  residues 
and residue treatments on na tura l  regeneration in eastern Oregon and Washington 
coniferous forests and adjacent areas having similar forest  types. 
natural  and manmade residues (snags, logging slash, l i t t e r ,  and d u f f )  are 
considered here. Effects of living residues (b rush  and herbs) and the i r  t rea t-  
ment are discussed by Gratkowski (1974). 

Only dead 

DESCRIPTION OF FOREST TYPES 

For purposes of th i s  report,  the coniferous forests of eastern Oregon and 
Washington are divided into two types: ( 1 )  the pine type which includes pure 
stands of climax ponderosa and lodgepole pine as well as mi.xtures of  the two 
species and ( 2 )  the mixed conifer type. The mixed conifer type includes the 
Pseudotsuga menziesii Zone, Abies grandis Zone, and Abies Zasiocarpa Zone as 
described by Franklin and Dyrness (1969). 
ponderosa pi ne (Pinus ponderosa Laws. ) , lodgepole pine (P. contorta Doug1 . ) , 
western larch (Larix occidentaZis N u t t .  ) , grand f i r  (Abies grandis (Dougll) 
L i n d l . ) ,  white f i r  ( A .  concoZor (Gord. & Glend.) Lindl.) ,  subalpine f i r  ( A .  
Zasiocarpa (Hook.) F l u t t . )  , Engelmann spruce (Picea engehanni i  Parry ex Engelm.), 
mountain hemlock (Tsuga mertensiana (Bong. ) Carr.) , and Douglas-fir 
(Pseudotsuga menziesii (Ni rb .  ) Franco) . 

The major species in th i s  type are 

The s tand  structure and species composition of these forests  are extremely 
variable, depending upon s i t e ,  logging history, insect and disease attacks,  and 
wildfire.  As a resu l t  of pas t  f i r e s ,  the present forests  are generally a mosaic 
of even-aged stands (or a t  l eas t  two- or three-aged), with even-aged overstories 
and one o r  two age classes in the understory. A t  lower elevations, mixtures of 
ponderosa pine and Douglas-fir are common. Farther up the slope, larch and 
lodgepole pine, both seyal l l  species in th i s  type, are found in pure or  mixed 
stands as a resu l t  of f i r e  or  clearcutting. In  many such stands, an understory 
of Douglas-fir or grand f i r  i s  commonly found.  
hemlock and subalpine f i r  compose the climax vegetation. 

A t  higher elevations, mountain 

Lodgepole pine i s  seral in the forests of eastern Oregon and Washington 
except on the'pumice plateau of  central Oregon, where i t  i s  found in pure stands 
in the pine type and i s  considered an edaphic or topoedaphic clirna&/ because of 
i t s  ab i l i t y  to  survive on more severe s i t e s  where there i s  l i t t l e  competition 
and temperature extremes are common. 

1/ Species in the early or  developmental stages of a plant community 

2/ Edaphic climax: 

before the climax or equilibrium condition. 

a plant community t h a t  d i f fe rs  from the normal 
climatic climax because of abnormal soil  conditions. Topoedaphic climax: a 
p l a n t  community t h a t  d i f fe rs  from the normal climatic climax because o f  abnormal 
soil conditions and special microcl irnates resulting from local topography. 
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Considerable v a r i a t i o n  exis ts  in the forest  so i l s  of eastern Oregon and 
Washington. 
varying amounts of ash or pumice incorporated into the horizons or deposited as 
thick layers on the surface. The most common great soil  group in the eastern 
Oregon Cascades and Blue Mountains i s  the Western Brown Forest. This soi l  i s  
found a t  the lower elevations in the forest-grassland transition zone and 
supports open stands of ponderosa pine o r  mixed ponderosa pine-Douglas-fir 
forests .  
Wooded and Brown Podzolic so i l s  are the dominant great soi l  groups. 
B1 ue Ilountai n region , regosol i c soi 1 s wi t h  A-C prof i 1 e sequences are widespread. 
These are young so i l s  developed from pumicite and are found over older buried 
so i l s  o r  basalt and support dense mixed conifer stands. 
area of south-central Oregon , the soi 1 s are Fegosol s devel oped from aeri  a1 ly  
deposited pumice ejected from Mount Plazama (Crater Lake) about  6,500 years ago. 
These so i l s  have an A1-AC-C horizon development over the old buried s o i l ,  are 
occupied by pure climax lodgepole and ponderosa pine stands, and are low in 
f e r t i l i t y .  
as in eastern Oregon. 
elevations, Western Brown Forest so i l s  occur, a long  with Gray Wooded so i l s  as  
elevation increases. In  the northeastern Cascades , podzolization becomh 
increasingly important, and Brown Podzolic and Podzols are the major soi l  groups. 
Soil acidity increases with elevation; Western Brown Forest so i l s  have the 
hi ghes t pH , and Podzol s the 1 owes t . 

!lost of them show the strong influence of volcanic ac t iv i ty ,  with 

With increasing elevation and a .  cooler; moister environment, Gray 
In the 

In the pumice plateau 

The forest  so i l s  of eastern Washington show the same general pattern 
In the southeastern Washington Cascades, a t  the lower 

AMOUNTS OF RESIDUES PRESErlT 

The amount o f  residues in a given stand depends on the species composition, 
age, s i t e ,  number of f i r e s ,  and logging history. No information i s  available 
on the amount of l i t t e r  and duff residues in stands o f  various ages and species 
in this  area a1 though Tarrant  e t  a1 . (1951) reported on the annual l i t t e r  f a l l  
of major tree species in the Pacific Northwest. 
stands of ponderosa and lodgepole pine produced the smallest amount of l i t t e r .  
!-lore research i s  needed t o  determine the rate  of residue buildup and decay in 
natural  stands. 

On a dry weight basis,  pure 

Available da t a  on residue amounts are limited to residues remaining af te r  
logging operations. 
conifer type t h a n  in the pine type because of denser stands and more unmerchant- 
able material in the mixed conifer type. 
(1931) reported t h a t  the volume of pilSd slash less  t h a n  43inches (10.2 cm) in 
diameter ran ed from 2,500 t o  3,300 f t  /acre (175 to 230 m /ha) a f t e r  C O m ~ ~ c i a l  
logging whic! varied from partial  cutting t o  clearcuttin?.  
volume of Douglas-fir slash t o  be two t o  three times t h a t  of pine slash in a 
simi 1 a r  stand. 

In general, more residues resu l t  from logging in the mixed 

In the pine type, rlunger and Westveld 

They also found the 

Another survey in eastern Washin t o n  
(8  m3/ha) of sound bole wood larger t z a n  4 
the pine type a f t e r  commercial logging and 
conifer type (Anonymous 1950). 
unused wood l e f t  in the forest  was estimated a t  
a five-county area. 
estimated t h a t  in 1969 an average of 325 f t  /acre (23 m / h a )  of usable wood 
f iber  was l e f t  on National Forest land in the pine type of eastern Oregon and 
Washington a f t e r  logging (clearcutting and partial  cut t ing) ,  and a total  volume 

In th i s  

In  a l a t e r  survey using the same sjjandards, Howard (1971) 
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of 93 million f t 3  (2.63 million m3)  of usable residue on a l l  ownerships in the 
pine type. In Idaho, Wilson e t  a l .  (1970) estimated t h a t  about  1 2  percent of 
the net cubic volume of trees t o  a 4-inch (10.2-cm) t o p  was l e f t  as residue 
a f t e r  logging in pine and mixed conifer stands. 

Clearcutting in mixed conifer stands produces large amounts of slash. 
a mixed conifer s'tand in northern Montana, Brown (1970) estimated the total  dry 
weight of slash of a l l  sizes t o  be 118 tons per acre (264 metric tons /ha) .  

In 

Precommercial thinnings in overstocked pine stands a1 so create considerable 
amounts of slash, especially a t  the wider spacings now recommended. 
(1968) estimated the total  ovendry weight of slash created by thinning ponderosa 
pine stands t o  range from 1 t o  19 tons per acre ( 2  t o  43 metric tons/ha) a t  an 
8- by 8- f t  (2.4 by 2.4 m )  spacing and from 14 t o  40 tons per acre (31 t o  90 
metric tons/ha) a t  an 18- by 18-ft (5.5- by 5.5-13) spacing depending on age and 
s i t e .  He a l s o  reported t h a t  actual slash yields from thinning plots on the 
Deschutes National Forest were greater than  the slash yield table estimates 
because of the greater stand density of the Deschutes plots.  

Fahnestock 

The large amounts of slash created by such thinnings in bo th  ponderosa 
and lodgepole pine stands remain intact  on the ground for  many years because of 
slow rates  of decay and resul t  in an extremely high f i r e  hazard ( f ig .  1 ) .  Residue 
created by precommercial thi'nnings i n  east-side pine stands i s  a serious f i r e  
control problem, and the problem i s  growing as more acres of young stands are 
thinned each year because of  intensified forest  management. 

UTILIZATION OF POTENTIAL RESIDUES 

The best way t o  eliminate or greatly reduce the problem of residue disposal 
i s ,  of course, t o  u t i l i ze  the potential residue. Increased u t i l i za t ion  depends 
primarily on the ava i lab i l i ty  of markets fo r  wood f iber  and the economic 
feas ib i l i ty  of handling the residue. In  eastern Oregon and Washington, the 
problem of u t i l i z ing  logging residues i s  magnified because the markets for  wood 
are n o t  as diversified as on the west side: 80 percent of the mills are sawmills 
(19anock e t  a l .  1970). Furthermore, pulp and fiberboard mills obtain nearly 
a l l  the i r  raw material as chips and shavings from sawmill residue; only 75 
percent of th i s  residue i s  now used (Wall e t  a l .  1966). 
Oregon and Washington there i s  l i t t l e  demand for  logging residue, b u t  a tremendous 
supply i s  available. For example, in the ponderosa pine type of eastern Oregon 
alone, an estimated 57,160,000 f t 3  (1,618,600 m3) of usable logging residue was 
i n  t he  woods in 1969.31 

Thus, in eastern 

Converting th i s  to  weight by assuming the average dry weight o f  ponderosa 
pine t o  be 25 lb / f t3  (0.403 g/cm3) resul ts  in 714,500 tons (648,051 metric tons) 
of residue. According to flanock e t  a l .  (1970), the total  capacity of a l l  
par t ic le  board and hardboard mills in eastern Oregon i s  abou t  845 tons (766 
metric tons) per day. A t  t h i s  ra te  of consumption, enough unused logging 
residues remained in the woods in 1969 t o  furnish a continuous supply of raw 
material t o  these mills for  a l i t t l e  over 3 years a l though  rot and s ta in 
limitations prevented complete use of th i s  material. 

Personal communication from James Howard, kesource Analyst, Pacific 
Northwest Forest and Range Experiment Station, Portland, Oregon. 
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Figure 1.—Slash resulting
from precommercial thin-
ning of a ponderosa pine
stand to a 17- by 17-ft
(5.2- by 5.2-m) spacing
on the Deschutes National
Forest: A, Immediately
after thinning—fuel-
rating is extreme-high;
B, 7 years after thinning-
needles have fallen but
small branches are still
intact—fuel rating is
now high-medium.

Although the abundant supply of forest residues often causes disposal
problems, it also presents opportunities for utilization of this material by
creation of new markets or more efficient milling techniques. A good example
of this is the utilization of large beetle-killed ponderosa pine trees in which
the wood is still sound but honeycombed with beetle galleries and colored by
blue stain fungus. These logs are sawn into boards by Brooks-Scanlon, Inc.,
for use as interior paneling or exterior siding. This corporation annually
converts about 8 million board feet of pine snags and down trees into.a useful
product which otherwise would be contributing to the residue problem.—

4/ Personal communication from Jay Gruenfeld, formerly Raw Materials
Manager, Brooks-Scanlon, Inc., Bend, Oregon.
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Another example of increased ut i l izat ion by Erooks-Scanlon i s  the construc- 

This mu1 tiproduct, completely automated mil 1 produces boards, studs , 
tion of a sawmill designed t o  handle ma l l  pine logs harvested in thinning 
operations. 
and chips from logs  as small as 3 o r  4 inches (7 .6  o r  10.2 cm) t o p  diameter and 
has an o u t p u t  o f  about 45 million board fee t  o f  lumber per year. 

Utilization of residue i s  often restr ic ted by lack of equipment t h a t  can 
economically handle, process, and transport th i s  material long distances. 
Development of  such equipment and techniques i s  needed for  more complete use of 
residues. 

Although ut i l izat ion i s  a desirable answer t o  the problem o f  excess residue, 
i t  i s  n o t  always an economically feasible alternative. 
of a l l  residue i s  n o t  desirable. 

P.nd complete ut i l izat ion 

FAVORABLE AND UNFAVORABLE EFFECTS 

OF RESIDUES ON REGENERATION 

011 THE SOIL 

Llany soil  benefits are associated with forest  residues, both on the surface 
and incorporated in the soil  as organic matter. A covering of slash protects the 
soil  from erosionion steep slopes and reduces loss of soi l  moisture by evaporation. 
As the slash decays and becomes mixed with the s o i l ,  i t  returns nutrients and 
increases water in f i l t ra t ion  ra tes ,  water-holding capacity, aeration, and the 

' 

cation exchange capacity of the so i l .  A11 so i l s ,  regardless-df texture,  are 
improved by the addition of organic matter. 
matter increases the cation exchange capacity, thus reducing the loss of 
cation f e r t i l i ze r s  by leaching. 
textured so i l s ,  organic matter promotes structure formation, which resul ts  in 
better aeration and increased water penetration. 

I n  coarse textured s o i l s ,  organic 

Water retention i s  also increased. In  f ine 

A l t h o u g h  the incorporation of organic matter into the soi l  has many desir-  
able e f fec ts ,  adding large amounts o f  woody materials low in nitrogen t o  the soi l  
can resul t  in a tempdrary nitrogen deficiency because of the buildup o f  brnicrobes 
which use the ni trogen i n their  metabol ism, thus temporari ly  reduci ng the 
amount availab'le for plants. In precommercia1l thinning operations where trees 
are cut and l e f t  on the ground, the large amounts of slash created may possibly 
have a detrimental effect  on t ree growth becahse of nitrogen immobilization. 
However, in the pumice soil  region of central Oregon, Cochran (1963) estimated 
that  no nitrogen deficiency should resul t  from thinning slash l e f t  on the soil  
surface. 
ni trogen shortage i s  possible. 

I f  slash were chipped and incorporated into the s o i l ,  a small temporary 

Annua l  removal of a l l  residue down t o  mineral soil  can resu l t  in s i t e  
deterioration. A study by Jemison (1943), in which a l l  l i t t e r  was removed 
annually from a shortleaf pine (pinus echinata f\lill.) stand in North Carolina, 
showed that  a f te r  1 2  years, diameter growth of trees in the 10- t o  13-inch (25.4- 
t o  33.0-cm) class was significantly slower on the raked plot.  Although no 
research has been undertaken in eastern Oregon or Washington to study the effect  
of residue removal on soil  properties o r  t ree growth,  a reasonable assumption i s  
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t h a t  such drast ic  residue treatment would resul t  in a lowering o f  forest  produc- 
t i v i ty  in the long r u n  especially on the young pumiceous regosolic so i l s  o f '  
central Oregon which are relatively infer t i le .  

ON SEEDLINGS AND ADVANCE REPRODUCTION 

The effects  of residues on t ree seedlings and advance reproduction should 
be considered in young stands and also in mature stands when regeneration 
cuttings are planned. 
lings are n o t  wanted, residues can be helpful in preventing regeneration, by 
occupying the seed bed, particularly a t  the wider spacings where reproduction i s  
most l ikely t o  become established. However, the large amounts of slash produced 
a t  these wide spacings greatly increase the f i r e  hazard,  so treating the slash 
in some way to reduce th i s  hazard i s  generally necessary. 

When young , overstocked stands are thinned and new seed- 

Al though  seedling establishment i s  n o t  wanted early in the l i f e  of a stand, 
i t  becomes increasingly important as the stand nears maturity. 
by Munger and Westveld (1931) and Pearson and Harsh (1935), advance reproduc- 
tion established a decade or two befo're logging i s  important in the formation of 
the new stand in the pine type. 
found t h a t  53 t o  98 percent of the new stand was made up of advance reproduction. 
Not a l l  areas have adequate advance reproduction, however, and on these areas 
measures must be taken t o  secure new seedling regeneration a f t e r  logging. 
the land manager i s  concerned with the effect  of residues (slash as well as 
l i t t e r  and duff) on b o t h  established and subsequent reproduction. 

As pointed o u t  

In  eastern Oregon, Flunger and Westveld (1931) 

Thus, 

The effects  of residues on regeneration will depend on the species, s i t e ,  
and amount of residue. Generally, the seral species (pines and larch) require 
a more disturbed seed bed and more sunlight t o  reaenerate sa t i s fac tor i ly .  
Stark (1965), working in mixed conifer stands on the west slope of the Sierra 
Nevada, found that  conditions most favorable for germination were n o t  always 
the best for  survival. For example, white f i r  germinated best in half shade 
on bare soil  and in ful l  sun in l igh t  l i t t e r .  On the other hand,  i t  survived 
best in dense shade with medium l i t t e r  and on shaded bare s o i l .  
(Pinus Zambertiana Doug1 . )  b o t h  germinated and-survived best in ful l  sunlight 
on l igh t  l i t t e r .  

Sugar pine 

Under east-side conditions of h o t ,  dry summers and freezing temperatures 
during the period o f  seed germination in the spring, i t  i s  generally agreed 
t h a t  a moderate cover of slash i s  o f  considerab1.e value in seedling establish- 
ment, n o t  only for  the more tolerant species b u t  for  the pines as well, for 
protection against bo th  high and low temperature extremes. 
so i l s  of central Oregon, germination of ponderosa pine seed was twice as 
great on slash-covered plots as on those where the slash was piled and burned, 
and seedling survival a f t e r  3 years was 37 percent on the slash plots compared 
with 19 percent on the burned plots (Munger and Westveld 1931 ) . 
suggesting t h a t  a slash cover had a beneficial effect  on seedling survival, 
these resul ts  are not conclusive because greater mortality on the burned plots 
may have been caused by the detrimental effect  of the f i r e  on physical soil  
properties. In a recent study of factors affecting lodgepole pine germination 
and survival in central Oregon, in scarified areas germination and f i rs t-year  
survival were bet ter  with a l igh t  t o  moderate slash cover t h a n  with no slash 
(Cochran 1973). Pearson and Marsh (1935) also found t h a t  on bare, coarse 
textured soil in the Southwest, a moderate slash cover i s  favorable t o  pine 
reproduction. 

On the pumice 

A1 t h o u g h  

In the Blue Mountains of eastern Oregon, similar resul ts  have been 
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reported by Garrison .(1961); 7 years a f t e r  logging, the only ponderosa pine 
seed1 ings t h a t  survived were associated with rodent workings, old forest  debris, 
or  logging skid t r a i l s  where slash modified the microclimate. fdo seedlings were 
found on completely bare skid t r a i l s .  

There i s  ample evidence t h a t  a l l  seedlings of the more tolerant species in 
the mixed conifer forests  require partial  shade for survival. Working on a 
clearcut area in Idaho,  Ryker and Potter (1970) found t h a t  f i rs t-year  survival 
of shaded Douglas-fir seedlings was twice as great as survival of unshaded 
seedlings. I n  northern California, f i rs t-year  survival of true f i r  seedlings 
on clearcuts was best on shaded mineral soi l  seed beds and in shaded areas with 
less than one-fourth inch of l i t t e r  (Gordon 1970). This was attributed t o  
lower surface temperatures on mineral so i l .  
Engelmann spruce regeneration on clearcut areas in northern Idaho,  Roe and 
DeJarnette (1965) found mineral soil  t o  be the best seed bed and recommended 
leaving enough slash on clearcuts t o  provide partial  shade. Day (1963, 1964) 
also concluded t h a t  in subalpine fir-spruce stands in southern Alberta, Canada, 
moist and shaded environments were necessary for reproduction on b o t h  mineral 
soil  and humus seed beds; in British Columbia, Smith (1955) reached s i n ' l  a r  
concl usi ons . 

In a study of subalpine f i r -  

Undesirab7e effects  of forest  residues can be caused by e i ther  too much or 
too  l i t t l e  residue. 
slash will prevent seeds from reaching a mineral soi l  seed bed where they can 
successfully germinate and survive, and seedlings of shade-tolerant species can 
die on exposed s i t e s  because of insufficient logaing residue. Of a l l  species in 
the mixed conifer type, western larch i s  probably most adversely affected by 
heavy l i t t e r  layers and deep shade. Studies on the regeneration requirements of 
this species in Montana by Roe (1952) and in Idaho by Boyd and Deitschman (1969) 
have shown the superiority of a mineral soil  seed bed and adequate l igh t .  In 
the Montana study, the number of larch seedlings surviving on undisturbed forest  
floors increased from 62 per acre in the 0- t o  20-percent sunlight class t o  
1,730 per acre in the 81- t o  100-percent sunlight class.  In the Idaho study, 
both  burning and l igh t  scarification of clearcut areas a f te r  logging resulted 
in a 20-percent stocking of larch compared with 8 percent in the area receiving 
no s i t e  preparation other than  t h a t  caused by the logging. Heavy scarification 
further increased stocking t o  40 percent. 

A thick, heavy l i t t e r  layer o r  heavy amounts o f  logging 

Lodgepole pine also regenerates best on disturbed seed beds and in the 
absence of heavy amounts of slash. 
Trappe (1959) reported t h a t  in clearcut areas, almost twice as many seedlings 
were found on mineral soil  as on undisturbed l i t t e r ,  and most of the seedlings 
were established in the open rather than  under the protection of slash. 
southwestern Plontana and eastern Idaho, Lotan (1964) concluded t h a t  tho rough  seed 
bed preparation greatly improved germination and f i rs t-year  survival o f  lodgepole 
pine in clearcut areas. 

In the Blue Flountains of northeastern Oregon, 

In 

Thus, germination of a l l  species in the pine and mixed conifer types appears 
t o  be improved by seed bed disturbance resulting in exposure of some mineral soi l  
and the elimination of thick l i t t e r  layers. 
species except larch and lodgepole pine i s  generally increased as a resu l t  of 
protection given by a l igh t  amount o f  logging slash. 
lodgepole pine seedlings t o  logging slash i s  no t  uniform throughout  eastern 
Oregon and Washington. 
seral species in the mixed conifer fores t s ,  i t  regenerates sa t i s fac tor i ly  a f te r  

First-year seedling'survival of a l l  

However, the response o f  

In most of this  region, where lodgepole pine occurs as a 
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disturbances without overhead shade. On the other hand, in the pumice plateau 
area of central Oregon, where th i s  species forms climax stands, a l i gh t  amount 
of logging residue seems t o  have a favorable effect  on seedling survival. 

Heavy logging residue also may be detrimental t o  advance reproduction by 
smothering seed1 ings or small sapl ings o r  by bending or twisting sapl  ings, 
causing deformities. On the other hand,  i f  advance reproduction i s  plent i ful ,  
some seedling mortality as a resu l t  of heavy slash can be beneficial ,  since i t  
will thin the overly dense reproduction. In their  slash disposal study in 
eastern Oregon, flunger and Westveld (1931) concluded t h a t  in the pine type 
mortality or deformation of advance reproduction by slash is  n o t  serious because 
usually only a small p a r t  of a logged area i s  covered by heavy slash which 
causes the most damage. 
t ra t ions of logging slash could cause destruction of much of the advance 
reproduction. 

However, in dense mixed conifer stands, heavy concen- 

The ef fec t  of slash on growth of seedlings and advance reproduction has n o t  
been studied as extensively as slash effects  on germination and survival. 
both new and advance ponderosa pine seedlings, Hunger and Westveld (1931) found 
slash had no e f fec t  on shoot growth. Although partial  shade from a moderate 
amount of slash increases seedling survival by preventing direct  heat injury, 
reduction of l igh t  intensity can resul t  in reduced taproot growth and make the 
seedlings more susceptible t o  mortality from d r o u g h t .  This has been shown by 
Day (1963, 1964) for  spruce and f i r .  
l igh t  intensity increased for  both  species in this study, shoot  growth 
responded different ly for  each species. 
same pattern as root growth--proportional to  amount of l ight .  
shoot growth of spruce was best in l igh t  t o  medium shade and decreased in heavy 
shade and fu l l  sunlight. 

For 

Although t ap roo t  length increased as 

Shoot growth of subalpine f i r  showed the 
In contrast ,  

EFFECTS OF RESIDUE TREATMENTS ON SOIL AND REGENERATION 

Treatment of residues t o  promote regeneration of tree species should consist 
of reducing heavy amounts of l i t t e r  and slash so t h a t  some mineral soi l  i s  exposed 
and p a r t i a l  shade is cast  on the area. Complete residue removal o r  destruction is 
n o t  desirable. Treatments of dead residue can be classif ied ei ther  as mechanical 
or burning o r  combinations of the two. 
choice of method depends on many factors such as species, presence or absence of 
advance reproduction, slope, and economic considerations. 

As in most s i lvicul tural  decisions, the 

NATURAL RESIDUES 

The inevitable treatment (other than normal decomposition) of natural resi-  
dues t h a t  build up  in unlogged stands and in wilderness areas i s  f i re- -ei ther  
wildfire prescribed by nature or underburning prescribed by man. 
responsible for  the perpetuation of many of the most valuable forest  types of 
the United States ,  including larch and lodgepole stands i n  the mixed conifer type 
and the ponderosa pine and Douglas-fir forests  of the Western United States.  The 
exclusion of f i r e  by man from these natural f i r e  types i s  a l ter ing the ecology of 
these forests  as a resu l t  of greater quantit ies of residue and gradual replacement 
o f  the intolerant species with the more shade-tolerant climax species. 

Fire was 
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The importance of f i r e  in maintainin ponderosa pine and the effects  of i t s  
exclusion have been documented by Weaver ?1967). Historical records show t h a t  
the virgin ponderosa pine forests  were generally parklike, with a grass o r  low 
shrub forest  f loor ,  and f ree of excessive residue. This condition was maintained 
by periodic l igh t  ground f i r e s  which consumed the small amounts of grass, 
needles, and twigs, thereby preventing accumulations of larue amounts of residue. 
Pine seedlings became established in small openings where groups of trees had 

trees were gradually consumed by the l igh t  f i r e s .  
these burned seed beds could suppor t  another f i r e ,  many of the pine seedlings 
were large enough t o  survive the f i r e ,  and a na tura l  thinning of the clumps of 
reproduction occurred , stimulating the growth of the survivors. 

' been killed by lightning, windthrow, insects,  or disease; the snags and down 
By the time the grass on 

A1 though f i r e  served t o  perpetuate the open ponderosa pine s t ands ,  exclusion 
of the frequent l igh t  surface f i r e s  has had detrimental effects .  
formerly consumed now continued t o  accumulate. When conditions for  germination 
and survival were favorable, dense thickets of pine regeneration became estab- 
lished, adding t o  the fuel supply. Eventually, when lightning f i r e s  started in 
these stands , catastrophic conflagrations resulted, completely destroying the 
forest .  
better s i t e s ,  where i t  i s  a seral species, was gradually eliminated by the more 
shade tolerant species t h a t  f i r e  had kept out. 

Residues 

And i f  n o t  destroyed by the severe f i r e s ,  the ponderosa pine on the 

The importance of restoring f i r e  t o  forested lands such as natural areas, 
wilderness areas,  and National Parks i s  now widely recognized, not only in 
ponderosa pine types b u t  in high-elevation mixed conifer types as well. I t  i s  
now the policy of the National Park Service t o  allow natural lightning-caused 
f i r e s  t o  burn in certain high-elevation zones in California t o  reduce fuel and 
t o  maintain the ecosystem in i t s  natural s t a t e  (Kilgore and Briggs 1972). 

A1 t h o u g h  res tor i  ng f i re  t o  natural forested ecosys tems has many benef i t s  , 
the task i s  d i f f i cu l t .  
greater the accumulation of residue and the greater the possibi l i ty  o f  destruc- 
t ive f i r e s  rather t h a n  the desirable low intensity ground f i r e s .  
tional research i s  needed on fuel modification and prescribed burning techniques 
for the restoration of f i r e  as a natural agent in western coniferous ecosystems. 

The longer f i r e  has been excluded from an area the 

Much addi- 

THINNING RESIDUES 

No treatment of thinning residues i s  needed as a means of securing regenera- 
tion, since no new seedlings are wanted a t  th i s  time and large amounts of residue 
prevent seedling establishment. 
matter of reducing the fuel concentration t o  an acceptable level for  f i r e  
control and of providing accessibili ty for  future s i lvicul tural  operations. 

Therefore, treatment of thinning residues i s  a 

On slopes n o t  exceeding 25 t o  30 percent, the use of heavy tractor-mounted 
equipment t o  crush, chop, shred, or masticate the slash i s  an effective t rea t-  
ment method as long as leave trees are f a r  enough a p a r t  t o  allow tractor  movement 
without damage. Three machines commonly used for  th i s  type of slash treatment 
are the "Tomahawk , I '  the Varden Brushcutter, I' and the "Tree Eater. I' 

The Tomahawk ( f ig .  2 )  and the Marden Brushcutter were tested in slash from 
thinning of pine on the Deschutes National Forest in central Oregon by Dell and 
Ward (1969). Although their  primary objective was t o  evaluate this equipment for  
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reducing f i r e  hazard,  they found bo th  machines did effective jobs  of scarif i-  
cation i n  green slash--superior t o  crushing with a crawler tractor alone. 
Marden had 1 imi ted maneuverabil i ty resulting in scarred tree boles and some 
untreated slash l e f t  near leave trees. 

The 

Figure  2 .  --Tomahawk 
c r u s h e r  mounted on 
c r a w l e r  t r a c t o r  
c r u s h e s  s l a s h  f r o m  
t h i n n i n g  of p i n e s .  

The Tree Eater consists of a front-end f l a i l  cutter mounted on a crawler 
tractor.  The f l a i l  cutters rotate a t  1,800 r/m ,and reduce a l l  trees, shrubs, 
or d a s h  t o  a mulch. Trials in the Southwest by Burbank e t  a l .  (1970) showed 
t h a t  the machine was able t o  thin a s t r ip  and masticate the slash on slopes of 
less t h a n  20 percent. The Tree Eater has been tested in central Oregon for  
treating residues on areas t o  be planted (f ig.  3 ) .  There the residues were 
reduced t o  a mulch t h a t  diminished soil moisture loss Costs of this treatment were comparable t o  dozer piling and burning of slash.- 5 /  

Another method of hand1 ing thinning residues is w i t h  mechanical harvesters 
t h a t  remove the entire tree including the top  from the logged area. Such 
machines ("Feller-Bunchers") have been tested eastern Oregon by the Boise- 
Cascade Corporation in the mixed conifer type.- &? 

Clearcut s t r ips  about  25 f t  (7.6 m )  wide are alternated with s t r ips  abou t  
50 f t  (15.2 m )  wide from which trees are t o  be harvested by the Feller-Buncher. 
The harvester then reaches in t o  the stand 25 f t  (7.6 m )  from the clearcut 
s t r ips ,  cuts the trees a t  the stumps with shears, then removes the entire tree t o  
the clearcut s t r ip  where i t  i s  piled. This machine can handle trees up  t o  about  
18-inch (45.7-cm) stump diameter and can be used for  thinning o r  for  removing an 
overstory from established reproduction with l i t t l e  damage t o  the advance 

!?' Personal communication from Julian Wojtowych, Forester, Deschutes 
National Forest. 

g/ Personal communication from Glenn Parsons , Administrator, Northeast 
Oregon Lands , Boise-Cascade Corporation. 
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reproduction ; e. g . , removal o f  1 odgepol e pi ne overs tory from true f i r regenera- 
tion in the mixed conifer type. 
Since the en t i re  t ree  has been brough t  t o  the landing, there i s  a tendency t o  
use as much o f  the bole as possible' (depending on existing markets for  small logs 
o r  pulpwood) . 

Increased ut i l izat ion i s  another advantage. 

F i g u r e  3.--Tree E a t e r  opera-  
t ion on Deschu tes  Na t iona l  
Forest: A ,  T r e a t i n g  l o g g i n g  
r e s i d u e  prior t o  p l a n t i n g  
s e e d l i n g s :  B ,  appearance of 
r e s i d u e  a f t e r  t r e a t m e n t .  

SELECTION SYSTEM RESIDUES 

When logging residues produced as a resul t  of management under the selection 
system are treated, advance reproduction and the existing s t and  o f  growing stock 
must be protected. On the Warm Springs Indian Reservation i n  central Oregon, the 
single-tree selection system i s  used for management of ponderosa pine stands. 
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Logging slash i s  piled t o  be burned when there i s  l i t t l e  wind t o  spread f i r e  t o  
surrounding trees. This treatment provides a more receptive seed ed for estab- 
lishment of new seedlings by consuming l i t t e r ,  grass, and shrubs.- 77 

Prescribed-light underburning for thinning purposes has been studied by 
Weaver (1946) in selectively cut ponderosa pine stands in eastern Washington. He 
concluded t h a t  there was l i t t l e  damage t o  the residual s tand  o r  advance reproduc- 
tion and t h a t  dense clumps of reproduction were thinned by the f i r e  resulting in 
faster  growth of the survivors. Later remeasurement of his study by Morris and 
Mowat (1958) confirmed the better growth o f  trees on the burned plots; diameter 
growth was 36 percent greater and height growth 7 percent greater. A l t h o u g h  the 
use o f  f i r e  t o  thin dense clumps of pine reproduction i s  economical and gave sa t i s  
factory results in this  case, prescribed burning i s  a crude and imperfect thinning 
tool when intensive forest management i s  practiced because results are n o t  
predictable. 
Washington, Wooldridge and Weaver (1965) found t h a t  bo th  diameter growth and 
height growth were less on the burned plots t h a n  on the unburned plots af ter  
6 years. 

For example, in another study in the same general area in eastern 

In addition t o  causing er ra t ic  growth responses, f i r e  does n o t  thin stands 
uniformly. In some places, clumps of unthinned trees may remain, b u t  a l l  regen- 
eration might be destroyed in poorly stocked areas. 
t h a t ,  in northeastern California ponderosa pine stands, underburning would almost 
completely kill  pine seedling and sapling groups which were most in need of 
thinning and thereby add t o  the fuel supply. Likewise, in a study of the effects 
of underburning in selectively cut ponderosa pine stands in Arizona, Lindenmuth 
(1960) found t h a t  for every potential crop tree released, an average of five 
potential crop trees needed t o  u t i l ize  growing space were damaged or killed. 
These examples indicate a need for great care in prescribing and producing the 
proper intensity of f i r e  t o  do the job.  

Gordon (1967) concluded 

SHELTERWOOD SYSTEM RESIDUES 

Treatment of logging residues l e f t  by the shelterwood system depends upon 
the stage of cutting. If  no reproduction i s  present o r  existing reproduction 
is mistletoe infected, and the l o g g i n g  operation is  the in i t ia l  cut in a two- 
stage shelterwood system, then most methods of residue treatment are suitable as 
long as damage t o  the residual trees i s  avoided. 
conifer types, where slopes permit, heavy equipment can be used t o  crush o r  shred 
the slash. For best resul ts ,  this  treatment should be used in conjunction with 
tree-length logging t o  a 4-inch (10.2-cm) t o p  diameter o r  yardi of unutilized 

In both the pine and mixed 

material (YUM) since larger material is  n o t  effectively broken.- 89 
A1 ternative methods are t o  yard a1 1 unmerchantable material and machine pile 

the remaining slash, with o r  without burning, o r  t o  pile and burn  all  residue. 

l/ Personal communication from Gunther Heeren, Supervisory Forester, Warm 
Spr ings  Indian Reservation, Bureau of Indian Affairs. 

Proposed revision o f  Region 6 slash treatment guidelines by D .  Franks 
and W .  Shenk, Fire Control, Deschutes National Forest. 
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Care must be taken t o  p i le  residue f a r  enough from residual t rees  t o  prevent 
scorching when pi les  are burned. 

Prescribed burning of logging slash a f t e r  shelterwood cuttings i s  not 
recommended because the residual trees are l ikely to be damaged by the f i r e ,  
especially in mixed conifer s tands  where low-hanging branches can carry the 
f i r e  into the crown. 

Although possible f i r e  damage t o  residual t rees  makes prescribed area burning 
of logging slash a f t e r  she1 terwood cuttings impractical, preparation of seed beds 
by l i gh t  burning i s  feasible under mature, managed ponderosa pine stands lacking 
reproduction and logging slash. 
most of the l i t t e r  and duff and t o  ki l l  back brush and herbs without generating 
enough heat to damage t ree crowns and lose seed production. 
research and experience are needed t o  determine the optimum combinations of 
weather and fuel conditions for  th i s  objective. 

The objective of the burn would be to  consume 

Considerable 

Skidding of the en t i re  t ree to  landings i s  another possible method of 
handling logging residues bo th  in shelterwood cuttings and in clearcut areas 
where t ree s ize permits. 
ing and provides seed bed scar i f ica t ion .a t  the same time. 
advantages, unfavorabl e effects  can a1 so occur. 
protection of a l igh t  slash cover, removal of a l l  logging residue can resu l t  in 
greater seedl ing mortality; complete t ree removal may also deplete soi l  nuturients 
in. the long r u n .  

This method removes slash for  disposal a t  the land- 
Although these are 

When seedl i ngs require the 

All treatments of residue by machines are limited t o  terrain w i t h  slopes o f  
less than  30 percent. 
hand t o  reduce the f i r e  hazard i f  amounts are n o t  excessive. L i t t l e  seed bed 
improvement would be expected from this  treatment since the forest  f loor  i s  n o t  
disturbed t o  any extent. 
ing logging slash in the true f i r  type in California resulted in a greater number 
of seedlings per milacre (0.0004 hectare) than no slash treatment. 
apparent reason for the better regeneration since he reported a uniform distribu- 
tion of a deep layer of organic fines in the l o p  and sca t te r  treatment. 

On steeper g round ,  slash can be lopped and scattered by 

However, Gordon (1970) found t h a t  lopping and scat ter-  

There was no 

Treatment of  residues resulting from the f i n a l  cut in a shelterwood system 
(overstory removal) shou ld  be done in a manner which causes the l ea s t  damage to 
the establisheq reproduction. 
loaders can be used t o  remove residues from the logged areas for  disposal else- 
where or t o  pi le  residues for  burning. ’ 

ground and use existing skid t r a i l s  t o  minimize damage t o  existing reproduction. 
There i s  a good opportunity here to  develop and t e s t  new equipment which 
effectively handles logging residues while protecting the reproduction. 

On gentle slopes, equipment such as front-end 

Such equipment can l i f t  tops off the 

Use of heavy machines for residue treatments raises the possibili ty of soi l  
compaction and reduced inf i l t ra t ion  rates .  
found t h a t  soi l  compaction created by piling larch-Douglas-fir slash and scar i-  
fyi ng the seed bed wi t h  a t ractor  reduced inf i  1 t ra t ion by 85 percent the f i r s t  
year a f te r  logging on 55 percent of the area. 
the scarified area was s t i l l  only about 45 percent of the control. The soil  i n  
the study area was a s i l t y  clay loam. 
pumice region of central Oregon, less  compaction probably would occur; b u t  t h i s  
has not been studied. 

In western Montana, Tackle (1962) 

After 5 years,  i n f i l t r a t i on  on 

In coarser textured so i l s ,  such as in the 
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For seedl ing establishment the favorable effects of residue treatment by 
mechani cal methods and by burning are generally recognized and accepted. 
ingly, there i s  no documentation of the effects  of such treatments in conjunction 
with she1 terwood cuttings in eastern Oregon and Washington. 
t o  study the relationships between cutting intensity,  slash treatments, and 
regeneration on various s i t e s  in both the pine and mixed conifer types. 

Surpri s- 

Research i s  needed 

CLEARCUT SYSTEM RESIDUES 

Clearcutting creates the greatest  amounts of residue and also permits the 
Under current practice,  greatest  f l ex ib i l i t y  in choice of residue treatments. 

any method suitable for  the terrain may be used since no constraints are imposed 
by residual overstory. Although advance reproduction will usually be present to  
some extent, the logging operation and subsequent slash treatment may destroy or 
damage much of i t .  
advance reproduction because of mistletoe infection or inabi l i ty  t o  respond t o  
release. 
establish the new stand. 

And on some areas, i t  may be necessary t o  eliminate the 

As a resu l t ,  e i ther  natural  seeding or planting i s  depended upon to  
Because there i s  no overstory to  protect seedlings 

against temperature extremes, some residue should be l e f t  on clearcuts 
purpose, especially for  natural regeneration o f  the more tolerant true 
moun t a i  n hem1 oc k . 

The most common method of residue treatment a f t e r  clearcutting i s  
pi le  and burn.  T h i s  method has the favorable effect  of scarifying the 
f loor ,  thus preparing a receptive seed bed for seed7 ing establishment, 
complete residue removal can resu l t  in increased mortal i t v  of tolerant 

for  th i s  
f i r s  and 

t o  machine 
forest  
b u t  
species. 

Scarification i s  effective in s i t e  preparation. 
(1 955) reported 188,500 spruce seedl ings and 5,000 subal pi ne f i  r seedl i ngs per 
acre on scarified seed beds compared w i t h  only 682 spruce and 86 f i r  seedlings 
per acre on the undisturbed area a f te r  a bumper seed year. 

In Bri t i ih  Columbia, Smith 

In the Intermountain Region, Roe e t  a l .  (1970) concluded t h a t  mechanically 
exposed mineral soi l  was superior t o  other types of seed bed for  spruce seedling 
establishment and early survival. 
previously t h a t ,  a1 t h o u g h  scarification should expose some mineral soil  and 
eliminate competing vegetation, some s l a sh  s h o u l d  be l e f t  f o r  shade and t o  
prevent soi l  erosion. On erodible so i l s ,  they recommended t ractor  scarification 
of a l ternate  s t r i p s .  Some residue was then pushed back on the s t r i p s  and the 
dozer walked over i t  a t  right angles t o  the s t r i p s ,  breaking down the residue. 

They also stressed the point mentioned 

Although residue treatment by piling and burning creates favorable seed 
beds by scar if icat ion,  burning of the slash piles can also resu l t  in extremely 
ho t  f i r e s  tha t  bake the soil  causing conditions detrimental t o  conifer reproduc- 
tion. In  Montana, b u r n i n g  of piled slash on clearcut areas in the mixed conifer 
type resulted in 80-percent-less reproduction on the burned areas than  on 
adjacent unburned s i t e s  (Vogl and Ryder 1969). Furthermore, the inhibitory 
effect  of the severe burns on conifer reproduction lasted for  a t  l e a s t  15 years. 
The soil  was a Brown Podzolic. Vogl and Ryder attributed the poor stocking on 
the burned areas t o  a laminated surface crust  consisting of b i t s  and chunks of 
charcoal and suggested broadcast burning to avoid soil  damage. Apparently, on 
the coarser textured so i l s  of central Oregon, burning o f  piled slash does n o t  
cause significant damage, b u t  more research i s  needed. 
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An interesting modification of the pi le  and burn method has been tested in 
California by Schimke and Dougherty (1967); a portable metal bin was used t o  
burn the slash. This method has several advantages over the standard burning 
of piles in the open: soil  damage i s  avoided, l i t t l e  smoke i s  emitted because 
of the high temperatures, burning of green or wet slash i s  possible, few spot 
f i r e s  occur, and putting l ines  around many piles and patrolling them i s  n o t  
necessary. 
treatments. 

Costs of th i s  method were comparable with other slash disposal 

Burying of logging slash in p i t s  o r  trenches i s  another method of eliminat- 
ing the residue and obtaining seed bed scarification a t  the same time ( f ig .  4 ) .  
Schimke and Dougherty (1966) tested several methods of burying slash in central 
California and concluded t h a t  they were feasible in areas t h a t  were not rocky 
o r  too steep for  operation of equipment. 
conifer type, burning o f  slash in the f a l l  i s  often prevented by early snows, 
and slash can be buried. Burying i s  also useful for  slash disposal in areas 
in which esthet ic  considerations prevent other residue treatment methods. 
Although burying the residue effectively removes i t  from the area, i t s  incor- 
poration into the soi l  could resu l t  in nitrogen immobilization and reduce 
growth of new reproduction. 
has not yet  been studied in east-side forests.  
could a l s o  resul t  i n  loss o f  nutrients by leaching i f  upper horizons are deeply 
buried beyond the r o o t  zone of young seedlings. 
e f for t  should be made t o  replace upper soil  horizons a t  the surface. 

A t  higher elevations in the mixed 

This aspect of slash treatment on regeneration 

When residue i s  buried, an 

Disruption of the soil  profi le  

Broadcast burning can be an effective seed bed preparation method in clear-  
cut areas since th i s  i s  nature's way of regenerating the pioneer f i r e  species-- 
such as larch and lodgepole pine--by exposing mineral soi l  and destroying com- 
peting vegetation. I n  practice,  however, resul ts  are l ikely t o  be highly vari- 
able because of differences in f i r e  intensity due t o  variations in fuel quantity 
and weather conditions. As pointed o u t  by Roe e t  a l .  (1970), timing of broad- 
cast burning i s  especially c r i t i ca l  i n  the high-elevation mixed conifer type. 
The time available for  burning i s  very limited since bo th  high f i r e  danger in 
the summer and early rains o r  snow in the f a l l  prevent burning. They emphasize 
t h a t  the key t o  obtaining a successful broadcast burn i s  the moisture content 
of the duff. If i t  i s  t oo  wet t o  burn and only the surface layer i s  consumed, 
a blackened organic layer t h a t  prevents seedling establishment will remain. 
More research i s  needed t o  determine optimum weather and fuel condtions for  
broadcast burning. 

The effects  of burning on physical and chemical soi l  properties and subse- 
quent seedling establishment and growth vary because of the many factors 
influencing the resul ts .  Tarrant (1956a, 1956b) studied the effect  of prescribed 
burning on soi l  physical properties in both  eastern and western' Oregon and 
Washington. He concluded t h a t  no soil  damage resulted from l igh t  surface burns; 
b u t  severe burning, in which a l l  organic matter was consumed and the mineral soi l  
was colored, resulted in a reduction t o  30 percent in the water percolation ra te  
of the unburned soi l .  
amount of the area (<: 5 percent) i s  severely burned. 

On broadcast burned areas,  however, usually only a small 

Similarly in the i r  Montana burning study, Vogl and Ryder (1969) reported 
t h a t  water was absorbed into the soi l  4 .6  times more slowly in the severely 
burned areas than  in the unburned soil  and t h a t  even 15 years .after burning, 
in f i l t ra t ion  was s t i l l  slower on the burned so i l .  
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Figure 4.—Burying logging slash
created by thinning of a pine
stand in a landscape management
unit: A, Slash being pushed into
trench; B, after all slash is in
trench; C, area covered with soil.
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Generally, the effect  of f i r e  on soil  chemical properties i s  favorable. 
Amounts of available phosphorus, potassium, calcium, and magnesium are increased 
by the ash deposit from the f i r e ,  and the alkaline ash decreases soi l  acidity 
(Vogl and Ryder 1969, Tarrant  1954, Vlamis e t  a l .  1955). Burning resul ts  in a 
loss of nitrogen from the forest  f l o o r ,  b u t  n i t r i f ica t ion  in the soi l  i s  
stimulated by the increased alkal ini ty .  A study of prescribed burning in 
ponderosa pine forests  in California by Klemmedson e t  a l .  (1962) showed t h a t  a 
combination of broadcast burning and burning of piled slash resulted in a loss 
of 69 percent of the nitrogen from the forest  floor.  The soi l  was a Salminas 
loam. Despite th i s  loss of nitrogen from organic matter, they found a net 
gain of total  soi l  nitrogen in the f i r s t  inch (2.5 cm) o f  soil  a f t e r  18 months 
and concluded th is  was caused by leaching of the decomposing fores t  floor 
remaining a f t e r  the burn.  Thus, seedling growth can be stimulated by the 
increased avai labi l i ty  of soi l  nutrients,  b u t  there i s  also the possibi l i ty  o f  
increasing the growth of brush and herbs which hinders tree seedling establish-  
ment because of heavy competition for  soil  moisture. 

Another unfavorable effect  of burning on forest  so i l s  in some areas i s  the 
creation of "nonwettable" soil  which inhibits natural regeneration on the area. 
This i s  n o t  the ordinary reduction in inf i l t ra t ion  from deterioration of physical 
properties by severe f i r e s  b u t  the formation of a water-repellent layer cons-ist- 
ing of a hydrophobic organic coating on the soil  par t ic les  (Krammes and DeBano 
1965, DeBano e t  a l .  1970). This condition occurs most commonly in southern 
Cal i forni a in the chaparral type where some organic component of the chaparral 
l i t t e r  i s  t h o u g h t  t o  make the soil  hydrophobic. Water repellency in so i l s  has 
also been studied in Montana by DeByle and Packer (1970). They measured degree 
of water repellency of the soil  before and a f t e r  burning of slash in the larch- 
f i r  type and concluded t h a t  wettabili ty was more closely related to soil  depth 
and aspect t h a n  t o  burning, with fewer t h a n  one-third of a l l  the soi l  samples 
being d i f f i cu l t  t o  wet a f t e r  burning. This condition has been observed in the 
Oregon Cascades (unpublished study) where the soi l  remained "nonwettable" for  
several years a f t e r  a wildfire. 
of th i s  problem in eastern Oregon and Washington soil  types. 

Further work i s  needed t o  determine the extent 

Broadcast burning can be a useful too l  for  seed bed preparation i f  done 
when conditions are suitable.  Generally, l i t t l e  or no soil  damage would resu l t  
since high temperatures are n o t  concentrated on one spot for  long periods, and 
no soil  compaction by heavy equipment would occur. 
t o  short peripds when weather conditions are favorable in the high-elevation 
mixed conifer type. I t  i s  more useful in the pine type because a longer snow- 
free period resul ts  i n  ,more days when burning conditions are l ikely to be 
favorable. 
scarified when piling i s  dene by machine, and there is less  chance of the f i r e  
escaping. 
of the area and burning conditions resul t  in extremely h o t  f i r e s ,  adequate 
regeneration may not  be obtained because of impairment of physical soil  proper- 
t i e s .  
the possibili ty of soil  damage. 

Broadcast burnimg i s  restr ic ted 

Burning of piled residue has the advantage of the forest  f loor  being 

On the other hand ,  i f  the piles of slash occupy a significant portion 

In th i s  case, disposal of residue in portable incinerators would eliminate 

Chipping of logging residue on clearcut areas by portable chipper i s  another 
In east-side forests where residue decay i s  slow, this slash treatment ( f ig .  5 ) .  

method would speed the return of nutrients t o  the soil  by increasing decomposition 
rates and would lower the f i r e  hazard, b u t  i t  might also resu l t  in a temporary 
shortage of soil  nitrogen., In addition, a thick layer of chips on the soi l  
surface could resu l t  in a poor seed bed. Although th is  i s  an unfavorable effect  
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Figure  5. --Chipping l o g g i n g  s l a s h  on the Deschu tes  
Na t iona l  Forest. Chipper  i s  b e i n g  used here t o  
d i s p o s e  of s l a s h  from a t h i n n i n g ,  b u t  equipment  
c o u l d  also be used i n  c l e a r c u t  a r e a s .  

in most cases, under certain conditions i t  could be desirable. For example, when 
favorable weather conditions for germination and survival combine with a bumper 
seed crop and a mineral soil seed bed, an overabundance of larch or lodgepole 
pine seedlings i s  often found on clearcuts in these species. Possibly such over- 
stocking could be avoided by reducing the area of mineral soil with chipped 
residue. However, nothing i s  known abou t  the effect of chipped slash on the 
soi ls  o r  seedling establishment in east-side forests,  and research is  needed 
before any recommendations can be made. 
best possible seed bed on the assumption t h a t  seed supply and weather will be 
limiting factors. 

A t  present, i t  i s  wise t o  prepare the 

CONCLUSIONS AND RECOMMENDATIONS 

Much additional research i s  needed t o  determine the relationships between. 
residue treatments and regeneration and growth of tree species in bo th  the pine 
and mixed conifer types of eastern Oregon and Washington. 
field of residues has been mainly concerned with their  treatment as a f i r e  
protection measure, with 1 i t t l  e attention given t o  effects on natural regenera- 
tion. Hawley and Smith (1954) summarized this  situation: 

Early work in the 

I t  i s  unfortunate t h a t  slash disposal has received far  more attention as 
a means of f i r e  protection t h a n  as a method o f  stimulating reproduction. 
This attitude has commonly led t o  the application o f  methods o f  slash 
disposal which are no t  compatible with the renewal of the forest.  Gener- 
al ly speaking, the modifications o f  practice which would be beneficial t o  
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reproduction l i e  in the direction of part ial ,  rather t h a n  complete, 
disposal of slash. 

Some important problems needing study are: 

1. What amounts of residues are present in natural and managed stands in various 
types a t  different ages, and what i s  the rate of decay? 

2 .  What kinds of residue treatments are most favorable f o r  the establishment and 
growth of new seedlings af ter  shelterwood cuttings o f  various intensities in 
pine and mixed conifer stands? 

3.  What are the best methods of treating residues created by removal of over- 
s tory t o  minimize damage t o  the advance reproduction? 

4. What residue treatments are most beneficial fo r  regeneration on clearcut 
areas, especially on severe s i t e s  such as the pumice plateau of central 
Oregon? 

5. What i s  the effect of burying and chipping slash on soil nitrogen relation- 
ships and subsequent seedl ing establishment and growth? 

6. What i s  the long-term effect of various residue treatments on forest produc- 
t iv i ty ,  particularly those methods which remove much o f  the residue from 
the area? 

7.  When i s  the best time t o  broadcast burn in terms of weather and fuel condi- 
tions t o  obtain optimum seed bed conditions on logged areas? 

8. How can wildfire and prescribed burning best be used in natural stands and 
wilderness areas t o  prevent excessive residue buildup and t o  restore and 
maintain the normal ecosystem present before the exclusion of f i r e?  

In the field of equipment development, there i s  always a need for new 
methods and machines for better residue treatment w i t h  less damage t o  soil o r  
vegetation. 
damage t o  reproduction and soil t h a n  a t  present in stands with advance reproduc- 
tion and ( 2 )  t o  economically handle, modify, and t ranspor t  residues for more 
eff icient  uti 1 ization. 

Better equipment would be of value (1)  t o  t rea t  residues with less 

Specific recommendations fo r  residue treatments t o  favor natural regenera- 
tion in the pine and mixed conifer types of eastern Oregon and Washington based 
on documented research cannot be made a t  this  time. 
in surrounding regions and from observations and experience, three general 
recommendations are suggested: 

However, from the work done 

1. Land managers not  only should consider residue treatment as a means of 
reducing f i r e  hazard b u t  also should consider the effects of such treat-  
ments on new regeneration and advance reproduction. 

2. Land managers should create favorable seed beds for  seedling establish- 
ment by eliminating thick l i t t e r  layers and exposing some mineral so i l .  
Complete destruction o r  removal of the forest floor i s  not  desirable. 

3.  Land managers should keep in mind the importance of leaving some residue 
(logging slash) for protection of seedlings from temperature extremes. 

5 
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This i s  extremely c r i t ica l  on clearcuts or s i t e s  where environmental 
conditions are unusually severe, and i n  regenerating spruce o r  the 
true f i r s .  

RESEARCH UNDERWAY 

A t  present, two studies are underway dealing w i t h  effects  of residue t reat-  
ments on natural regeneration in eastern Oregon. These studies are being conducted 
in Bend, Oregon, by a timber management research project o f  the Pacific Northwest 
Forest and Range Experiment Station. One deals w i t h  the problem of obtaining 
reproduction a f t e r  shelterwood cuttings in mature true f i r  stands. 
sider the effect  of several intensi t ies  of cutting and several methods of slash 
treatment on germination and survival of true f i r  seedlings. The second explora- 
tory study is  investigating underburning of l i t t e r  and brush as a seed bed 
preparation i n  mature ponderosa pine stands.  

I t  will con- 

Work on residue management i s  also being done by other Forest Service Experi- 
ment Stations. 
j n g  and chipping of logging residues a f te r  clearcutting mature lodgepole pine. 
This study i s  concerned with the effect  o f  these treatments on regeneration, 
nutrient cycling, hydrology, and wood u t i l i z a t i o n .  And i n  Montana, the Intermoun- 
tain Station has begun a research and development program i n  the larch-Douglas- 
f i r  forests t o  study new methods o f  harvesting and handling residues. This is 
a mu1 t idiscipl inary program involving the effects  of various levels of residue 
ut i l izat ion o n  regeneration, wildlife habitat ,  fuels ,  fo s t  insects and fungi, 

In  Wyoming, the Intermountain Station i s  studying broadcast burn- 

hydrology, nutrient cycling, es thet ics ,  and engineering.- 57 
In Col-orado, the Rocky Mouptain Forest and Range Experiment Station i s  

studying natural regeneration of Engelman pruce in clearcuts as affected by 
mechanical 'scarification of the seed bed.- 707 

Because research programs change with time, readers interested i n  current 
research in residue management should contact Forest Service Experiment Station 
headquarters for  up-to-date information. 
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ARTIFICIAL REG ENERATION 

James W .  Edgren and William I .  Stein 

ABSTRACT 

In the Pacific Uorthwest, pZanting and seeding 
currentZy const i tu te  a high proportion of the Zarge refores- 
ta t ion  e f f o r t .  m e  presence o r  removaZ of woody residues 
accwmzZated during growth and harvest of  the former stand 
has a strong i n f h e n c e  on ease and success of art i f ic iaZ 
reforestat ion e f f o r t s .  
i ca l l y  through obstruction o f  planters and occupation of 
surface area, and environmentaZZy by al terat ion of the 
microsite climates i n  which seedzings must survive and grow. 
Knowledge avai Zab Ze on these r e  Zationships is reviewed, 
needed information iden t i f i ed ,  and direction of future 
research suggested. 

Residues a f f e c t  restocking mechan- 

Keywords: Art i f ic ial  regeneration--seedl ing environment, 
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Prompt regeneration of nonstocked forest  land i s  essential for  maximum 
sustained production of timber. 
na tura l  regeneration; b u t  t o  assure promptness, we often turn t o  direct  seeding 
or planting. 
growth and harvest of the former stand has a strong influence on ease and success 
of a r t i f i c i a l  reforestation effor ts .  Residues affect  restocking mechanically 
through obstruction of planters and occupation of surface area, and environ- 
mentally by al terat ion of the microsite climates in which seedlings must 
survive and grow. 

Nonstocked lands may be restocked t h r o u g h  

The presence or removal of woody residues accumulated during 

Planting i s  now the favored reforestation method i n  Oregon and Washington. 
In fiscal ear 1973, 278,447 acres (112,684 ha)  were planted and 50,580 acres 
(20,469 hay were direct  seeded on public and private lands i n  the two States 
(USDA Forest Service 1973b). 
reforestation acreage since f iscal  year 1968 b u t  a decrease in direct  seeding 
from 40 t o  15  percent of  the total  e f for t .  In  fiscal year 1973, 84,240 acres 
(34,091 ha)  of National Forest lands were planted or seeded in Oregon and 
Washington; only 14,684 acres (5,942 ha). were reforested th rough  na tura l  
regeneration (USDA Forest Service 1973a). Statewide to ta l s  for acreage restocked 
by natural regeneration are no t  available; a l t h o u g h  the proportion may be some- 
what higher t h a n  on National Forest lands, natural  regeneration now appears t o  
constitute a minor p a r t  of  t o t a l  reforestation. 
of the total  as greater reliance i s  placed on shelterwood and seed-tree cuttings,  
b u t  increased underplanting may offset  pa r t  of the change i n  cutting method. 

This represents a 39-percent increase in a r t i f i c i a l  

I t  may become a larger proportion 
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Artif ic ial  reforestation , particularly planting , provides several advantages 
over na tura l  regeneration. Delay in restocking caused by poor seed years and 
seed depredation can be avoided, desired t ree species can be favored readily, 
s i t e  conditions unfavorable t o  n a t u r a l  seedlings can be overcome, and t ree 
distribution can be accurately controlled. 
direct  seeding, planting i s  favored because i t  permits a higher degree of stock 
and stand control,  provides a higher yield from precious seed, allows ef f ic ien t  
genetic upgrading of new stands, and often circumvents the slow f ield growth 
and development of tender young seedlings. 
f ic ia l  reforestation accrue only i f  stands of suitable source and species are 
successfully established. 

Though  usually more expensive than 

Of course, the advantages of a r t i -  

A brief overview of conifer seedling requirements for l i gh t ,  heat, moisture, 
and nutrients provides a necessary preamble t o  a discussion of residue-regenera- 
tion relationships. The diverse and fragmented evidence on these relationships 
i s  then covered in sections on mechanical and environmental effects  of residues 
and residue treatments on seeded and planted trees.  
biological research needed t o  improve bo th  residue treatment and regeneration 
practice are discussed i n  the f i n a l  section. 

Salient engineering and 

ENVIRONMENTAL FACTORS AND SEEDLING GROWTH 

L i g h t ,  temperature, moisture, and nutrients are generally the key environ- 
mental factors governing t ree seedling establishment and growth. Seedlings will 
grow poorly o r  die i f  any one factor i s  seriously deficient or overly a b u n d a n t .  
Seed1 ing response t o  various combinations of these environmental factors d i f fe rs  
as does the effect  a t  different stages of development, and response also varies 
substantially by species. Thus, one cannot define a single s e t  of environmental 
objectives or standards t o  be achieved when manaaing residues for  the benefit of 
regeneration. How the environmental factors influence t ree establishment and 
development has received indepth, yet incomplete, 
i . e . ,  Baker 1950, Baule and Fricker 1970, Epstein 1972, Kramer 1969, Kramer and 
Kozl ows k i  1960 , Kozl ows k i  1968 , Levi tt 1972 , Romberger 1963 , S p u r r  and Barnes 
1973. 

coverage in many publications, 

LIGHT 

Intensity, quality,  duration, and periodicity of l igh t  a f fec t  the growth of 
tree seedlings. Optimum l ight  intensity for growth of many species i s  less  than 
ful l  sunlight. 
seedlings can grow rapidly i f  provided with radiant energy equivalent t o  10 
percent of ful l  sunlight, b u t  Douglas-fir (Pseudotsuga rnenziesii (Mirb.) Franco) 
and Engelmann spruce (Picea engeZmannii Parry) require abou t  twice as much for 
appreci ab1 e growth.  Eastern whi t e  pi ne (Pinus strobus L .  ) produced maximum dry 
weight i n  43 percent of  fu l l  sun, red pine (Pinus resinosa Ait . )  and white spruce 
(Picea gZauca Iloench) Voss) in 98 percent. A t  high elevations, ful l  sunlight may 
actually harm the hotosynthetic processes of sensitive species such as Engelmann 
spruce (Ronco 19737. More sunlight i s  needed for maximum growth as seedlings get 
older since limbs and needles shade each other. 

For example, redwood (Sequoia sempervirens ( D .  Don) End1 . )  

Quality of l igh t  influences the gross morphology, anatomy, and carbohydrate 
Though  substantial differences can be produced under content of t ree seedlings. 

experimental conditions , variations in 1 ight qual i ty which occur under natural 
conditions are generally n o t  great enough t o  materially affect  seed1 ing growth. 
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However, location and nature of objects intercepting or f i l t e r ing  sunlight are 
c r i t i ca l ly  important ih regulating the duration of  exposure and total  energy 
received. 
the natural effects  of these factors are an integral p a r t  of seedling response 
a t  different geographic locations. 

Seedlings of many t ree species are also sensitive t o  day length, b u t  

TEMPERATURE 

Moderate a i r  and soil  temperatures are best for the growth of t ree seedlings. 
Extremes of  e i ther  h o t  or cold often seriously injure or ki l l  young seedlings and 
sometimes damage older seedlings and saplings. Succulent stems of many species 
are damaged near the ground l ine by contact with or radiation from intensely 
heated soil  surfaces. The thermal death point for active, ce l l s  of  many higher 
plants i s  between 45" and 65" C (113" and 149" F)--temperatures exceeded in the 
summer on exposed surfaces of numerous so i l s  in the Pacific Northwest. Despite 
the common occurrence of  lethal surface temperatures, the combined effect  of 
moderating factors--such as age and s ize of seedling; species characteristics;  
soil  surface color, texture, and moisture content; duration of exposure; cooling 
effect  of transpiration and shading; and other influences--permit many seedl ings 
t o  survive. 
physiological processes as temperatures r i s e ,  the increasingly unfavorable balance 
between photosynthesis and respiration, and the desiccation which may accompany 
accelerated transpiration. 

Indirect sources of  heat injury involve the acceleration of 

When ful ly  hardened and located i n  a protected microsite, t ree seedlings can 
tolerate  low subfreezing temperatures without injury. B u t  unhardened seedl ings 
may be severely damaged or killed i f  exposed t o  temperatures only a few degrees 
below freezing. Seedling tops are more hardy t h a n  roots, b u t  the l a t t e r  benefit 
from soil  protection. Tops of cold o r  frozen seedlings may desiccate from 
overexposure to wind o r  sun, and a1 ternate freezing and thawing in exposed 
locations may tear  seedlings loose and l i f t  them from the so i l .  The physical 
location of the seedling and the timing of l o w  temperatures relat ive t o  stage 
of seedling development are key factors governing degree o f  physical damage. 
Below normal a i r  or  soil  temperatures during the growing season slow the usual 
rate  of growth. 

MOISTURE 

Seedlings of woody plants grow best when there i s  l i t t l e  or no soil  water 
s t ress .  Stem elongation and dry weight production may be adversely affected by 
as l i t t l e  as 0.5-bar reduction in water potential. Growth may be reduced 
substantially when seedlings experience soil  water potentials of -2 t o  -4 bars. 
I t  i s  now generally agreed t h a t  as soil  moisture content decreases, water 
becomes progressively less  available; b u t  there i s  no def ini te  point a t  which 
i t  becomes unavailable t o  plants (Kramer 1969). 

Soil and plant water s t resses  are often correlated, b u t  they are n o t  
synonymous. 
only indirectly by soi l  water s t ress .  
and transpiration govern the plant 's  internal water balance; thus, i t s  water 
s t ress  i s  the product of both soil  and atmospheric moisture conditions. 
water s t ress  suff ic ient  t o  cause injury may develop under conditions of high 
transpiration even when moisture content of soil  i s  substantial .  Most desicca- 
tion injury resul ts ,  however, from plant water s t ress  which develops because o f  
a decreasing supply of soil moisture. 

Plant growth i s  controlled direct ly  by internal water s t ress  and 
The relat ive rates o f  water absorption 

Plant 
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Overly abundan t  soil  moisture can also be damaging t o  t ree seedlings. Many 
species are injured or killed by more than temporary flooding. 
so i l s  lack the aeration necessary f o r  good development of most roots. 
may be impaired by flooding, poor drainage, or soil  compaction. 

Excessively wet 
Aeration 

NUTR I ENTS 

Tree seedlings require the same nutrient elements needed f o r  the healthy 
growth of a l l  plants. As with other plants, a balanced nutrient supply i s  
required i n  which each nutrient i s  present i n  a suitable range of quantit ies 
relat ive t o  the concentration of other nutrients.  Species d i f f e r  in their  
nutrient requirements; optimum levels s t i l l  need t o  be determined f o r  most t ree 
species . 

Trees sustain satisfactory growth on relatively low quantit ies of nutrients,  
provided primarily by the weathering of soil  minerals and the mineralization of  
atmospheric nitrogen. 
recycles t h r o u g h  the decomposition of vegetation and incorporation of organic 
matter into the so i l .  Many soi l  organisms a s s i s t  i n  these processes. Symbiotic 
relationships which seedling roots form with various mycorrhizal fungi play a 
key roll  in nutr i t ion,  water uptake, and protection from disease. 
s o i l ,  i t s  geographic location, degree of exposure t o  varying climatic influences, 
organisms present, and many other factors interact  t o  regulate the supply and 
avai labi l i ty  o f  nutrients t o  t ree seedlings. 

A substantial portion of the nutrients used by t rees  

The kind of 

MECHANICAL INFLUENCES 

The presence of residues i s  usually a hindrance in seeding or planting an 
The degree of hindrance depends on the nature, amount,  and  distribution area. 

of residues, steepness of  slope, desired spacing of t rees ,  and regeneration 
method t o  be used. On the other h a n d ,  residues protect soil \ a n d  seedlings i n  
some degree from sheet erosion, raindrop splash, f r o s t ,  browsing animals, and 
other actions of common occurrence on bare so i l .  Some protective features 
are los t  when residues are reduced or removed by treatment. 
method of treatment has i t s  particular effect  on the seedbed, on soil  character- 
i s t i c s ,  and on any unwanted vegetation. 

Furthermore, each 

PHYSICAL OBSTRUCTION 

Residues i n  Place 

Residues occupy surface area making i t  unavailable for seeding or planting. 
The surface occupied may be a large p a r t  of the total  a f te r  harvest of defective 
old-growth Douglas-fir stands or a minor p a r t  a f te r  close ut i l izat ion of healthy 
young growth. The timber type, logging method, degree of u t i l i za t ion ,  and 
terrain determine the amount of surface residues will cover ( f ig .  1 ) .  How 
severely they impinge on fo l  lowup reforestation e f for t  depends on management's 
stocking objectives. Area occupied by residues becomes most c r i t i ca l  when 
closely spaced, uniformly distributed young stands are desired. 

Residues interfere  very l i t t l e  with broadcasting of t ree seed. Ground 
control might  be hampered s l ight ly i f  seeding i s  done by helicopter or fixed- 
wing a i r c r a f t .  I f  broadcast seeding i s  done a f o o t ,  the sower's travel may be 
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Figure  1.--On a g e n t l e  s l o p e ,  this  s l a s h  hinders 
choice and p r e p a r a t i o n  of p l a n t i n g  s p o t  more 
t h a n  it hinders crew t r a v e l .  

slowed and somewhat restr ic ted,  and seed distribution m i g h t  occasionally be 
impeded by t a l l  piles of slash. 
physically n o t  readily accessible t o  sowers, b u t  substantial numbers may f a l l '  
on residue-covered microsi tes  where chances for seed1 ing establ ishment are not 
particularly good. 

Broadcasting gets seeds i n t o  areas t h a t  are 

Seed s p o t t i n g  involves the choosing o f  spots t o  sow; residues prov ide  
protected spots b u t  also reduce the total number available. 
spotting requires crew travel across an area in reasonably equidistant parallel 
l ines .  Seeds are sown i n  unprepared o r  prepared spots a t  regular intervals and 
l ight ly covered with so i l .  lloderate t o  heavy residues interfere  with s t raight-  
l ine t ravel ,  cause irregular spot spacing, and hinder spot selection and prepara- 
t i o n .  Small ,  loose residues can be moved, however, and spots can be slipped 
between large chunks or  placed within tangled b u t  protective debris. Seed 
spotting permits the puncturing of  compacted d u f f  and l i t t e r  which prevent 
broadcasted seeds from reaching favorable microsi t es .  
more time i n  slash and debris than on accessible mineral s o i l ,  and some slash- 
covered areas cannot be reached by 'hand o r  seeding device. 

Ordinarily, seed 

Spot preparation takes 

Planting of nursery stock i s  obstructed more than seeding i s  by the presence 
of residues. Besides keeping surface area inaccessible and hindering crew 
operation, residues r e s t r i c t  planting of adjacent bare ground.  
space t o  stand firmly and room t o  swing p l a n t i n g  tools--substantially more 
working room than required for  seed spotting. 
conditions often prevent p l a n t i n g  of a bare s p o t ,  the percentage of t o t a l  area 

Planters need 

Furthermore, since subsurface 
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made inaccessible by residues becomes more c r i t i ca l  than for seed spotting. 
Planting of containerized seedl ings requires somewhat less open space than 
required f o r  planting of bare-root stock; i t  approaches seed spotting f l ex ib i l i t y  
when a dibble i s  used t o  create a hole with a single j a b .  

A Canadian study by Vyse and Muraro (1973) indicates the effects  of heavy 
logging slash on planting e f for t .  Near the south end of Vancouver Island, slash 
on a clearcut ranged from 160 t o  180 tons per acre (360 t o  400 metric tons/ha) 
near high-lead settings t o  120 t o  160 tons per acre (270 t o  360 metric tons/ha) 
elsewhere. Before broadcast burning, 14 percent of  the area was rated plantable 
with l i t t l e  or no diff icul ty;  a f t e r  burning, 100 percent of the area was so 
rated. On the basis of  450 trees per acre (1,112 per h a ) ,  slash burning reduced 
costs of  planting bare-root 2-0 Douglas-fir stock by $30 an acre and planting of 
container stock 'by $9. Before slash burning, planting o f  containers was much 
cheaper t h a n  planting of bare-root stock. In evaluating contract planting costs 
in southwestern Oregon, Teeguarden (1969) a l s o  identified plantable area as 
"by f a r  the most important single factor . .  . . ' I  

Residues continue t o  have some obstructing effects  a f t e r  seedl ing establish- 
ment by seeding or planting. 
s h i f t ,  bending or covering nearby seedlings. 
stumps f a l l s  on to  seedlings growing nearby. Roy (1955) suggests t h a t  trees 
should be planted 4 fee t  (1 .2  m )  from a 30-inch (76-cm) bark-covered log, 
increasing the distance with l o g  diameter t o  9 feet  (2.7 m )  from a 70-inch 
(178-cm) l o g .  On steep slopes particularly,  large logs and assorted debris may 
move downhill for several years as supporting material gives way. Few, i f  any, 
d a t a  are available t o  indicate the impact on t o t a l  stocking, b u t  residue-caused 
losses can be found on any regenerated area. 

As limbs and  debris weather and  decompose, pieces 
Loosened bark on cull logs and 

Seeded or planted trees established among and near residues may also benefit 
from physical protection the residues provide. 
animals normally damage readily available seedlings most. Those located among 
deep trash or bounded by large logs are most l ikely t o  grow unhindered. 
instances, t ree limbs and tops have been deliberately piled over planted trees 
or seedlings in spots t o  protect them from trampling or browsing. 
hand,  residues a l s o  provide hiding places for seed and seedling eaters t h a t  
hamper seedl ing establishment among and near residue accumulations (Dimock 1974).  

Deer, c a t t l e ,  and other large 

In some 

On the other 

Rough estimates of plantable area are often made as p a r t  of preplanting 
surveys. Such ' da t a  have generally no t  been itemized t o  show the amount of surface 
area made unavailable by residues. 
with fuel loading estimates determined for burning purposes. However, Vyse and 
Muraro (1973) judged t h a t  fuel loading was no t  necessarily related to d i f f icu l ty  
of planting since branches caused more travel trouble than logs. 
"resistance t o  control I' ratings might correlate bet ter ,  since these re f lec t  the 
relative diff icul ty  of building a f i r e  t r a i l  through slash. 
two indirect means i s  l ikely t o  provide as good estimates of unavailable area and 
of residue-caused planting d i f f icu l t ies  as surveys conducted specifically for  the 
purpose. 

Occupied surface area might be correlated 

Fire hazard 

Neither of these 

After Treatment 

Few, i f  any, methods o f  treatment now in use to ta l ly  eliminate residues as 
physical obstacles t o  regeneration establishment. More surface becomes available 
and travel th rough  an area i s  hampered less when treatments partly consume, change 
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the form, redis tr ibute ,  or remove residues. Lacking specific d a t a ,  descriptive 
accounts must suffice to indicate how different  residue treatments f a c i l i t a t e  
reforestation e f for t s ,  particularly planting. 

Crushing or scattering of residues f ac i l i t a t e s  travel over an  area b u t  may 
Crushing make only limited additional surface available for planting of trees.  

buries undetermined quantit ies of branchwood, chunks, duff, and l i t t e r  in the 
surface soil  (Dell and Ward 1969). Such buried material physically interferes 
w i t h  planting; i t s  incorporation loosens, aerates,  and dries surface soi l  and 
leads t o  temporary nitrogen deficiencies as the available supply i s  t ied u p  in 
wood decay processes. Scattering l ight  residues might make nearly a l l  surface 
area available for planting or seeding; uniform scattering of heavy residues 
m i g h t  handicap the t ree planter everywhere. 

Broadcast burning removes a substantial portion of the slash which r e s t r i c t s  
and slows p l a n t i n g  ( f ig .  2 ) .  On 58 matched pair '? of burned and unburned plots 
located on clearcuts in the Cascade and Coast Ranges, Llorris (1970) found t h a t  
slash f i r e  burned nearly a l l  small residues, b u t  most logs larger than 11 inches 
(27.9 cm) in diameter remained. Interlaced small logs were generally gone and 
beds of l i t t e r  and rotten wood much reduced. 
burning o f  patch cuts in young-growth ponderosa pine (Pinus ponderosa Laws.) 
produced roughly similar resul ts  (Hall 1967a, 1967b) .  Between 70 and 90 
percent o f  fuels less  t h a n  4 inches (10.2 cm) in diameter were consumed, b u t  less  
than 50 percent of those larger t h a n  4 inches. If  slash i s  piled or windrowed 
before burning, a substantially greater percentage of the total  will be consumed. 
Travel over an area i s  then vir tual ly  unhampered, and most of the surface i s  
accessible for  planting o r  seeding. 

In northern California, broadcast 

Reduction of  residues by chipping has been suggested i n  l ieu of f i r e .  
serve as mulch to protect the soil  surface, b u t  they are certain t o  obstruct 
seeding o r  planting effor ts .  Chipped slash from an average l o  ging operation i n  
western Washington might cover the soil  surface 5 t o  8 inches 9 13 t o  20 cm) deep 
i f  uniformly spread (Anonymous 1972). Planters would then have t o  scrape 3 t o  5 
square f ee t  (0.28 to 0.46 m2) of surface bare of chips t o  p l a n t  a tree.  Mixing 
of chips with soil  around the roots must be avoided since chips are l ikely to 
foster  excessive aeration, loss of soil  moisture, and temporary nitrogen 
deficiency. A deep layer of  wood chips would also bar  seed from mineral so i l ,  
and geminated seedlings would have diff icul ty  growing t o  i t .  I f  chips and 
intermingled airspaces were large, seedling roots would desiccate; i f  chips 
were small enough to foster  sustained h i g h  water vapor conditions i n  adjacent 
airspaces, roots could grow t o  mineral soil i f  seed reserves did n o t  become 
exhausted f i r s t .  Should chipping and spreading become an accepted residue 
treatment, s ize of chips, thickness of the layer, and surface coverage will be 
c r i t i ca l  for e i ther  seeding or planting. 

Chips 

Mechanically removing some o r  a l l  of the slash obviously increases the area 
I f  

The additional yarding would 

available f o r  planting o r  seeding and f ac i l i t a t e s  work of the planting crew. 
a l l  large, unutilized material i s  yarded out (YUM yarding), those obstacles 
particularlf  d i f f i cu l t  t o  get over, around, or under on steep slopes are 
eliminated -/ (Adams 1965, Gardner and Hann 1972) .  

1' Norman E. Gould. Utilization to reduce pollution. Paper presented 
a t  Oregon Logging Conference, Eugene, Oregon, Feb. 22, 1968. 

M-7 



F i g u r e  2.--Broadcast b u r n i n g  removes most  s m a l l  f u e l s ,  
makes more s u r f a c e  a v a i l a b l e ,  and f a c i l i t a t e s  crew 
t r a v e l .  

increase the bare surface available on an area and might cancel the need for  
broadcast burning the remaining f iner  slash and l i t t e r .  

On a t r i a l  basis, slash has been buried in p i t s  dug  on the s i t e .  Substan- 
t i a l  area i s  required; a trench 1 2  t o  14 fee t  (3.7 t o  4.3 m )  wide, 4 t o  5 fee t  
( 1 . 2  t o  1 . 5  m )  deep, and 30 t o  60 feet  (9.1 t o  18.3 m) long was required t o  bury 
slash and brush found  on individual one-fourth acres (0.1 h a )  a f t e r  clearcutting 
in northern California (Schimke and Dougherty 1966’). Seven years a f t e r  slash 
was buried i n  a shelterwood a t  Challenge Experimental Forest in California 
slumping was negligible and na tura l  and planted seedlings were doing w e l l . /  
Much more information must be obtained about  long-term effects  on stand 
establ ishment and g rowth ,  however, before slash burial i s  seriously considered. 

surface 

SEED BED EFFECTS 

Residue influence s t a r t s  as harvest ends, a f te r  some mineral soil  has been 
exposed and loosened, some compacted, some covered with unwanted woody material, 
and some l e f t  undisturbed. I f  residues are l e f t  in place, the i r  primary effect  
i s  t o  s tab i l ize  existing seed bed conditions, i . e . ,  t o  protect covered soil  and 
res i s t  rapid change. Physical nature of covered seed beds i s  certain to  change 
rapidly i f  residues are reduced by treatment. 
growth can be ei ther  improved or impaired by individual changes t h a t  take place. 

Regeneration establishment and 

- 2/ Dale 0. H a l l ,  personal communication, February 13, 1973. 
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Residues in Place 

A compacted layer of  d u f f ,  l i t t e r ,  and associated fungal growth i s  naturally 
present under many forest  stands in the Pacific Northwest. 
limbs and tops -or  present undisturbed af te r  logging, such a layer presents a 
physical barrier t o  the establ ishment of n a t u r a l  or a r t i f i c i a l  regeneration. 
Until i t  separates o r  decomposes over several years, th i s  i s  the seed bed f o r  
seedling establishment from natural seed f a l l  or broadcast seeding. Such a layer 
often keeps a seed from reaching a favorable microsite. 
impede penetration by the radicle of a germinating seed and t o  some extent hinder 
the downward percolation o f  precipitation. 
quickly, providing inhospitable environments fo r  seed germination and rooting of  
seedlings. Planters or seed spotters must scrape away duff and l i t t e r  t o  get 
trees or seeds into mineral so i l .  They must also keep i t  o u t  of the p l a n t i n g  
spot t o  reduce aeration and moisture loss. 

Whether covered by 

I t  may physically 

Li t ter  and d u f f  layers dry o u t  

When deep piles of slash or thick duff and l i t t e r  layers cover an area, 
development of new vegetation i s  slowed. Indirectly,  tree regeneration may be 
affected t o o ,  since in some situations i t s  establishment among residues hinges 
on the changed environmental conditions such vegetation might produce. Should 
living brush and forbs be p a r t  of the residues present, they often develop 
quickly t o  occupy the area, providing both  shade and competition affecting t ree 
establishment (Morris 1970). 

After Treatment 

A good broadcast bu rn  will eliminate most of the undesired d u f f  and l i t t e r  
which interferes with regeneration establ ishment b u t  may a1 so produce some 
unfavorable changes. 
consumed, leaving a blackened organic layer s t i l l  covering the soil  surface-- 
particularly a t  higher elevations where such layers are often deep and moist. 
Surface of mineral soil  bared by burning residues i s  darkened by charred 
organic matter. Inevitably, concentrations of slash will bu rn  intensely, 
producing deep ashes and changes in b o t h  color and hysical structure of surface 
soil  (Austin and Baisinger 1955; Tarrant  1953, 1956y. Studies have shown t h a t  
such changes affect  a minor p a r t  of the total area (Morris 1970; Tarrant  1954, 
1956) and are usually not considered a serious factor i n  regeneration establish- 
ment. 
r e s i s t  wetting by l i gh t  precipitation and form a structureless,  gooey mass when 
thoroughly soaked. 
establishment, b u t  i t s  effects  have n o t  received specific study in the Pacific 
Northwest. 

Where the burn i s  l igh t ,  only uncompacted l i t t e r  i s  

Deep or  crusted ashes and baked soil  found on severely burned spots 

This condition does n o t  appear favorable for regeneration 

Evidence from Montana indicates t h a t  establishment and rowth of regenera- 
tion are adversely affected for  a long period on such spots QVogl and Ryder 1969). 
I t  seems prudent to minimize the creation of intensely burned soil  by spreading 
out heavy concentrations of residues and n o t  purposely creating b i g  piles to  
f a c i l i t a t e  b u r n i n g .  

Once thoroughly dried, some duff and l i t t e r  layers r e s i s t  rewetting, 

Evidence for the creation of water-repellent layers 

particularly those blackened by slash f i r e .  Such layers may prevent l igh t  
precipitation from percolating to the r o o t  zone and could slow the seasonal 
recharge of  soil  moisture. 
i n  the soil  as a consequence of slash burning has been reported (DeBano and 
Rice 1973, DeByle 1973, DeByle and Packer 1970). Such repellency may be near 
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the surface a f t e r  a l igh t  f i r e  o r  as much as 15 ceKtimeters (5.9 in)  deep follow- 
ing a h o t  f i r e .  The induced repellency appears t o  be leas t  i f  slash i s  burned 
when the soil  i s  moist. The water repellency of so i l s  has come under systematic 
study only recently. L i t t l e  i s  known abou t  the extent of i t s  occurrence 
naturally in forested areas, i t s  duration following various treatments, or how 
much i t  affects t ree  establishment by ei ther  seeding or planting. 

Whenever residues are treated or moved by machinery, some soil  compaction 
i s  l ikely t o  occur. The amount and severity depends on the pressure applied per 
square inch of ground surface, number o f  passes over a given spot, soil  texture,  
soil moisture content, and other factors.  
transporting of slash i s  done in the summer when surface soil  i s  d r ies t .  Poten- 
t i a l  for compaction i s  then substantially less  t h a n  during logging when soil  i s  
l ikely t o  be more moist and repeated t r ips  are made over the same skid roads. 
In f ac t ,  i f  slash i s  bunched by means o f  raker teeth attached t o  the dozer 
blade, there i s  substantial 1 i kel i hood t h a t  some compaction produced during 
logging will be ameliorated. Compaction i s  modified by natural processes; thus, 
i t s  effects  are greatest  a t  f i r s t  and lessen with time (Mace 1971, Tackle 1962). 
The mu1 t i p l e  adverse effects  of compaction on soil  permeability, aeration, water- 
holding capacity, e t c . ,  are discussed by Rothacher and Lopushinsky (1974). 

Generally, machine bunching or 

Seedling establishment and growth are influenced by soil compaction. I n  one 
study, over twice as many seed1 ings establ ished naturally on tractor-logged areas 
as on adjacent skid roads. In relation t o  unlogged conditions, soil  bulk density 
was 2.4 percent greater in logged areas and 15 percent greater on skid roads 
(Steinbrenner and Gessel 1955, 1956).  Over 41 percent of the seedlings were 
judged t o  be of poor quality on skid roads compared with 12 percent on adjacent 
cutover. On two areas in western Oregon, growth of 2-0 Douglas-fir seedlings 
planted on skid roads with an i n i t i a l  soil  bulk density of 1.5 t o  1.7 was 
substantially less  than on adjacent cutover with a bulk density of 0.87 t o  0.98 
(Youngberg 1959). I n  a greenhouse study, roots of seven northwestern species 
penetrated sandy loam soi l  with a bulk density of 1.32; only red alder (AZnus 
mbra Bong. ) ,  Douglas-fir, and lodgepole pine (Pinus eontorta Doug1 . )  penetrated 
a t  1.45; and no species penetrated a t  1.59 (Minore e t  a1 . 1969).  Sometimes soi l  
compaction may prove beneficial. 
tion establishment from seed on loose pumice so i l s ;  Cochran (1973) t r ied t o  
increase thermal conductivity and thus moderate surface temperatures by compacting 
surface layers. 

I t  has been advocated for  improving regenera- 

As residues are treated o r  moved, additional mineral soil  i s  exposed t o  
weathering and erosion with attendant benefits and adversit ies for  seeds and 
seedlings. When residues are burned, the surface layers of mineral soil  are 
no t  s t i r red  up ;  most other residue treatments dislodge surface soil and sometimes 
deeper layers. Generally, subsoil i s  no t  as conducive t o  seedling establishment 
and growth as topsoil .  On the other hand,  loosened surface soil  and l igh t  sheet 
erosion combine t o  lodge seed in favorable microsites for ready establishment 
and growth. 

Although erosion moves seed, topsoil ,  and readily available nutrients and 

In 

perhaps carries them off the s i t e ,  the burial of seedlings i s  probably i t s  
primary detrimental effect .  Surface materials move down bare slopes steadily 
under the impetus of gravity, freezing and thawing, and animal ac t iv i t ies .  
the Oregon Cascades, soil  movement, primarily dry ravel, averaged 89.6 cubic 
feet  per acre (6.3 m3/ha)  on 80-percent slopes, 20.6 cubic feet  per acre (1.4 
m3/ha) on 60-percent slopes during the f i r s t  growing season a f t e r  burning 
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(Mersereau and Dyrness 1972).  
greater than on vegetated 60-percent slopes. 

Movement on bare, 80-percent slopes was 46 times 

Downslope movement of material bends o r  buries seedlings (f ig.  3 ) .  In one 
instance, 23 percent of the 2-0 and 8 percent of the 3-0 Douglas-fir seedlings 
planted on a 50-percent south slope were buried by the end of the f i r s t  growing 
season (Berntsen 1958). Obviously, i f  so many good-size seedlings are buried, 
many more small seedlings developing from seed will be lost .  Locating seedlings 
on benches o r  a t  the front of small terraces created during planting and beside 
protective b u t  bark-free stumps will minimize losses (Franklin and Rothacher 
1962).  
are laid bare by water-caused erosion, b u t  such losses are likely t o  be a minor 
p a r t  of the total .  

Some seedlings are also buried by slides and slumps, o r  seedling roots 

On bare soil , seedlings are a l so  exposed t o  mud splash caused by raindrops, 
l i f t ing  t h r o u g h  f ros t  action, and more wind. A coating of mud interferes with 
seedling photosynthesis and may be physically damaging. 
l i f t s  small seedlings, particularly on moist clay soils ,  breaking their roots and 
sometimes raising them clear o u t  o f  the ground (Schramm 1958). 
seedling, the more likely t h a t  either rain splash o r  frost  heaving will be fa ta l .  

The action of ice crystals 

The smaller the 

Figure 3 .  --Downslope movement of 
s o i l ,  rock, and other materials 
bends seedlings severely, re- 
tarding their growth. 
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I n  open locations, 
transported partic 
so i l .  

Sometimes the 
specific season or  
i t  may be prudent 

seedl i n g  stems are sometimes seriously abraded by wind-  
es o r  stems are rubbed against sharp materials in the adjacent 

choice of treating slash o r  no t  treating i t  hinges on a 
circumstance. I f  enough advance regeneration survives logging, 
o leave slash t h a t  might normally be treated (Hall and Neal 

1963): Where 1 odgepol e pine bears serotinous cones, i t  i s  advantageous t o  save 
p a r t  of the slash t o  provide seed for regeneration of the area (Boe 1956, Tackle 
1964). In  other forest  types, residue treatment might logically be cancelled or  
altered i f  a crop of seeds has fallen which i s  l ikely t o  restock the area. 

ENVIRONMENTAL INFLUENCES 

The key environmental factors bearing on seedl ing estahl ishment and growth- 
l igh t ,  temperature, moisture, and nutrients--are affected in various degrees by 
the presence or removal of residues. As with mechanical influences, some of 
the resulting environmental effects  benefit and others hinder t ree seedlings. 
In a broad sense, the environmental effects  must be considered an aftermath of 
mechanical influence, f o r  i t  i s  the physical presence o r  removal of residues 
t h a t  materially a l t e r s  the environmental complex a t  individual microsites. In 
general , consequent rnicrosi t e  adversities affect  tender seedl ings produced from 
seed more than  planted t rees ,  b u t  the l a t t e r  are also affected. 
some residue-produced conditions favorable f o r  t ree establishment are n o t  
necessarily best fo r  l a t e r  growth and development. 

Furthermore, 

RESIDUES IN PLACE 

Shade 

Shade provided by slash, naturally accumulated l i t t e r ,  stumps , rocks, 
residual l ive t rees ,  and brush i s  the single most important ameliorating influence 
on the seedl ing 's  s i  te-determined environment. 
mu1 t i p l e  effects--primarily reduction of insolation, temperature extremes, 
moisture loss ,  and wind movement. 
environmental factor in one instance, on another factor in different  circum- 
stances. The multiple effects  of shade have generally n o t  been evaluated by 
component par ts ,  i . e . ,  benefits ascribable t o  changes in l i gh t ,  temperature, 
wind, e tc .  
nature of i n i t i a l  stand, harvesting method, ut i l izat ion standards, geographic 
features,  and other factors.  L i t t l e  has been done t o  quantify the amount of 
shade provided by different  residues. 

Shade-producing residue has 

I t s  key moderating influence may be on one 

The amount of shade provided by residues will depend on timber type, 

Direct and circumstantial evidence from many studies indicates t h a t  shade 
provided by residues, l ive  brush, or t ree canopies i s  beneficial for  seedling 
establishment from natural seed f a l l  or  direct  seedings. Better regeneration 
success has been reported on shade-protected s i t e s  t h a n  on exposed s i t e s  in many 
forest  types including coastal Douglas-fir (Franklin 1963, Garman 1955, Isaac 
1943, McCulloch 1942, Williamson 1973), Rocky Mountain 'Douglas-fir (Hatch and 
Lotan 1969, Krauch 1956, Ryker and Potter 1970) ,  red fir-white f i r  (Gordon 1970a), 
western hemlock-Sitka spruce ( R u t h  1968), Engelmann spruce-subalpine f i r  (Day 
1964), and western larch (Shearer 1967) .  
Carr.) and western hemlock (Tsuga heterophyZZa (Raf.)  Sarg . )  seedlings established 

Sitka spruce (Picea sitchensis (Bong.) 
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and grew better in l igh t  than i n  heavy slash and vegetation on a coastal cutover 
(Berntsen 1955), and better on duff  and rotten wood under partial  canopy than  in 
the open (Minore 1972). I t  i s  noteworthy t h a t  shade has proved beneficial even 
in coastal locations where environmental conditions are not particularly severe. 
Naturally, the degree o f  difference in seedl ing establ ishment between shaded 
and exposed microsites varies with aspect, soil  surface conditions, and geographic 
location. 

Evidence from several studies demonstrates t h a t  on some s i t e s  planted trees 
also benefit from shade. 
survival was substantially greater when planted seedl ings were shaded with wooden 
shingles (Ronco 1970b). An early t e s t  in the northern Rocky Mountains showed 
that in August of the i r  f i r s t  season, survival of ponderosa pine was higher 
under brush t h a n  in intermediate or open locations (Wahlenberg 1930). 
California, very l igh t  slash or protection provided by box shook, cotton ' 'batten," 
or sheet metal aided the survival of ponderosa pine (Maguire 1955, Roy 1953). 
A t  high elevations in the true f i r  type, shade provided by sheet metal enhanced 
high 3-year survival of 2-0 r e d . f i r  (Abies magnifica A.  Murr.) about  20 percent 
(Gordon 1970b). 
was 60, 47, and 10  percent in shade from wood or rocks, brush or t rees ,  or in 
the open, respectively (Minore 1971) .  I n  a coastal California t e s t ,  72 percent 
of spring-planted 1-1 Douglas-fir shaded by shingles survived, only 32 percent 
o f  those unshaded; b u t  shaded and unshaded resul ts  for 1-0 Douglas-fir were abou t  
the same, 34- and 30-percent survival, respectively (Adams e t  a l .  1966).  Nor did 
shade significantly improve the good survival of Douglas-fir planted on -steep 
south slopes in two northwestern California locations (Strothmann 1971, Strothman 
1972) .  Such contradictory resul ts  raise doub t s  a b o u t  the consistent need for  
shading planted t rees .  
trees in the shade of cull logs, rocks, stumps, tops, wood chunks, and brush 
present on the s i t e .  

In the central Rocky Mountains, Engelmann spruce 

I n  

In  southwestern Oregon, second-year survival of 2-0 Douglas-fir 

Nevertheless, planters are generally instructed t o  plant 

A l t h o u g h  shade provided by trees and brush i s  generally beneficial for  estab- 
lishment of seeded o r  planted t rees ,  such living cover often severely hinders 
subsequent seedl ing growth and development. For example, a f t e r  extensive plant- 
ing studies in northern California, Show (1924, 1930) reported t h a t  shade from 
brush aided survival of ponderosa pine and other species and concluded, "On poor 
s i t e s  f o r  a l l  species the need f o r  shade i s  greater than  on good s i t e s . "  
pines shaded most made the best height growth, yet a f t e r  seven seasons averaged 
only 1 .6  f t  (49.7 cm) t a l l .  Many similar experientes on severe s i t e s  in 
Cal ifornia and elsewhere have led t o  recommendations for  thorough s i t e  prepdration 
(Foiles and Curtis 1973, Schubert and Adams 1971). Also in the Coast Ranges of 
Oregon and Washington, ta l  1 overtopping brush severely handicaps plantation 
development ( R u t h  1956). I n  the Oregon Cascades, height growth of s ix  naturally 
established species and two t h a t  were planted was substantially less  under 
competition from Ceanothus brush compared with growth in the open (Zavitkovski 
e t  a l .  1969). Many factors--including brush species, density, and height; 
climatic severity o f  the s i t e ;  timing of t ree and b rush  establishment; and 
seedl ing dr planted t ree  characteristics--determine whether the net resul t  of 
t ree establishment and growth under l ive shade i s  favorable or unfavorable. 

Ponderosa 

Information on desirable levels of shade for  good seedling survival and 
growth i s  available primarily for  Douglas-fir. 
percent o f  the seedlings t h a t  germinated in seed spots exposed t o  fu l l  sun were 
alive a f t e r  three seasons; 68, 8, and 0 percent of those under l a t h  shade allow- 
ing about 20, 10, and 3 percent of midday maximum sunlight, respectively, were 

In southern Washington, 44 
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al ive (Isaac 1943). 
88, 62, and 2 percent, respectively. Third-year survival of 2-0 Douglas-firs 
planted under 1 ight young-growth, heavy young-growth , and virgin old-growth 
forest (midday maximum l ight  values 5.4,  3.4, and 1 . 9  percent of ful l  sun) was 
62, 9,  and 0 percent, respectively. After 9 years, planted t rees  growing i n  
the open were twice as t a l l  and much stouter than those growing i n  about  75- 
percent shade (Isaac 1963). Relationships on a h o t ,  south-facing slope i n  
northwestern California were similar,  b u t  d a t a  re f lec t  the more severe condi- 
tions (Strothman 1972) .  Germination was highest under lath providing 50-percent 
shade, next best under 75-percent shade. After two seasons, survival was best 
under 50-percent shade, next best under 25-percent, and 0 on unshaded spots. 
Again, planted Douglas-firs grew best i n  the open; dry weight, stem diameter, 
roo t  length, and height growth were less  for those growing under 25-percent or 
more shade. When grown in pots under saran  cloth a t  Victoria, B.C., f i r s t -  
season growth of Douglas-fir and western hemlock seedlings was best under 50 
to 70 percent of f u l l  l i g h t  (Brix 1970) .  

Corresponding survival for planted 2-0 Douglas-firs was 68, 

In Idaho,  f i r s t  season survival of Rocky Mountain Douglas-fir seedlings in 
seed spots under 60-percent l a t h  shade was 70 percent; in the open, 32 percent. 
Early afternoon temperatures a t  ground level on August 1 averaged 142" F (61" C )  
in the open, 100" F (38" C )  in the shade (Ryker and Potter 1970). 
ponderosa pine grew best i n  nearly f u l l  sun and sa t i s fac tor i ly  i n  25-percent 
shade (Pearson 1950).  

I n  Arizona, 

Other Effects 

Residual hardwood trees and brush t h a t  provide shade also produce other 
effects which help or hinder regeneration. 
caused by such cover gives small animals i t  harbors more seasons t o  c l ip  seed- 
lings ( f ig .  4 ) .  The annual f a l l  of leaves and l i t t e r  enriches soil  b u t  also 
forms a layer which can be a partial barrier to penetration by germinating 
seed and a smothering cover f o r  small seedlings. Certain widespread genera, 
L e . ,  AZnus and Ceanothus, f i x  atmospheric nitrogen by means of r o o t  nodules 
(Delwiche e t  a l .  1965, Zavitkovski and Newton 1968b). I t  i s  n o t  c lear  t h a t  the 
added nitrogen materially aids seedling establishment and growth, b u t  certainly 
the s i t e  i s  enriched by such nitrogen fixation (Tar ran t  1961; Tarrant  and 
Trappe 1971 ; Zavi tkovski and Newton 1967 , 1968a , 1968b). 

The slowed seedl ing height growth 

Residues of a l l  kinds slow a i r  movement, providing primarily beneficial 
effects  for  seeded o r  planted seedlings. They are not subjected as much t o  cold 
or ho t  drying winds, and water vapor i s  no t  as rapidly removed from surrounding 
a i r  and so i l .  On the other h a n d ,  wind movement helps a l lev ia te  high temperature 
buildup near the soil  surface during the day or cold a i r  accumulation during the 
night. 
prevent freezing or reduce al ternate  freezing and thawing t h a t  l i f t  and k i l l  
seedl ings (Cochran 1969a, 1973). 
caused losses of germinating Douglas-fir seedl ings occurred mainly in the open 
(Isaac 1938). 

Overtopping residues which reduce outgoing longwave radiation help 

In the southern Washington Cascades, f rost-  

AFTER TREATMENT 

Any residue treatment reduces the shade and other protection afforded t o  
seedl ings or planted t rees  and generally causes greater extremes a t  the microsite 
level in one o r  more environmental factors.  Under moderate s i t e  and climatic 
situations in the Pacific Northwest, these changes are not so extreme, universal , 
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F i g u r e  4.--Clipped r e p e a t e d 1  
rabbits, th is  o v e r t o p p e d ,  
p l a n t e d  ponderosa p i n e  un 
Ceanothus brush e v e n t u a l 1  
d i e d .  

Y b y  
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or  long-lasting as t o  preclude satisfactory regeneration establishment. 
under more severe s i tuat ions,  removal of residues may have substantial and long- 
lasting adverse effects  on regeneration establishment. Only a limited number of 
studies indicate the kind and magnitude o f  environmental changes t h a t  resu l t  
from residue treatment and the difference caused in regeneration establishment. 

B u t  

Critical TemDeratures 

Any residue treatment t h a t  reduces or breaks u p  the area covered by 
unshaded, compact layers of duff and l i t t e r  i s  l ikely t o  a s s i s t  regeneration 
establishment. I t  i s  well known t h a t  b o t h  high and l o w  surface temperatures are 
more extreme on organic surfaces than on mineral soil  (Cochran 1969b, Geiger 1966, 
Fowler 1974) .  These differences in temperature extremes and the variable thermal 
properties of different  seed beds are c r i t i ca l ly  important for  seedling survival 
of many species (Haig 1936, Isaac 1938, Shearer 1967) .  In laboratory t e s t s ,  for 
example, Douglas-fir seed1 ings exposed for 60 minutes under tungsten lamps died 
a t  138" F (59" C )  in peat moss, 148" F (64" C )  in yellow mineral s o i l ,  and 156" 
F (69" C )  in white sand (Silen 1960). Furthermore, less energy i s  required to 
heat organic matter t o  given temperatures than  i s  required t o  heat the mineral 
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soil (Silen 1960).  Moreover, some field-collected evidence indicates t h a t  surface 
temperatures become higher when l i t t e r  i s  1 inch deep than  when i t  i s  one-fourth 
inch deep (Gordon 1970a). 
exposure periods as high temperatures r i se  above a lethal minimum, which for  
t issues of  several conifer species seems t o  be about 54" C (129" F )  (Baker 1929, 
Silen 1960). The environment in which they develop appears t o  influence the 
seedlings' heat tolerance (Keijzer and Hermann 1966). 

Tender seedlings are killed in progressively shorter 

Under f ie ld  conditions, lethal temperatures fo r  young seedlings appear quite . 

variable. Mortality of young Douglas-firs was best correlated with melting of 
138" F (59" C )  temperature pel le ts  placed very near seedling stems; those t h a t  
escape early lethal temperatures survive la te r  surface temperatures of 140" F 
(60" C )  or higher (Hermann and Chilcote 1965; Silen 1956, 1960). 
have shown that  high percentages of the seed bed surface on slash-burned clearcuts 
exceed minimum lethal temperatures by the end of the summer in the Cascade Range 
of Oregon--69 t o  97 percent on south slopes, nearly 50 percent on n o r t h  slopes 
in one study (Hallin 1968b, Silen 1960). 
survival relationships, the surface temperature reached immediately adjacent t o  
the seedling stem, n o t  several inches away, i s  c r i t i ca l ly  important. 

Limited surveys 

I n  evaluating temperature-seedling 

Although surface temperatures on an organic layer become extremely h o t ,  
the subsurface soi l  remains substantially cooler than under a bare mineral 
surface. For example, maximum midsummer temperatures 2 inches ( 5  cm) beneath 
organic layers on a cutover near Corvallis, Oregon, averaged 10" to 20" F 
(6" to 11" C )  lower than  in bare mineral soil  which heated t o  as much as 114" F 
(46" C )  and sustained high temperatures longer (Hermann 1963). Under the bare 
surface, a heating effect  severe enough t o  slow or stop root growth (95" F o r  
35" C )  occurred for periods o f  several hours on warm days. 
elevation s i t e s ,  such as the white spruce-subalpine f i r  type i n  British Columbia, 
removal of a l i t t e r  layer or other residues may be desirable t o  ra ise  soil  
temperatures, thus stimulating seed germination and seedling growth (Dobbs and 
McMinn 1973). 

On northern or high 

If  residues are removed by a l igh t  o r  moderate b u r n ,  the seed bed surface i s  
blackened and the likelihood of  kil l ing surface temperatures increased. 
example, when a i r  temperature during the f i r s t  h o t  day on a cutover near Carson, 
Washington, reached 89" F (32" C )  surface temperature on a yellow mineral soil  
reached 125" F (52" C ) ,  and on a blackened surface 143" F (62" C ) .  
a l l  natural Douglas-fir seedlings on the blackened surface died, b u t  only 16 
percent of those on the mineral soil  (Isaac 1930). When seed spotting or plant- 
ing, darkened or  organic-covered surfaces can be avoided, or removed by scalping 
chosen spots. 

For 

Within 3 days, 

Residue treatments t h a t  loosen and roughen the surface soil  create some 
Loosened soi l  shaded microsi tes  b u t  also induce higher surface temperatures. 

dr ies  o u t  quickly; as soil moisture content near the surface decreases, the 
surface temperature increases (Cochran 1969b) , again t o  the detriment of  
young seedl i ngs. 

Soil Moisture 

Moisture loss i s  greater from exposed mineral so i l s  t h a n  from those protected 

Moisture s t resses  found  under 
by nonliving residues. Heati'ng of the soil and loss of soil  moisture are concur- 
rent;  moist so i l s  do n o t  heat as much as dry so i l s .  
various seed beds on a cutover in the Oregon Coast Ranges i l l u s t r a t e  the d i f fe r-  
ence t h a t  may develop (Hermann 1963). Soil moisture tension reached 1 atmosphere 
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2 inches (5  cm) below unburned and hard-burned mineral soil  surfaces in early 
July, below a litter-covered surface in mid-July, and below a charcoal-covered 
surface a l i t t l e  l a t e r .  I t  reached 15 atmospheres below the unburned soil  
surface shortly a f t e r  July 15, below hard-burned and l i t t e r  surfaces a b o u t  
August 1 ,  and below charcoal a f t e r  August 15. Highest soil  moisture tension, 
about 20 atmospheres, occurred in soi l  w i t h  the surface bare. When severe soil  
moisture s t ress  i s  delayed 2 weeks or more, seedlings have a longer period for 
effective roo t  and t o p  growth which, in t u r n ,  f i t s  them t o  withstand greater 
s t resses .  Organic layers t h a t  produce surface temperatures which k i l l  newly 
germinated seedlings might, on the other hand,  conserve the soil  moisture 
c r i t i ca l  for survival of planted trees.  

Although surface temperatures and evaporative moisture losses are less  in 
the shade of  l ive brush and trees than i n  the open, such moisture savings 
frequently do no t  compensate for the moisture used by the vegetation. Despite 
higher surface temperatures, moisture levels are often greater in exposed soil  
t h a n  in soil  under various living canopies. Some examples: I n  ponderosa pine 
spacing t r i a l s  in central Oregon, moisture depletion from pumice soil  increased 
with density of the t ree canopy and was 45 percent greater when competing under- 
story vegetation developed normally than  when i t  was kept o u t  (Barrett and 
Youngberg 1965). 
t o  36-cm) depth under l ive  manzanita brush was 8 percent by September 8 ,  nearly 
20 percent under brush killed by aerial spray o r  where i t  had been removed 
mechanically (Tarrant  1957). Spraying chaparral i n  southern California produced 
similar moisture savings (Merriam 7961). In southwestern Oregon, soil  moisture 
tensions a t  6-inch (15-cm) depth in revegetated cutovers ranged between 18 and 
85 atmospheres in the dr ies t  p a r t  of the summer; where vegetation was removed, 
tensions only reached 3 t o  13 atmospheres (Hallin 1968a). Vegetation developing 
in 3 years on a clearcut area was abou t  as effective as an adjacent old-growth 
timber stand in depleting soil  moisture (Hallin 1967). When d r o u g h t  i s  a c r i t i ca l  
factor ,  the soi l  moisture retained by reducing vegetative competition aids seed- 
ling survival and growth, as was demonstrated in Idaho ponderosa pine planta- 
tions where brush had been removed in s t r i p s  prior t o  planting and l e f t  intact  
in adjacent s t r i p s  (Curtis and Coonrod 1961, Hall and Curtis 1970). 

Also in central Oregon, soil  moisture a t  10- t o  14-inch (25- 

Nurse crops, primarily of India mustard, have been used t o  shade burned 
seed bed surfaces, b u t  mustard’s use of soil  moisture adversely affected seed- 
ling establishment (Chilcote 1957) .  Spraying the mustard saved soil  moisture 
b u t  harmed Douglas-fir seedlings (McKell and Finnis 1957). Sometimes the net 
effects  of using native or exotic plants for shade are beneficial--Youngberg 
(1966) reported t h a t  i n  central Oregon moisture became cr i t ica l  l a t e r  under 
1 ive manzanita or  snowbrush than in root-occupied areas between the clumps. 

Other Effects 

Sometimes photosynthesis of unshaded seedlings i s  direct ly  impaired by 
intense solar radiation rather t h a n  indirectly through increases in soil  surface 
temperatures and water s t ress .  Such injury has been confirmed for  planted 
Engelmann spruce a t  high elevations in the Rock Mountains, b u t  associated 
lodgepole pine i s  not harmed (Ronco 1970a, 1973j. 
seems l ikely for  several other species growing a t  high elevations where incoming 
radiation i s  n o t  attenuated. I t  might occur a t  lower elevations too  b u t  has 
not been studied. 

Direct insolation damage 
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Burning of residues materially affects  nutrient s ta tus  of seed beds; other 
residue treatments are l ikely t o  cause lesser effects .  
t h a t  slash burning makes nutrients more readily available,  drives off nitrogen, 
reduces organic matter content, and temporarily raises the pH of the soil  (Austin 
and Baisinger 1955; Isaac and Hopkins 1937; Tar ran t  1953, 1954) .  The pH changes 
may further influence nutrient ava i lab i l i ty  and  also increase seedling losses t o  
damping-off diseases ( T a r r a n t  1956). Treatments t h a t  transport residues from the 
s i t e  will take some nutrient capital a l o n g ;  those t h a t  incorporate woody material 
into soil--crushing, burying, a n d  perhaps chipping--will foster  increased soi l  
organism ac t iv i ty  which temporarily t i e s  u p  nitrogen. The extent and seriousness 
of these events for  seedling or planted t ree survival and growth have received 
1 i t t l  e quanti t a t i  ve investigation. 

I t  i s  generally recognized 

Choice o f  residue treatment may materially influence species composition of  
the next stand. For example, on control plots in western larch-Engelmann spruce 
clearcuttings,  subalpine f i r  (Abies Zasiocarpa (Hook.) N u t t . )  and mountain 
hemlock (Tsuga mertensiana (Bong.)  Carr. ) regeneration predominated. Burning or  
scarification increased the proportion of plots naturally stocked with Douglas- 
f i r ,  g rand  f i r  (Abies g r d i s  (Dougl . )  Lindl.) ,  Engelmann spruce, or western 
larch ( L a r i z  occidentaZis N u t t . )  (Boyd and Dietschman 1969). Similar resul ts  
might be expected i f  mixtures of seeds were sown. 

A variety of treatment-connected environmental effects  t h a t  are clearly o r  
potentially important under different  circumstances should be recognized. 
Removal of residues a1 lows more w i n d  movement which increases transpiration and 
desiccation of seedlings. Burning or mechanical residue removal eliminates 
vegetation which provides shade b u t  competes for  soil  moisture. These same 
practices can stimulate germination and regrowth of competing vegetation with 
i ts - attendant beneficial and adverse effects  on seedling establishment and 
growth (Gratkowski 1974). Changes in soil moisture and temperature regimes 
ei ther  benefit o r  hinder populations of soil  oraanisms--the diseases t h a t  attack 
seedlings; the mycorrhizal fungi t h a t  aid nutrit ion and water uptake, and 
furnish disease protection; and  many others. All of those mentioned above and  
some n o t  touched on are influencing factors ,  b u t  their  quantitative effects  on 
seedling survival and growth have no t  even been estimated. 

DISCUSSION AND RESEARCH RECOMMENDATIONS 

STATE OF KNOWLEDGE 

The preceding review covering the mechanical and environmental influences 
of residues on seeding and planting demonstrates the complexity of the subject. 
All  the physical and biological factors t h a t  affect  the establishment, well-being, 
and growth of young trees of many species are involved. Except for  seed supply, 
every nature-control led factor applicable to postharvest natural regeneration 
also pertains t o  broadcast seeding. 
man exercises some control over placement of the seed and preparation of the spot 
seeded. 
the na tura l  adversit ies t h a t  beset seeds and tender young seed1 ings. Direct 
seeding and planting require organized human e f fo r t ,  which also adds a planning, 
timing, and logis t ics  dimension more demanding t h a n  required when relying on 
natural  regeneration. 

A few less pertain t o  seed spotting since 

Planting of hardened nursery stock represents a fur ther  step in bypassing 



The information presented represents b u t  a skeleton out1 ine of the knowledge 
necessary t o  intensively and scient i f ical ly  manipulate residues and other environ- 
mental components for  the prompt establishment of well -stocked young plantations. 
Though  numerous, the references cited and reviewed and the information they 
contain would appear slim indeed i f  separated by timber types, habitat types, or 
other biological units t o  which each might logically pertain. 
really deal quantitatively and in depth w i t h  the subject matter reported. For 
example, one can draw the inescapable conclusion t h a t  shade i s  beneficial. 
why i s  i t  beneficial in various circumstances? Is i t  because total  insolation 
i s  reduced, surface temperatures ameliorated, certain competing vegetation 
depressed, soil  temperatures kept cooler, soil moisture conserved, or what? And 
how much shade i s  necessary, optimum, or the maximum tolerable? We cannot 
real i s t i ca l ly  assess residue impacts on regeneration when we d o n ' t  know suff i-  
ciently well the environmental combinations in which seed1 ings become established 
and at ta in acceptable growth. We are also forced t o  t a l k  in vague terms abou t  
residues. 
information on the amount o f  plantable area they cover or shade they cast i s  not 
known. And how much does the shade they provide change w i t h  time? Lacking such 
basic information necessary for sizing up the pros and cons of any proposed 
treatment, how can we begin to assess more subtle interrelationships? 

Furthermore, few 

B u t  

Quantit ies for  different  forest  types and stands may be known, b u t  

Much more information on residue-regeneration relationships could be 
assembled cooperatively with a moderate expenditure of e f for t .  Pub1 ished 1 i tera-  
ture contains mainly the resul ts  developed through experimental studies conducted 
a t  a few locations. As such, these findings are really very limited samples of 
events occurring in a much larger universe of  residue-regeneration interactions. 
The resul t  produced on each cutover where residues are treated and reforestation 
i s  attempted constitutes one more sample from which t o  gain knowledge. Slash 
treatment and reforestation records fo r  thousands of areas are i n  company and 
agency f i l e s .  So t oo  are  slash abatement and reforestation inspection records 
resulting from enforcement of State forest  practice acts.  
systematic attempts have been made t o  summarize the wealth of accumulated 
biological information these records contain. Such available information needs 
t o  be summarized and analyzed t o  better identify residue-reforestation practices 
t h a t  produced or fai led t o  produce satisfactory restocking in different  timber 
types, regions, and geographic locations. Though there would be shortcomings, 
information from such administrative records could prove i n v a l u a b l e  i n  identi- 
fying successful and unsuccessful practices and c r i t i ca l  problem situations or 
locations. 

Surprisingly, few 

The conditions needed for ready establishment of direct  seeded or planted 
Basically, moderate trees can now be described only i n  broad generalizations. 

temperatures, suff ic ient  l igh t ,  plenty of moisture and nutrients,  reasonable 
protection, and insignificant vegetative competition are needed, plus unhampered 
freedom for  movement of crews over the area t o  be regenerated. Residues are 
useful only to the extent t h a t  they favorably influence or protect the seedling 
environment more readily than  possible by other means. 
da t a  i s  needed to t ranslate  these generalizations into meaningful, comparative, 
and practical terms. 
ments should resul t  in more certain attainment of adequate stocking--a suff ic ient  
number of fas t-growi ng , we1 1 -di s tri buted trees on a1 1 areas to be reforested. 

Much more quantitative 

Better definition of s i t e  conditions and seedling require- 

FOREST MANAGEMENT TRENDS 

Reforestation and residue treatment are b o t h  a c t iv i t i e s  which support and 
f a c i l i t a t e  broad forest  management goals. Adequacy of the knowledge now available 
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and pr ior i t ies  f o r  future research on these related endeavors must be judged in 
the l igh t  of management goals and current trends. 
use i s  the continuing trend for most forested lands. 
t ions,  the long-term goal i s  t o  maximize goods and services which forest  lands 
can produce. 
forest  resources and maintenance of future productivity; applied t o  reforesta- 
tion, i t  means min imum delay and maximum f l ex ib i l i t y  in establishing new crops 
of t rees .  

Ever greater and more intensive 
Shorn of qualifying condi- 

Applied t o  residues, th i s  means maximum protection fo r  existing 

Decisions and events which precede the time for  residue disposal and 
reforestation greatly influence the final outcome. Choice of harvesting method 
for a particular stand i s ,  consciously o r  unconsciously, a choice of slash load 
t o  be created and environmental conditions t o  be provided for seedlings. 
nation of  logging method i s  another choice bearing on residue-regeneration 
relationships, and ut i l izat ion standard s t i l l  another. Util ization standards 
are particularly s ignif icant ;  i f  current trends continue, there will be l i t t l e  
large material l e f t  on cutover areas to be physically obstructive or t o  provide 
shade. .Such major changes, now already taking place, can render obsolete the 
resul ts  of past studies on residue-regeneration relationships. 

Desig- 

Trends in harvesting practices and the bases for  the choices made are 
For particularly impor tan t  for  g i v i n g  direction t o  regeneration research. 

several decades, clearcutting in patches and broadcast b u r n i n g  o f  slash have 
been s t a n d a r d  practice in the coastal Douglas-fir region, and  the system has 
been applied i n  other types as well. A t  f i r s t ,  na tura l  regeneration was usually 
re1 ied on to restock clearcuts;  l a t e r ,  broadcast seeding was practiced extensively; 
and now, p l a n t i n g  of bare-root and containerized seedlings predominates. These 
changes in reforestation method have occurred despite the rather substantial 
evidence t h a t  much of the harvested area in the Douglas-fir region will restock 
naturally i n  a reasonable period of time (Franklin 1963, Isaac 1956, Morris 
1970, Williamson 1973).  Furthermore, the extensive, long-term study by Morris 
(1970) showed t h a t  bo th  slash-burned and unburned areas became medium stocked or 
better within 1 6  years. Direct seeding was favored for  a time because i t  was 
f a s t ,  cheap, and f lexible ,  and i t  overcame the uncertainties of sporadic seed 
crops. 
t ree establishment. Elimination of regeneration delay has become more important 
t h a n  the cost differences between regeneration methods. 
renewed use of  shelterwood systems, i t  appears t h a t  planting will continue t o  
be f i r s t  choice among reforestation methods in the foreseeable future,  particu- 
la r ly  since i t  offers the most direct  and positive means for  establishing 
genetically improved stock. 

Planting i s  favored now because i t  gives s t i l l  more certain control of 

Despite some recent 

RESEARCH RECOFIFIENDATIONS 

Ideally, enough should be learned about  residue-regeneration relationships 
t o  provide the forest  manager with a sc ien t i f ica l ly  sound array of residue t rea t-  
ment and reforestation options f o r  every important forest  type and subtype. This 
would require learning a l o t  about  residue characteristics and even more about 
the quantitative seedling response to various environmental combinations. Such 
an undertaking would be very large even for a single timber type and would have  
numerous ramifications. Real is t ical ly ,  suff ic ient  resources t o  fu l ly  evaluate 
a ser ies  of options applicable t o  natural regeneration, seed spotting, and 
planting are  not in sight.  Research must concentrate on the most c r i t i ca l  
subjects and locations. 
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These locations are n o t  yet  adequately identified. T h a t  will require a 
more systematic evaluation of current practices--where are resul ts  quite 
satisfactory and where are serious shortcomings? Some sal ient regeneration 
problems exis t  in every forest  type, b u t  which ones are residue related? 
The most obvious appear t o  be i n  the Siskiyou Mountains o f  southwestern Oregon, 
on south and west slopes th roughou t  the Oregon Cascades, and in eastern Oregon 
and Washington. 
where regeneration problems are n o t  particularly c r i t i c a l .  Thus, better ident 
fication of pr ior i ty  areas, perhaps identified by h a b i t a t  type, i s  necessary. 

B u t  within th i s  large te r r i to ry ,  there are many loca l i t i es  

Within the habitat types requiring priority attention, p u t  primary emphas 
on residue and reforestation studies which will improve survival and growth of 
bare-root and containerized nursery stock. 
include: 

Key elements t o  be investigated 

S 

A .  Role of residues 

1. How much do current and prospective residue levels obstruct placement 
and planting of  bare-root and containerized trees before and a f t e r  
various treatments? 

2. Are the ameliorating effects of different residues suff ic ient  t o  
materially aid seedlings? 
produce c r i t ica l  adversit ies fo r  regeneration establ ishment? 

I f  n o t ,  does the method of removal i t s e l f  

3. Are there alternatives t o  residues which better provide the protective 
conditions seedlings need, e.g. ,  shade from a residual overstory? 

B. Needs of nursery stock 

1. What are the conditioning processes necessary t o  best prepare bare-root 
and container stock for different habitats? 

2 .  What are acceptable and optimum environmental combinations of l i gh t ,  
temperature, moisture, and  nutrients for  ready establishment of the key 
species? 

3. When should shaded seedlings be released t o  insure best growth a n d  
devel opment? 

C .  Soil management practices 

1 .  How much do various changes in physical structure of soil  affect  seedling 
establishment and growth? 

2. Which s i t e  preparation practices are best for seedling establishment? 

3. What increases in soil  f e r t i l i t y  will speed seedling development? 

Integrated, indepth f ie ld  studies and related laboratory work will be required t o  
f i n d  solutions t o  these pr ior i ty  problems. 
sion i n  management of some forests--residue removal, s i t e  preparation, under- 
planting, and l a t e r  overstory removal in stands part ia l ly  cut i n i t i a l l y .  

Not t o  be overlooked i s  a new dimen- 

M-21 



Primarily physical and biological information i s  needed most. Quantitative 
assessment of environmental conditions provided by current and prospective resi-  
due levels and  the environmental needs of planted trees should receive pr ior i ty .  
We must know what  conditions prevail and what conditions are really needed before 
becoming overly involved in new methods of  treatment and special machinery t h a t  
might prove useful. 
adequately without knowing clearly the environmental conditions we want t o  
create. Substantial attention will need t o  be given t o  harvesting methods. 
The methods and machinery used determine residue levels,  how residues are bunched 
o r  scattered, and the extent of seed bed preparation. 
minimize the need for  residue treatment and go f a r  in aiding regeneration 
establishment. 

Furthermore, the effects of treatment cannot be evaluated 

Welkhosen practices can 

CURRENT R E S E A R C H  

Ecological and physiological research pertinent t o  reforestation in the 
Pacific Northwest i s  being conducted by many organizations and individuals. 
I t ' s  a large f ie ld  and many people contribute useful information. 
focus of these e f for t s  i s  diffuse. 
emphasis on residue-regeneration relationships. 
everyone involved in planting or seeding studies par t ia l ly  evaluates residue 
and seed bed effects  when interpreting seed1 ing survival and growth resul ts .  
W i t h i n  the Pacific Northwest Forest and Range Experiment S t a t i o n  ( P o r t l a n d ,  
Oregon) , the ent i re  programs o f  Research Work Units on Art i f ic ial  Reforestation 
Systems i n  the Pacific Northwest; Brushfield Reclamation, Prevention, and 
Ecology; and Control of Animal Damage t o  Western Conifers concern reforestation. 
Programs of three research units with assignments on forest  types contain material 
amounts of reforestation research and other units lesser amounts. Substantial 
reforestation research i s  also underway a t  Oregon State University, School of 
Forestry, Corvallis, Oregon; University of Washington, College of Forest 
Resources, Seat t le ,  Washington; Washington State University, Department of 
Forestry and Range Management, Pullman, Washington; and the University of 
Bri t i  s h Col umbi a ,  Facul ty of Forestry, Vancouver, B.  C . The Pacific Forest 
Research Centre of  the Canadian Forestry Service, Victoria, B . C .  ; Weyerhaeuser 
Company, Forestry Research Center, Central ia , Washington; and Washington State 
Department of Natural Resources, Olympia, Washington, also have extensive 
programs. U.S. Forest Service Experiment Stations outside the Pacific Northwest 
and numerous other colleges and universities within and outside of  the region 
a1 so produce pertinent information. 

However, the 
There i s  n o t  a single program with primary 

On the other hand ,  almost 

LITERATURE CITED 

Anonymous 
1972. Agreement t o  manage smoke contributes t o  a i r  quality.  

1 4 ( 4 ) :  2-6, i l l u s .  
The Totem 

Adams, Ronald S . ,  John R .  Ritchey, and W .  Gary Todd 
1966. Art i f ic ial  shade improves survival of planted Douglas-fir and white 

f i r  seedlings. Calif .  D i v .  For. State For. Note 28, 11 p . ,  i1,lus. 

Adams, Thomas C .  
1965. Economic comparison of relogging and clean logging in mature hemlock. 

USDA For. Serv. Res. Pap. PNW-24, 20 p., i l l u s .  Pac. Northwest For. 
& Range Exp. S t n .  , Portland, Oreg. 

M-22 



Austin, R . C . ,  and D . H .  Baisinger 
1955. Some e f f e c t s  of b u r n i n g  on f o r e s t  s o i l s  of western Oregon and 

Washington. J .  For. 53: 275-280, i l l u s .  

Baker, Frederick S.  
1929. Effec t  o f  excessively h i g h  temperatures on coniferous reproduction. 

J .  For. 27: 949-975, i l l u s .  

1950. P r inc ip l e s  o f  s i l v i c u l t u r e .  414 p . ,  i l l u s .  New York: McGraw-Hill 
Book Co., Inc. 

B a r r e t t ,  James W . ,  and C .T .  Youngberg 
1965. Effec t  of tree spacing and understory vegetat ion on water use i n  a 

pumice s o i l .  Soil Sc i .  SOC. Am. Proc. 29: 472-475, i l l u s .  

Baule, Hubert, and Claude Fricker 
1970. The fe r t i l i ze r  treatment  of f o r e s t  trees. (Transl .  by C . L .  Whi t t les . )  

259 p.  , i l l u s .  BLV Ver lagsgese l l schaf t  mbH, Munchen, Germany. 

Berntsen, Carl M. 
1955. Seedling d i s t r i b u t i o n  on a spruce-hemlock c l e a r c u t .  USDA For. Serv. 

Pac. Northwest For. & Range Exp. Stn.  Res. Note 119,  7 p . ,  i l l u s .  
Port1 and, Oreg . 

1958. A tes t  p lant ing  of 2-0 and 3-0 Douglas- fir trees on a steep south 
s lope .  USDA For. Serv. Pac. Northwest For. & Range Exp. Stn.  Res. 
Note 165, 4 p. Port land,  Oreg. 

Boe, Kenneth N .  
1956. Regeneration and s l a sh  disposal i n  lodgepole pine c l e a r  cu t t i ngs .  

Northwest Sc i .  30: 1-11, i l l u s .  

Boyd, R.J., and G . H .  Deitschman 
1969. S i t e  preparation a i d s  natural  regeneration i n  western larch-Engelmann 

spruce s t r i p  c l e a r c u t t i n g s .  USDA For. Serv. Res. Pap. INT-64, 10 p . ,  
i l l u s .  Intermt.  For. & Range Exp. S tn . ,  Ogden, Utah.  

Brix, H. 
1970. Effec t  of l i g h t  i n t e n s i t y  on growth of western hemlock and Douglas- 

f i r  seedl ings .  Bi-Mon. Res. Note 26(4): 34-35, i l l u s .  

Chi lco te ,  William 
Getting growth on south slopes us ing  mustard as a Douglas f i r  nurse 
crop.  

1957. 
The Timberman 58(8) :  56, 58, i l l u s .  

Cochran, P.H. 
1969a. Lodgepole pine c l e a r c u t  size a f f e c t s  minimum temperatures near the 

s o i l  sur face .  USDA For. Serv. Res. Pap. PNW-86, 9 p . ,  i l l u s .  Pac. 
Northwest For. & Range Exp. S tn . ,  Port land,  Oreg. 

1969b. Thermal properties and sur face  temperatures of seedbeds. USDA For. 
Serv. Pac. Northwest For. & Range Exp. S tn . ,  19 p . ,  i l l u s .  Port land,  
Oreg . 

M-23 



1973. Natural regenerat ion of lodgepole pine i n  south- central  Oregon. 
USDA For. Serv. Res. Note PNW-204, 18 p.  Pac. Northwest For. & 
Range Exp. S tn . ,  Port land,  Oreg. 

Cur t i s ,  James D., and Melvin A .  Coonrod 
1961. The Town Creek ponderosa pine p l an ta t ions .  SOC. Am.  For. Proc. 

1960: 21-25. 

Day, R.J. 
1964. The microenvironments occupied by spruce and f i r  regenerat ion i n  

t he  Rocky Mountains. Can.. Dep. For. P u b l .  1037, 25 p . ,  i l l u s .  

DeBano, L.F., and R J I .  Rice 
1973. Water- repel lent  s o i l s :  the i r  implicat ions i n  f o r e s t r y .  J .  For. 

71 : 220-223, i l l u s .  

DeByle, Norbert V .  
1973. Broadcast b u r n i n g  of logging residues and the water repel lency of 

s o i l s .  Northwest Sci . 47: 77-87, i l l u s .  

and Paul E. Packer 
1970. Soil  w e t t a b i l i t y  before and a f t e r  broadcast b u r n i n g  of l a r c h - f i r  

s l a sh  i n  western Montana. Northwest Sc i .  44: 61. 

Dell ,  John D . ,  and Franklin R.  Ward 
1969. Reducing f i r e  hazard i n  ponderosa pine t h i n n i n g  s l a s h  by mechanical 

crushing.  USDA For. Serv. Res. Pap.  PSW-57, 9 p . ,  i l l u s .  Pac. 
Southwest For.  & Range Exp. S tn . ,  Berkeley, C a l i f .  

Delwiche, C . C . ,  Paul J .  Zinke, and Clarence M .  Johnson 
1965. Nitrogen f i x a t i o n  by Ceanothus. P lant  Physiol .  40: 1045-1047, i l l u s .  

Dimock, Edward J . ,  I1 
1974. Animal populations and damage. In Environmental e f f e c t s  of f o r e s t  

residues management i n  the Pac i f i c  Northwest, a state-of-knowledge 
compendium. USDA For. Serv. Gen. Tech. Rep. PNW-24. Pac. North- 
west For. & Range Exp. S tn . ,  Por t land ,  Oreg. 

Dobbs, R . C . ,  and R . G .  Flcllinn 
1973. The e f f e c t s  of s i t e  preparat ion on summer soil temperatures i n  spruce- 

f i r  cutovers  in  the British Co’lumbia I n t e r i o r .  Bi-Flon. Res. Note 
29(1 ) :  6-7, i l l u s .  

Epstein, Emanuel 
1972. Mineral n u t r i t i o n  of p l an t s :  P r inc ip l e s  and perspec t ives .  412 p . ,  

i l l u s .  New York: John Wiley & Sons, Inc. 

Foi les ,  Marvin W . ,  and James D.  Curtis 
1973. Regeneration o f  ponderosa pine i n  the northern Rocky Mountain- 

Intermountain Region. USDA For. Serv. Res. Pap. INT-145, 44 p . ,  
i l l u s .  Intermt. For. & Range Exp. Stn . ,  Ogden, Utah. 

14-24 



Fowler, W .  B.  
1974. Microclimate. In Environmental effects of forest  residues management 

in the Pacific Northwest, a state-of-knowledge compendium. USDA For. 
Serv. Gen. Tech. Rep. PNW-24. Pac. Northwest For. & Range Exp. S t n . ,  
Port1 a n d ,  Oreg . 

Frank1 in,  Jerry F .  
1963. Natural regeneration of Douglas-fir and associated species using 

modified clear-cutting systems in the Oregon Cascades. USDA For. 
Serv. Res. Pap. PPJW-3, 14 p . ,  i l l u s .  Pac. Northwest For. & Range 
Exp. S t n . ,  Portland, Oreg. 

and Jack S. Rothacher 
7 6 2 .  Are your seedlings being buried? Tree Plant. Notes 51: 7-9, i l l u s .  

Gardner, R.B . ,  and David W .  Hann 
1972. Utilization of lodgepole pine logging residues in Wyoming increases 

f iber  yield.  USDA For. Serv. Res. Note INT-160, 6 p . ,  i l l u s .  
Intermt. For. & Range Exp. S t n . ,  Ogden, Utah.  

Garman, E . H .  
1955. Regeneration problems and their  s i lvicul tural  significance in the 

coastal forests of British Columbia. B . C .  For. Serv. Tech. Publ. 
T.41, 67 p . ,  i l l u s .  

Geiger, Rudol f 
1966. The climate near the g round .  (Transl. from fourth German edition 

by Scripta Technica, Inc.) 611 p . ,  i l l u s .  Cambridge, Mass.: 
Harvard Univ. Press. 

Gordon, Donald T .  
1970a. Natural regeneration o f  white and red f i r . .  .influence of several 

factors.  USDA For. Serv. Res. Pap. PSW-58, 32 p . ,  i l l u s .  Pac. 
Southwest For. & Range Exp. S t n . ,  Berkeley, Calif. 

1970b. Shade improves survival ra te  o f  outplanted 2-0 red f i r  seedlings. 
USDA For. Serv. Res. Note PSW-210, 4 p.., i l l u s .  Pac. Southwest 
For. & Range Exp. S tn .  , Berkeley, Cal i f .  

Gratkowski , H .  
1974. Brushfield reclamation and type conversion. In Environmental effects  

of forest  residues management in the Pacific Northwest, a state-of-  
knowledge compendium. USDA For. Serv. Gen. Tech. Rep. PNW-24. Pac. 
Northwest For. & Range Exp. S t n . ,  Portland, Oreg. 

Haig, Irvine T. 
1936. Factors controlling in i t i a l  establishment of western white pine and 

associated species. Yale Univ. Sch. For. Bull. 41, 149 p . ,  i l l u s .  

Hall, Dale 0. 
1967a. Broadcast seeding ponderosa pine on the Challenge Experimental 

Forest ... a progress report. USDA For. Serv. Res. Note PSW-144, 4 p . ,  
illus. Pac. Southwest For. & Range Exp. S t n . ,  Berkeley, Calif. 

M-25 



1967b. Slash disposal  burns i n  pine pa tch- cut t ings . .  .a dialogue.  USDA For. 
Serv. Res. Note. PSW-148, 6 p . ,  i l lus .  Pac. Southwest For. & Range 
Exp. S tn .  , Berkeley, Ca l i f .  

and James D .  Curtis 
1970. Plant ing method a f f e c t s  h e i g h t  growth of ponderosa pine i n  cen t r a l  

Idaho. USDA For. Serv. Res. Note INT-125, 8 p . ,  i l l u s .  Intermt.  
For. & Range Exp. S tn . ,  Ogden, Utah. 

and Robert L .  Neal 
7 6 3 .  Reproduction lo s ses  from s l a sh  disposal  a t  the Challenge Experimental 

Forest. USDA For. Serv. Res. Note PSW-N15, 4 p.  Pac. Southwest For. 
& Range Exp. S tn . ,  Berkeley, Cal i f .  

Hal l in ,  William E. 
1967. Soil-moisture and temperature trends i n  cutover and adjacent  old-  

growth Douglas- fir timber. USDA For. Serv. Res. Note PNW-56, 11 p. ,  
i l l u s .  Pac. Northwest For. & Range Exp. S t n . ,  Por t land ,  Oreg. 

1 9 6 8 a .  Soil  moisture tension va r i a t ion  on cutovers  i n  southwestern Oregon. 
USDA For. Serv. Res. Pap. PNW-58, 18 p .  , illus. Pac. Northwest For. 
& Range Exp. S tn . ,  Port land,  Oreg. 

1968b. Soil  sur face  temperatures on cutovers  i n  southwest Oregon. USDA For. 
Serv. Res. Note PNW-78, 17 p . ,  i l l u s .  Pac. Northwest For. & Range 
Exp. Stn.  Port land,  Oreg. 

Hatch, Charles R .  and James E.  Lotan 
1969. Natural regenerat ion of Douglas- fir i n  cen t r a l  Montana. USDA For. 

Serv. Res. Note INT-85, 4 p .  Intermt. For. & Range Exp. S tn . ,  Ogden, 
Utah. 

Hermann, Richard K. 
1963. Temperatures beneath various seedbeds on a c l e a r c u t  f o r e s t  a rea  i n  

the Oregon Coast Range. Northwest Sc i .  37: 93-103, i l lus .  

and William W .  Chilcote 
7 6 5 .  Effec t  of seedbeds on germination and survival  of Douglas- fir.  Oreg. 

S t a t e  U n i v .  For. Res. Lab. Res. Pap. 4,  28 p . ,  i llus. Corva l l i s ,  
Oreg . 

I saac ,  L.A.  
1930. Seedling survival  on burned and unburned sur faces .  3.  For. 28: 

569-571. 

I saac ,  Leo A .  
1938. Factors  a f f e c t i n g  establ ishment o f  Douglas f i r  seedl ings .  U.S. Dep. 

Agric. Circ. 486, 46 p . ,  i llus. 

1943. Reproductive hab i t s  o f  Douglas- fir.  107 p . ,  i l lus.  Wash., D.C . :  
Charles Lathrop Pack For. Found. 

M-26 



1956. Where do we stand w i t h  Douglas- fir natural  regenerat ion research.  
SOC. Am. For. Proc. 1955: 70-72. 

1963. Fire--a tool  not a blanket  rule i n  Douglas- fir ecology. Second Annu.  
Ta l l  Timbers Fire Ecol. Conf. Proc.,  p .  1-17, i l l u s .  

and Howard G .  Hopkins 
1937. The f o r e s t  soil  of the Douglas f i r  region,  and changes wrought upon 

i t  by logging and s l a sh  bu rn ing .  Ecology 18: 264-279. 

Keijzer, Steven de, and Richard K. Hermann 
1966. Effec t  of environment on heat  to lerance  of Douglas- fir seedl ings .  

For. Sc i .  12: 211-212, i l l u s .  

Kozlowski, T.T. (Ed . )  
1968. Water d e f i c i t s  and p l an t  growth. Vol.  11, Plant  water consumption 

and response. 333 p . ,  i l lus.  New York: Acad. Press. 

Kramer, Paul J .  
1969. P lant  and s o i l  water r e l a t ionsh ips :  A modern synthes is .  482 p . ,  

i l l u s .  New York: McGraw-Hill Book Co. 

and Theodore T .  Kozlowski 
1960. Physiology of trees. 642 p . ,  i l l u s .  New York:'McGraw-Hill Book 

Co., Inc. 

Krauch, Hermann 
1956. Management of Douglas- fir timberland i n  the Southwest. USDA For. 

Serv. Rocky M t .  For. & Range Exp. Stn. Stn.  Pap. 21, 59 p . ,  
i l l u s .  For t  Co l l in s ,  Colo. 

Levitt, J .  
1972. Responses of p lants  t o  environmental stresses. 697 p . ,  i l lus.  

New York: Acad. Press. 

McCul 1 och, W .  F. 
1942. The r o l e  o f  bracken fern  i n  Douglas- fir regenerat ion.  Ecology 23: 

484-485. 

McKel1, Cyrus F I . ,  and J.M. Finnis 
1957. Control of s o i l  moisture deple t ion  through use of 2,4-D on a mustard 

nurse crop d u r i n g  Douglas- fir seedling establ ishment.  For. Sc i .  3: 
329-335, i l l  us. 

Flace, Arnett C . ,  J r .  
1971 Recovery of f o r e s t  s o i l s  from compaction by rubber- t i red  skidders. 

Minn .  For. Res. Note 226, 4 p . ,  i l l u s .  

Maguire, William P .  
1955. Radiat ion,  sur face  temperature, and seedling su rv iva l .  For. Sc i .  

1: 277-285, i l lus .  

M-27 



Merriam, Robert A .  
1961. Saving water through chemical brush c o n t r o l .  J .  So i l  & Water 

Conserv. 1 6 ( 2 ) :  84-85, i l lus .  

Mersereau, R . C . ,  and C . T .  Dyrness 
1972. Accelerated mass wast ing a f t e r  logging and slash burning i n  western 

Oregon. J .  So i l  & Water Conserv. 27(3) :  112-114, i l lus .  

Minore, Don 
1971. Shade b e n e f i t s  Douglas- f i r  i n  southwestern Oregon cu tove r  area. 

Tree P l an t .  Notes 22(1 ) :  22-23, i l lus .  

7 7 2 .  Germination and e a r l y  growth of  coa s t a l  tree s p e c i e s  on o rgan i c  seed 
beds. USDA For. Serv.  Res. Pap. PNW-135, 18 p . ,  i l lus .  Pac. 
Northwest For. & Range Exp. S t n . ,  Por t land ,  Oreg. 

, Clark E .  Smith, and Robert F .  Woollard 
1969. E f f e c t s  of  high s o i l  d e n s i t y  on s eed l i ng  r o o t  growth of seven 

northwestern t ree spec i e s .  USDA For. Serv.  Res. Note PNW-112, 6 p . ,  
i l lus .  Pac. Northwest For. & Range Exp. S t n . ,  Po r t l and ,  Oreg. 

Morris, William G.  
1970. E f f e c t s  of s l a s h  burning i n  overmature s t ands  o f  the Douglas- f i r  

reg ion .  For. Sc i .  16: 258-270, i l lus.  

Pearson, G . A .  
1950. Management of ponderosa p ine  i n  the Southwest.  USDA For. Serv.  

Agric .  Monogr. 6 ,  218 p . ,  i l l u s .  

Romberger, J . A .  
1963. Meristems, growth, and development i n  woody p l a n t s .  USDA For. Serv. 

Tech. Bul l .  7293,  274 p . ,  i l l u s .  

Ronco, Frank 
1970a. Inf luence of h i g h  l i g h t  i n t e n s i t y  on surv iva l  of  p lan ted  Engelmann 

spruce.  For. Sc i .  16:  331-339, i7lus. 

1970b. Shading and o t h e r  f a c t o r s  a f f e c t  surv iva l  of p lan ted  Engelmann spruce 
seed l i ngs  i n  c e n t r a l  Rocky Mountains. USDA For. Serv.  Res. Note 
RM-163, 7 p . ,  i l l u s .  Rocky M t .  For. & Range Exp. S t n . ,  For t  C o l l i n s ,  
Colo. 

1973. So l a r i z a t i on- - a  high e l e v a t i o n  problem. West. For. Conserv. Assoc. 
Perm. Assoc. Comm. Proc. 1972: 112-115. 

Rothacher,  Jack ,  and William Lopushinsky 
1974. So i l  s t a b i l i t y  and water  y i e l d  and q u a l i t y .  In Environmental effects  

o f  f o r e s t  r e s i dues  management i n  the P a c i f i c  Northwest, a s t a t e - o f -  
knowledge compendium. USDA For. Serv.  Gen. Tech. Rep. PNW-24. Pac. 
Northwest For.  & Range Exp. S t n . ,  Por t land ,  Oreg. 

M-28 



Roy, D.F. 
1953. Effects of ground cover and class of planting stock on survival of 

transplants in the eastside pine type of California. USDA For. 
Serv. Calif. For. & Range Exp. S t n .  Res. Note 87, 6 p . ,  i l l u s .  
Berkeley, Calif. 

1955. Don't plant close t o  unbarked logs!  USDA For. Serv. Calif. For. & 
Range Exp. S t n .  For. Res. Note 101, 1 p . ,  i l l u s .  Berkeley, Calif. 

R u t h  Robert H .  
1956. Plantation survival and growth in two brush-threat areas in coastal 

Oregon. USDA For. Serv. Pac. Northwest For. & Range Exp. S t n .  Res. 
Pap. 1 7 ,  14 p . ,  i l l u s .  Portland, Oreg. 

R u t h ,  Robert Harvey 
1968. Differential effect  of solar radiation on seedling establishment 

under a forest  stand. 165 p . ,  i l l u s .  Ph.D.  thesis ,  Oreg. State 
Univ., Corvallis, Oreg. 

Ryker, Russell A . ,  and Dale R .  Potter 
1970. Shade increases f i rs t-year  survival of Douglas-fir seedlings. USDA 

For. Serv. Res. Note INT-119, 6 p., i l l u s .  Intermt. For. & Range 
Exp. S t n . ,  Ogden, Utah. 

Schimke, Harry E . ,  and Ronald H .  Dougherty 
1966. Disposal of logging slash, thinnings, and brush by burying. USDA 

For. Serv. Res. Note PSW-111, 4 p .  Pac. Southwest For. & Range 
Exp. S t n . ,  Berkeley, Calif. 

Sc h ramm , J . R . 
1958. The mechanism of f ros t  heaving of tree seedlings. Am. Philos. SOC. 

Proc. lOZ(4): 333-350, illus.. 

Schubert, Gilbert H . ,  and Ronald S. Adam 

Calif .  Div. For. , Sacramento. 
1971. Reforestation practices for conifers in California. 359 p . ,  i l l u s .  

Shearer, Raymond C.  
1967. Insolation limits i n i t i a l  establishment of western larch seedlings. 

USDA For. Serv. Res. Note INT-64, 8 p . ,  i l l u s .  Intermt. For. & 
Range Exp. S t n . ,  Ogden, U t a h .  

Show, S.B. 
1924. Some resul ts  of experimental forest planting in northern California. 

Ecology 5: 83-94. 

1930. Forest nursery and planting practice in the California pine region. 
U.S. Dep. Agric. Circ. 92,  74 p . ,  i l l u s .  

W e n ,  Roy R .  
1956. Use of temperature pellets in regeneration research. J .  For. 54: 

311-312, i l l u s .  

M- 29 



S i l e n ,  Roy Ragnar 
1960. Lethal su r f ace  temperatures and their i n t e r p r e t a t i o n  f o r  Douglas- fir .  

170 p . ,  i l lus.  P h . D .  thesis ,  Oreg . .S t a t e  C o l l . ,  C o r v a l l i s ,  Oreg. 

Spurr ,  Stephen H., and Burton V .  Barnes 
1973. Forest  ecology. Ed. 2 ,  571 p . ,  i l lus .  New York: Ronald Press Co. 

S te inbrenner ,  E . C . ,  and S.P. Gessel 
1955. T h e  e f f e c t  of  t r a c t o r  logging on physical p rope r t i e s  of some f o r e s t  

s o i l s  i n  southwestern Washington. Soi l  Sc i .  SOC. Am. Proc. 79: 
372-376. 

and S.P. Gessel 
7 5 6 .  Ef fec t  of t r a c t o r  logging on s o i l s  and regenera t ion  i n  the Douglas- 

f i r  region of  southwestern Washington. SOC. Am. For. Proc. 1955: 
77-80, i l l u s .  

Strothman [Strothmann] , Rudolph 0. 
1972. Douglas- fir i n  northern Ca l i fo rn i a :  Ef fec ts  of shade on germination, 

s u r v i v a l ,  and growth. USDA For. Serv. Res. Pap. PSW-84, 10 p . ,  
i l l u s .  Pac. Southwest For. & Range Exp. S tn . ,  Berkeley, C a l i f .  

Strothmann, R.O. 
1971. Douglas- fir surv iva l  and growth i n  response t o  spring p lan t ing  da t e  

and depth. USDA For. Serv. Res. Note PSW-228, 5 p., i l l u s .  Pac. 
Southwest For. & Range Exp. S t n . ,  Berkeley, C a l i f .  

Tackle, David 
1962. I n f i l t r a t i o n  i n  a western larch--Douglas- fir  s tand  fol lowing c u t t i n g  

and s l a s h  t reatment .  USDA For. Serv. Intermt.  For. & Range Exp. . 
Stn .  Res. Note 89 ,  7 p . ,  i l lus.  Ogden, Utah. 

1964. Regenerating lodgepole pine i n  c en t r a l  Montana fol lowing c l e a r  
c u t t i n g .  USDA For. Serv. Res. Note INT-17, 7 p., i l lus .  Intermt.  
For. & Range Exp. S t n . ,  Ogden, Utah. 

Ta r r an t ,  Robert F .  
1953. Effect of heat  on s o i l  co lo r  and pH of two f o r e s t  s o i l s .  USDA For. 

Serv. Pac. Northwest For. & Range Exp. Stn.  Res. Note 90, 5 p.  
Port1 and, Oreg . 

7 9 5 4 .  E f f ec t  of  s l a s h  burning on s o i l  pH. USDA For. Serv. Pac. Northwest 
For. & Range Exp. Stn.  Res. Note 102, 5 p .  Por t land ,  Oreg. 

7 5 6 .  Effects of  s l a s h  burning on some s o i l s  of the Douglas- fir  region. 
Soi l  Sc i .  SOC.. Am. Proc. 20: 408-411, i l l u s .  

1957. Soi l  moisture condi t ions  a f t e r  chemically k i l l i n g  manzanita brush 
i n  c en t r a l  Oregon. USDA For. Serv. Pac. Northw.est For. & Range Exp. 
Stn.  Res. Note 156, 4 p . ,  i l lus.  Por t land ,  Oreg. 

M-30 



1961. Stand development and s o i l  f e r t i l i t y  i n  a Douglas-fir--red a l d e r  
p lanta t ion .  For. Sc i .  7: 238-246, i l l u s .  

and James M .  Trappe 
1971. The r o l e  of Alnus i n  imDrovina the f o r e s t  environment. P l a n t  & S o i l ,  " 

Spec. Vol.  1 :  335-348. 

Teeguarden, Denni s E.  
1969. Economic guides f o r  Douglas- fir r e fo re s t a t ion  i n  southwestern Oregon. 

U.S. Dep. In t e r .  Bur. Land Manage. Tech. Bull.  2 ,  27 p . ,  i l l u s .  
Wash., D . C .  

USDA Forest  Service 
1973a. Annual r e fo re s t a t ion  and timber stand improvement r epor t  f i s c a l  year  

1973. 23 p. Wash., D . C .  

1973b. Report of f o r e s t  and windbarrier  p lant ing  and seeding 
S t a t e s  (July 1 ,  1972 - June 30, 1973). 13 p. Wash., 

Vogl, Richard J . ,  and  Calvin Ryder 
1969. Effec ts  of s l a s h  burning on con i f e r  reproduction i n  M 

Range. Northwest Sc i .  43: 135-147, i l l u s .  

i n  the 
D . C .  

ntana I 

United 

Mission 

Vyse, A . H . ,  and S .J .  Muraro 

In f .  Rep. BC-X-84, 18 p . ,  i l l u s .  Pac. For. Res. Centre, V ic to r i a ,  
B .C .  

1973. Reduced p lant ing  c o s t  - a prescribed f i r e  bene f i t .  Can. For. Serv. 

Wahl enberg, W .  G .  
1930. Effec t  o f  ceanothus brush on western yellow pine p lanta t ions  i n  the 

northern Rocky Mountains. J .  Agric. Res. 41: 601-612, i l l u s .  

Williamson, Richard L. 
1973. Results  o f  shelterwood harvesting of Douglas- fir i n  the Cascades of 

western Oregon. USDA For. Serv. Res. Pap. PNW-161, 13 p . ,  i l l  us. 
Pac. Northwest For. & Range Exp. S t n , ,  Port land,  Oreg. 

Youngberg, C .T.  
1959. The influence o f  s o i l  condi t ions ,  following t r a c t o r  logging, on 

the growth of planted Douglas- fir seedlings. Soil Sc i .  SOC. Am. 
Proc. 23: 76-78. 

1966. S i l v i c u l t u r a l  bene f i t s  from brush. SOC. Am. For. Proc. 1965: 55-59. 

Zavitkovski ,  J . ,  and M. Newton 
1968a. Ecological importance of snowbrush Ceanothus veZutinus i n  the Oregon 

Cascades. Ecology 49: 1134-1145, i l l u s .  

and Ilichael Newton 
1 9 6 8 b .  Ef fec t  of organic matter and combined nitrogen on nodulation and 

nitrogen f i x a t i o n  i n  red a lde r .  In Biology o f  a l d e r .  Northwest 
Sci .  Assoc. Fo r t i e th  Annu .  Neet. Symp. Proc. 1967: 209-223, i l l u s .  
Pac. Northwest For. & Range Exp. Stn . ,  Port land,  Oreg. 

M-31 



, Michael Newton, and Babiker El-Hassan 
1969. E f f e c t s  of snowbrush on growth of some 'conifers. J .  For. 67: 

242-246, i 11 us.  

Zavitkovski ,  J a r o s l a v ,  and Micfiael Newton 
1967. The role o f  snowbrush, (Cermothus veZutinus Dougl . ) ,  and red  a l d e r ,  

(Ahus  d r a  Bong.), i n  forest regenera t ion  i n  the P a c i f i c  Northwest. 
XIV IUFRO Congr. Proc. (Flunich), Sec t .  21, p .  429-440. 

M-32 



M IC R 0 CLIMATE 

W.B. Fowler 

ABSTRACT 

Basic physicaZ processes that  underZie the development 
of Zoea2 microcZimates are examined. 
these processes by residue generation and treatment are 
examined tuith respect t o  a simp2ified energy baZance model 
and by demonstration of e f f e c t  of residue types on surface 
heating and cooling. 
m e   of cri t icaZ Zimiting conditions in the thema2 
and moisture regimes of regenerating species is emphasized. 
Chunge in exposure and surface physicaZ properties by 
residue treatment is seen as producing important modifi- 
cations of the energy balance. 

Opportunities t o  a f f e c t  

Potential for the aggravation or amelioration

Keywords: Microclimate--surface temperature; energy balance-- 
ref lec t iv i ty ,  heat transfer,  long-wave radiation; 
mulch. 

I NTRO DU CTlO N 

Microclimate i s  simply defined as the essentially uniform local climate of 
a usually small s i t e  o r  habitat. A character is t ic  microclimate may extend for 
several or many meters horizontally, dependent on surface uniformity, b u t  i s  
considered to lose i t s  identity quite rapidly i n  the vertical as the effects o f  
local condi tions are reduced. A di s t i  ncti on, therefore, i s  often made between 
microclimate and macroclimate, the l a t t e r  referring t o  the large-scale climatic 
features,  of  an area, characterized by measurements taken a t  weather she1 t e r  
height. ' 

Even without formal study of the microclimate, many o f  the physical factors 
creati  ng different  1 oca1 mi crocl imates are easi ly  recognized. Exposure t o  the 
sun for  warmth and shade for  cooling, surface moistening, and exposure to wind 
for  evaporative cooling are among the cause and effect  solutions to problems of 
personal comfort. Similarly, the forest  plant and i t s  environment heat and cool 
in response to the exposure t o  o r  exclusion of solar radiation, windflow, and 
use of moisture in evaporation or  transpiration. 

Understandi ng these several major physical processes t h a t  create di fferences 
in local microclimate and how generation and treatment of forest  residue can 
modify them i s  of immediate interest .  As important perhaps i s  how the physical 
el ements of the mi crocl imate can modi fy subsequent biol ogi cal events or acti  vi t i e s .  
Problems most frequently attributed t o  residue and residue treatment are often 
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b i o l o g i c a l  i n  nature;  e.g., regenera t ion  and s u r v i v a l  o f  acceptable species and 
r a p i d  n a t u r a l  d e s t r u c t i o n  o f  res idue .  The l o c a l  m i c roc l  imate f a c t o r s - - r a d i a t i o n ,  
temperature, wind, and mois ture- - are a1 so recognized as i n p u t s  t o  t he  l a rge- sca le  
phys ica l  process o f  t h e  area- - the hyd ro l og i c  cyc le ;  they i n f l u e n c e  water  y i e l d ,  
s t reamf low r e g u l a t i o n ,  and water  temperature. 
r a p i d  and successfu l  regenera t ion  by seeding o r  p l a n t i n g  i s  o f t e n  t h e  p r i n c i p a l  
economic and e s t h e t i c  necess i t y .  
d i r e c t e d  toward i n d i c a t i n g  how the  mic roc l imate ,  e s p e c i a l l y  i f  i n f l uenced  by 
res idues,  may develop o r  a f f e c t  c r i t i c a l  l i m i t i n g  cond i t i ons  encountered i n  
f o r e s t  establ ishment .  Other b i o l o g i c a l  phenomena o r  phys i ca l  processes which 
may be a f f e c t e d  by res i due  a re  presumed t o  be l e s s  s e n s i t i v e  t o  m i c roc l ima te  
m o d i f i c a t i o n .  
enced by temperature extremes and mo i s tu re  a v a i l a b i l i t y ,  w i l l  remain v i a b l e  a f t e r  
s h o r t  per iods  o f  i n a c t i v i t y .  S i m i l a r l y ,  the  hyd ro l og i c  c y c l e  may be a l t e r e d  
through res i due  genera t ion  and t reatment ,  b u t  t he  c y c l e  never ceases. 

I n  f o r e s t  management, however, 

Emphasis i n  t h i s  s e c t i o n  i s  t h e r e f o r e  

For example, t he  res i due  d e s t r u c t i o n  processes, a1 though i n f l u -  

Repeated f a i l u r e  o f  n a t u r a l  o r  a r t i f i c i a l  r egene ra t i on  i n  an area once 
occupied by a p a r t i c u l a r  species suggests some p r e s e n t l y  l i m i t i n g  cond i t i ons  
imposed by t he  environment compared w i t h  cond i t i ons  a t  i n c e p t i o n  o f  t he  p rev ious  
stand. An qdequate seed source w i t h  minimum p reda t i on  by animals, f ung i ,  and 
b a c t e r i a  (Gomez-Pompa e t  a l .  1972) i s  assumed i n  these areas. 
may have been i n a d v e r t e n t l y  mod i f i ed  beyond t he  t o1  erance o f  f o r e s t  seed1 i ngs 
t o  endure extremes o f  temperature o r  drought,  p o s s i b l y  by c u t t i n g  area l ayou t ,  
o r  p o s s i b l y  by r es i due  t reatment .  

p l a n t  i s  beyond our  a b i l i t y ,  extremes a t  t he  l i m i t s  o f  range o f  c l i m a t i c  
va r i ab les  f r e q u e n t l y  appear t o  be e s p e c i a l l y  hazardous t o  d e s i r a b l e  species. 
L i m i t i n g  c o n d i t i o n s  can be imposed through any environmental  v a r i a b l e ,  b u t  most 
commonly considered a re  l o c a l  thermal and mo is tu re  condi t i ons- - un t ime l y  hea t  and 
c o l d  and excess o r  d e f i c i e n t  mois ture.  
a1 though a p l a n t  may be ab le  t o  endure extreme cold- -as low as -70" F (-57" C )  
d u r i n  dormancy--during a c t i v e  growth, temperatures o f  +25" t o  +30" F (-4" t o  
-1" Cy may be f a t a l  (Fowel ls  1965). 

The m ic roc l ima te  

Al though a n a l y s i s  o f  t he  d e l i c a t e  balance o f  i n p u t s  a c t i n g  upon each f o r e s t  

T imel iness i s  ve r y  impor tan t  f o r ,  

The a g r i c u l t u r i s t  has l ong  recognized t h a t  c e r t a i n  t reatments,  e.g., shading, 
a p p l i c a t i o n  o f  mulches, and t i l l a g e ,  can amel io ra te  p a r t i c u l a r  m i c r o c l i m a t i c  
cond i t i ons  (Abbe 1905). The ques t ion  i s  whether s tand removal and res i due  
genera t ion  and t rea tment  a re  capable o f  c rea t i ng ,  aggravat ing,  o r  a m e l i o r a t i n g  
s i m i l a r  l i m i t i n g  cond i t i ons  w i t h i n  the  f o r e s t .  

Un fo r tuna te ly ,  d e s c r i p t i o n  o f  the  f o r e s t  environment w i t h i n  t h i s  r e g i o n  o f  
d i ve r se  c l ima te ,  t he  P a c i f i c  Northwest, i s  l i m i t e d .  Basic  agro-meteoro log ica l  
s t a t i s t i c s  , e s s e n t i a l  t o  p roper  management, must be developed f rom measurements 
a t  urban, lowland l o c a t i o n s  g e n e r a l l y  a t y p i c a l  o f  t he  f o r e s t  environment. 

Also, r e c o g n i t i o n  o f  events l ead ing  t o  regenera t ion  f a i l u r e s  i s  p r i n c i p a l l y  
a f t e r  t he  f a c t .  
agent; o f t en ,  no s imp le  exp lana t i on  i s  apparent.  
c l o s e l y  r e l a t e d  t o  m i c r o c l i m a t i c  cond i t i ons .  

T imely  examinat ion o f  these f a i l u r e s  may i d e n t i f y  a causa t i ve  
Presumably, many have been 

L i t e r a t u r e  d i r e c t l y  r e l a t e d  t o  e f f e c t s  o f  r es i due  on t he  m ic roc l ima te  i s  
q u i t e  l i m i t e d .  
o f  l o c a l  r e f l e c t i v i t y  d i f f e r e n c e s  and changes i n  maximum and minimum temperatures 
generated by changing thermal and o p t i c a l  p r o p e r t i e s  o f  sur faces.  
expect,  changes o f  t h i s  na tu re  a re  q u i t e  comon  w i t h  stand t rea tment .  

Some o r i g i n a l  da ta  have been i nco rpo ra ted  t o  i l l u s t r a t e  e f f e c t s  

As one migh t  
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PHYSICAL CLIMATE 

Several physical laws govern the creation of the microclimate a t  any s i t e .  
Although the laws and the i r  interrelationships are complex mathematically, a 
symbolic overview of how they re la te  can be seen in figure 1 .  

Figure  1. - - Typical s c h e m a t i c  p r e s e n t a t i o n  o f  the energy  
b a l a n c e  a t  the e a r t h ' s  s u r f a c e .  F a c t o r s  marked w i t h  
a n  a s t e r i s k  (*) a r e  p a r t i c u l a r l y  i n f l u e n c e d  by f o r e s t  
r e s i d u e s  and their t r e a t m e n t s .  

Direct radiation from the sun IO i s  n o t  particularly effective in heating 
t he  atmosphere as i t  passes through it. The e a r t h ' s  sur face,  which can absorb 
the solar ,  shortwave radiation i s  the s i t e  o f  transformation t o  longwave, heat 
radiation. This longwave radiation i s  constantly exchanged between the surface 
and the atmosphere (shown in f ig .  1 as Earth Longwave Radiation, L u ,  and 
Atmospheric Longwave Radiation, L o ) .  
soil  (Soil Heat, G ) ,  into the a i r  by conduction and convection (Sensible Heat, 
H), used in evapotranspiration (Latent Heat, L ) ,  or stored through Photosynthesis 
(P) provides for  the disposition of energy available from the imbalance- o f  solar 
and longwave exchange. Other small additions or losses of energy to the system 
or emphasis on special cases are not considered here. A number of excellent 
publications on th i s  subject are available (Bainbridge e t  a l .  1966, Gates 1966, 
Gates e t  a1 . 1965, Gei et- 1965, Reifsn der and Lull 1965, Sellers 1965, 
VGzina and Boul t e r  196%, van W i  j k  1963j. 

Heat flow through the surface into the 

. A t  any s i t e ,  residue can cause some important modifications of  the energy 
balance of the surface. 
possible. 
la t i tude,  and season), t o  a ,surface, the forest  canopy, over a s i lvicul tural  
rotation period may be considered constant. 

For our purposes some restr ic t ion in coverage i s  
For example, d i rec t  solar  i n p u t ,  IO (as a function of slope, aspect, 

Procedures t o  calculate th i s  input 
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are available (Lee 1964, Geiger 1965). Atmospheric depletion of the direct  
solar beam t h r o u g h  ref lect ion,  absorption, and scattering by clouds, dust,  and 
gases will occur a t  random and seasonally. These, however, are features of 
the macroclimate of the area, n o t  direct ly  under local control. 
of the stand by harvest, and the generation and treatment o f  residue affect  
principal ly  the receipt of solar energy from canopy surface downward. 

The manipulation 

Of particular importance in analysis of the energy balance i s  the reflec-  
t i v i ty  of the surface material t o  I ~ ,  the direct  solar shortwave. 
character is t ic ,  re f lec t iv i ty  (also called al-bedo) i s  responsible for  the return 
flow of a portion of both the d i rec t  and diffuse solar input. 
varies from almost total  absorption of the incident radiation (r c . 1  percent) t o  
complete reflection (r = 100 percent). 

This 

Reflectivity 

Although the surface treatment o f  a forest  canopy to increase or decrease 
i t s  re f lec t iv i ty  i s  technically possible, changes in re f lec t iv i ty  are more 
probable a t  the ground surface. 
ments t o  cause major changes here. 

We can expect some residues and residue t rea t-  

Table 1 shows re f lec t iv i ty  measurements of some potential residue materials 
taken on June 1 ,  1972, near solar noon. Most material was measured both dry 
and wet. Additional tables  of r e f l ec t iv i t i e s  f o r  a variety o f  surface materials 
are available (List  1966, Scholte Ubing 1959). 
forest  stands and agricultural crops is low, from about 5 t o  30 percent 
dependi ng on species, age, and condition. 

Above-canopy re f lec t iv i ty  for most 

Availability of s o l a r  energy a t  the soil  surface obviously depends on the 
overstory. 
of the canopy closure i s  n o t ,  however, a simple l inear function. 
three dimensional--mu1 t i p l e  reflections within the canopy space deplete avail-  
able energy more effectively a t  low closure percentages t h a n  a t  high percentages. 
The analysis by Miller (1959) shows a 10 percent closure from 20 t o  30 percent 
causes abou t  a 15-percent change in transmission compared with less  than  5-percent 
change a t  60- to 70-percent closure. 

The most familiar aspect of canopy shading i s  the response of plants t o  
the physiologically active p a r t  of solar energy available beneath the crown. 
Species are classif ied as l igh t  or shade responsive or neutral. 
adequately elaborated in. most s i lv ics  and s i lvicul ture  texts and not considered 
further here. 
The ref lect ive and absorptive properties o f  the canopy vary throughout the vis ible  
and infrared regions of  the spectrum as a complex function of species, density, and 
season (Gates e t  a l .  1965). 
with the neutral attenuation of a dead canopy. 
f ie ld  development of forest  species are generally unknown. 

The receipt o f  sunlight a t  the forest  floor compared with percentage 
The canopy i s  

This concept is 

The canopy also changes the quality o f  l igh t  a t  the forest  f l o o r .  

Under a canopy, "green" shade contrasts strongly 
Effects of "l ight"  quality on 

The 1 ongwave exchange of energy between the ear th ' s  surface and the 
atmosphere (Lu and LD in figure l ) ,  depends bo th  in magnitude and direction on 
their  re lat ive temperature difference. 
the surface temperature a t  a s i t e  modifies the longwave exchange. 
i s  particularly important in the development o f  'local radiative f ros t s .  
mechanism involved i s  considered in more detail  below. 

Any residue treatment t h a t  affects 
This exchange 

The 

Soil heat (G)  and sensible heat (H) redistribute energy availabJe a t  the 
surface while la ten t  heat ( L )  requires energy for evaporation and a moisture 
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source. These mechanisms operate along a gradient from hot to  cold or  moist 
to dry. Imposition of a barrier t o  moisture or energy flow, residue acting as 
a mulch for  example, influences the heat or moisture transport. 

Tab1 e 1 . --Ref Zect ivi t ies l /  of representative surface rnateriaZs 

Need1 es pi ne) 
Needles t spruce) 
Pumice 
Chips (fresh, pine) 
Ash (volcanic) 
Soi 1 
Bark fresh, pine) 
Bark I old,  pine) 
Sand 
Wood pine, new) 
Wood t old) 
Grass (fresh) 
Grass (old) 
Charcoal (lump) 

- - - e -  Percent - - - - - 
6 

11 
35 
36 
29 

9 
19 
27 
21 
62 
26 
20 
24 

2 

-- 
-- 
19 
36 
8 
4 

17 
18 
9 

1 / 5 0  
19 
20 

-- 

-- 

1! Percentage of incident radiation n o t  absorbed by the 
surface. 

2’ Specular (mirror1 ike) reflection due t o  surface water 
film. 

There are opportunities for residue generation and treatment t o  affect  the 
components of the energy balance and to change the temperature or moisture 
content of a i r  or so i l .  
modifying re f lec t iv i ty  o f  the surface, o r  (3)  influencing the gradient processes 
of heat flow o r  evaporation by restr ic t ing windflow, temperature r i s e ,  o r  
mo i s t u  r e av a i 1 a bi 1 i ty . 

Options t o  explore are (1) shading and exposing, ( 2 )  

A more subtle modification of the energy balance can resu l t  from local 
differences in beneath-the-surface physical properties-densi ty ,  thermal conduc- 
t i v i ty ,  and specific heat. 
equally of the solar energy input, surfaces with dissimilar physical properties 
will not exhibit  the same surface temperature. Consequently, soi l  heat flow and 
sensible heat transfer to the a i r  will be dissimilar. Also,  the longwave radia- 
t ive loss i s  highly temperature dependent and will be dissimilar with changing 
surface temperatures. 

Although surfaces with equal re f lec t iv i ty  will absorb 

With natural and generated res 
r e f l ec t iv i t i e s  and internal propert 
of the potential for  modifying the 

due 
es , 
oca 

materials covering a wide range of 
the following example i l l u s t r a t e s  some 
energy bal ance. 
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EFFECT OF REFLECTIVITY AND OTHER PHYSICAL PROPERTIES 

ON HEATING AND COOLING 

Materi a1 

Table 2 l i s t s  10 materials of  quite different  properties which m i g h t  be 
found a t  barren s i t e s  or a t  s i t e s  with residue accumulations. Surface tempera- 
tures of these materials were measured with an infrared (IR) thermometer. 
Temperatures were also measured a t  depths within the materials. B o t h  a daytime 
heating cycle and a nighttime cooling cycle were analyzed; material was covered 
and temperature stabilized between exposures. Measurements were made in mid-June 
in a semidesert climate (Wenatchee, Wash.). 

Densi ty Speci f i  c head-1 T herma 1 Thermal 
(bul k )  conduc t i  vi ty admi t tancel l  

Tab1 e 2. --Material examined under heating and coo Zing regimes 

Pumice 
Wood 
Sand 
Sand and 

Bark 
Needl es 
Soi 1 
Concrete 
Chips 
Charcoal 

charcoal 

0.35 
.57 

1.60 

1.60 
.16 
.06 

1.03 
2.16 

.18 

.14 

0.15 
.27 
.20 

0.37 
.30 

.4- .7 

.4- .7 
.15 
.08 
.6 

2 -3.5 
.14 
.12 

0.44 
.64 

1.32 

1.32 
.31 
.13 

1.11 
3.53 

.26 

.18 

Comparative values for other common materials: 

Water 1 .oo ,1 .oo 1.3 -1.5 3.61 
Air .0012 .24 .05- .06 .01 
Ice .92 .50 5 -7 5.25 
Snow . l o  50 .18 .30 

11 Numbers in parentheses indicate estimated values. 

2/ A measure of the sensi t ivi ty  of materials to temperature change. 
Equal-to the square root of the product o f  density, specific heat, and 
thermal conductivity. 
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Figure 2 i s  a recording of the surface temperatures during the heating 
cycle. Two d is t inc t  patterns are seen. F i r s t ,  large surface temperature 
differences developed between the several materials. The highly absorbent 
charcoal, as we might expect, was warmest and had a surface temperature of 
about 30" C (54" F) greater than the similarly exposed concrete surface, used 
t o  approximate solid rock. 
the eye showed 1 arge poi nt-to-poi n t  vari abi 1 i ty--charcoal , chips, and bark, 
for example, were of th i s  type. 

Second, surfaces which appeared quite uniform to 

I 
NEEDLES SOIL CONCRETE CHIPS CHARCOAL WMICE Woo0 SAND SANDtCHARCW BARK 

Figure  2.- - Surface t e m p e r a t u r e  a c r o s s  b e d s  of v a r i o u s  m a t e r i a l s  exposed 
t o  s o l a r  r a d i a t i o n .  
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Figure 3 i s  the recording of the surface temperatures under the cooling 
cycle. Compared with figure 2 ,  the range of temperatures between materials i s  
considerably lower, less  surface variabi l i ty  occurs within a particular 
material , and ,  most obviously, the concrete shows the, highest surface tempera- 
ture.  The temperature difference between the two traces shows the different ial  
cooling rates between the materials. 

\' 

Figure 3.--Surface temperature across beds of various materials exposed 
to nocturnql cooling. 

Details of the internal temperatures are not included here. Flaterials 
with the greater difference between nighttime and daytime temperatures, however, 
showed the greater change i n  temperature with depth; i . e . ,  steeper temperature 
gradients. 

In the daytime case, the re f lec t iv i ty  of the surface to the solar input 
10 had a major influence on the surface temperature. The question may occur 
as to why a l l  surfaces with the same or nearly the same ref lec t iv i ty  did not 
have the same surface temperatures. Or, how can a material with higher 
re f lec t iv i ty  ( n o t  absorbing as  much solar input) exhibit a higher surface 
temperature, e.g. , bark compared with charcoal -covered sand? 

The answer l i e s  in the physical character 
i t s  density ( p ) ,  thermal conductivity ( A ) ,  and 

s t i c s  of the mater 
specific heat (c) .  

a1 , particularly 
In describing 
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the response of a surface to heat flow, i t  is d i f f i cu l t  to separate the role 
o f  each of these character is t ics .  A composite descriptor, thermal admittance, 
containing these three characteristics as the square roo t  of the i r  product, 
( h  p ~ 1 %  i s  helpful here. Thermal admittance i s  especially indicative o f  the 
ab i l i t y  of energy i n p u t  to  raise the temperature o f  a surface. 
of equal energy input, a l inear relationship between surface temperature and 
thermal admittance i s  expected. 

Under conditions 

O C  

60 

To t e s t  t h i s  concept, data from figures 2 and 3 were compared with 
calculated thermal admittance, table 2.  The nocturnal min imum temperature 
p l o t  in figure 4 shows surface temperatures follow the expected linear 
trend. 
well organized. The energy balance a t  th i s  time i s  much more complex t h a n  i n  
the cooling cycle. 
time. This example, however, emphasizes the fac t  t h a t  basic soi l  properties, 
surface covering (residue and 1 i t t e r )  , and ref1 ectivi ty are important i tems 
in the thermal regime o f  an area. 

The maximum temperature plot also indicates a trend b u t  i s  not as 

The presumption o f  equal soil  heat ( G )  i s  n o t  true a t  th i s  

O F *  
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Figure 4.--Relationship between thermal admittance and 
surface temperature during exposure to solar heating 
and nocturnal cooling. N-9 



The ef fec t  of increasing moisture content on surface temperature range was 
not examined. 
response t o  b o t h  heating and cooling of the surface. Values of primary physical 
constants for a i r ,  water, and ice were included in table 2 .  Compared w i t h  most 
common materials, water has the highest specific heat and, compared with the a i r  
i t  displaces in b u l k  materials, abou t  a 1,000-times greater density and 500 times 
the thermal conductivity. Onsi t e  temperature response with materials under the 
moisture conditions in the f ie ld  would therefore be less  extreme a s  moisture 
contents increase. Cochran (1969b) calculates that  surface temperature of a 
soil  with variation between 35" and 125" F (+2" and +52" C)  a t  35 percent 
moisture content would range between 13" and 148" F 
moisture content. The e f fec t  of moisture on re f lec t iv i ty  of these materials 
(normally decreasing re f lec t iv i ty  with increasing surface moisture) has 
already been noted in table 1. 
additional energy, L .  
energy use for  heating t h e . a i r ,  H, i s  severely restr ic ted;  peaty so i l s  or so i l s  
moistened by h i g h  water tables exemplify th i s  condition. Si tes  where excessive 
early season amounts o f  water are retained and are high in organic materials 
may experience retarded early season soil  and a i r  warming. Later a f t e r  drying, 
they develop an extreme surface temperature diurnal range. Both these effects  
may be detrimental t o  plant establishment. 

Floisture can easi ly  be show t o  have an important role in s i t e  

(-10" and 64" C )  a t  10-percent 

Evaporation from moistened materials requires 
With excessive amounts of moisture a t  the s i t e ,  the 

FROST AND LIMITS TO RADIATIVE COOLING 

In mid-June and i n  a semidesert climate, high surface temperatures during 
midafternoon m i g h t  well have been anticipated, especially on the blackened 
charcoal surfaces ( f i  . 2 ) .  Tha t  these same surfaces a t  night were able t o  
cool t o  nearly 18" F 910" C) below ambient (shel ter  temperature, 52" F (11.5" C)) 
a f te r  a brief exposure may be more surprising. 
exposure were selected to  optimize factors controlling radiative loss, L e . ,  
clear skies,  dry a i r ,  very low windspeed, and unobstructed view of the sky 
(Hess 1959, Laikhtman 1961, Vitkevich 1960). This l a t t e r  factor ,  "view," in 
controlling radiative loss from a surface i s  responsible for many curious 
phenomena. 
l imits of a deposit of dew or f ro s t  denote the surface temperature boundary. 
Decreased r a t e  of cooling of an auto window influenced by an overhanging roof 
not direct ly  above b u t  only within the "view" from the cooling surface can 
often be seen on early f a l l  mornings in an abbreviated f ros t  deposit. View 
of even a leaf less  deciduous t ree may reduce net loss suff icient ly to  prevent a 
f ros t  or dew deposit. 
cause and e f fec t  of dew, f r o s t ,  and surface temperature. A controversy early 
i n  the 1800's concerned the question of whether cooling of a surface preceded 
the formation of a dew deposit or whether the dew caused the observed 
temperature depressions. As documented by Wells (1838), radiative loss and 
the subsequent cooling which produces dew or frost on objects was strongly 
affected by obstructions in view from a point on the surface. Both natural 
and a r t i f i c i a l  obstructions were included in his study as well as the effects  
of cl oudi ness. 

The conditions for the i r  

Easily observed examples of modified radiative loss occur when the 

We have not always been as knowledgeable about the 

The effect  of obstruction on minimum temperature i s  fur ther  investigated by 
Fleagle (1950). 
temperature of a point, the temperature of obstructions within view from the point, 
and the percentage of the hemisphere they occupy. The temperature of zero net -- 
radiation of the surface, i s  a condition i n  which receipt of atmospheric back 
radiation ( L g )  equals outgoing radiation from the surface ( L U ) .  

He examines the relationship between the zero net radiation 

He finds t h a t  
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under s t a t i c  temperature conditions (1) when obstructions are a t  a i r  temperature 
and fu l ly  obscuring the view, the zero net radiation temperature i s  equal to  
a i r  temperature, and ( 2 )  when obstructions are a t  ground temperature, they 
essentially are ineffective in modifying zero net radiation temperature 
regard1 ess' of coverage. 

Cochran (1969a) examines obstruction of view by the boundary ve etation 
on circular and s t r i p  clearcuts in controlling minimum (near surface) temperatures 
within the clearcut boundaries. In eastern Oregon on pumice soi l  w i t h  a typical 
high diurnal temperature range, suff ic ient  protection from radiative f ros t s  can 
be gained through control of s tand opening t o  assure satisfactory lodgepole pine 
regeneration. Natural regeneration in the openings he examined became scarce 
beyond a distance equal t o  boundary t ree heights. 

Rules of  th i s  nature are not- necessarily transferrable to other regenerating 
species or to  other macrocl imatic zones. Critical temperature l imits  a t  periods 
of the l i f e  cycle of the several important forest  species will d i f fe r .  Also, 
s i t e  location, especially elevation, r e l i e f ,  and typical airmass moisture will 
require local determination. Inland locations under normally dry airmasses will 
receive less atmospheric back radiation ( L ~ )  than under a moist maritime airmass 
a t  a similar a i r  temperature because L~ is strongly governed by atmospheric 
moisture content. Similarly, low elevation locations compared with h i g h  elevations 
are favorable because o f  depth o f  the reradiating atmosphere. 
s t a t e  of the atmosphere, especially cloudiness a t  a c r i t i ca l  period, could be 
particularly important. Areas in deeply incised topography with s i t e s  on 
ridgetops and s idehi l l s  will Ilsee" quite different segments of the atmosphere 
and the surrounding te r res t r ia l  features. Relatively smaller openings would be 
suggested for  ridgetop s i t e s  on th i s  basis alone. T h u s ,  view obstruction by 
residue becomes most important a t  high elevations in dry climates, i n  large f l a t  
openings. Also, creating, aggravating, o r  ameliorating areas of potential 
limiting conditions due to radiative f ros t  i s  strongly determined by the 
production and removal of overstory. 

Anticipation of  

As a complexity t o  the simple case of radiative exchange producing locally 
severe minimum temperatures, density differences within the a i r  cooled a t  the 
surface create a flow of cooler a i r  toward lower areas within the s i t e .  If the 
physical depressions are  so shallow t h a t  the sides do not provide obs t ruc t ion  
t o  radiative exchange, the temperature regime will be even more severe in these 
depressions. Regrowth of nearby vegetation will eventually ameliorate these 
harsh s i t e s .  Appropriately placed residue accumulation across slopes or near 
depressions represents a potential solution to these local problems (Geiger 
1965, Wang 1967). The depth of the airmass contributing t o  th i s  cold a i r  
drainage may be only centimeters thick b u t  can accumulate to substantial depths 
a t  physical obstructions or in hollows. 

OTHER PHYSICAL FACTORS 

Locally increased moisture supply i s  an expected complement to any crop 
removal procedure. 
the s i t e  is again occupied. During this  often short period of enhanced moisture 
supply, timeliness of seed ava+ilability or planting i s  important, especially i f  
the s i t e  i s  marginal in normal moisture supply. 

This increased moisture supply may be only temporary until  
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In addition t o  locally increased moisture supply due t o  transpiration 
reduction, use of unmerchantable plant residue as  a mulch cover further reduces 
soil  moisture loss. 

With the macroclimate of the Pacific Northwest exhibiting generally droughty 
summers , many s i t e s  would undoubtedly be improved with increased summer moisture 
supply. In addition, agricultural experience indicates t h a t  mulches s tab i l ize  
internal soi l  temperatures, retain snow, and are valuable in reducing soi l  
erosion and compaction by controlling drop  impact and overland flow. Generally, 
these would be advantages within the forest  community b u t ,  as Wang (1967) 
cautions, "mulching a l t e r s  the physical and chemical properties of a t  l eas t  the 
topsoil and sometimes the subsoil. I t s  influences depend on the physical envi- 
ronment of the area concerned, the type of material used, and the method of 
application." 

From the example above of heating and cooling a t  the surface of beds of 
materials--several of which would be typical of mulches from forest  harvests-- 
some of the disadvantages of forest  residues as mulch are seen. Most mulches 
envisioned here are of lower density material, and less  conductive than  so i l s  

Increased diurnal surface temperature range for  these mulch types 4 bark ,  chips, needles) would be disadvantageous in most instances. Rates of 
application necessary t o  dispose of quantity of unusable material , i .e., depth 
and type of mulch, must also be considered. Excessive mulch thickness could 
depress internal soi l  temperatures beneath levels suitable for  r o o t  growth and 
moisture and nutrient uptake. 
also suffer with excessive residue depths. Obviously, rooting habits of newly 
emerged seedlings would modify rules f o r  mulch applications. 
seedl ings--ponderosa pine compared with lodgepole pine, for  example--could 
tolerate  deeper mulch conditions. 
pine on harsh, dry s i t e s ,  would benefit from enhanced moisture avai labi l i ty  
due t o  mulching a t  some reduced intensity.  

eneral ly. 

Gas exchange, necessary for  roo t  respiration, may 

Aggressive 

Lodgepole pine, n o t  competitive with ponderosa 

Khil'mi (1957) developed a model t o  describe the effect  of thickness o f  
forest  l i t t e r  on self-seeding of pine and spruce in Russian forests.  
analysis indicates a negative exponential relationship between seedl ing 
survival and depth of l i t t e r .  

I/ i s  number of seedlings per unit area, vo and 
K are constants and II i s  depth of l i t t e r .  
s i t e  dependent. 
increasing l i t t e r  thickness. K for spruce, in Khil'mi's example, was about one- 
half t h a t  of pine and led t o  the conclusion t h a t  "no t  only the higher shade 
resistance of spruce, b u t  also the higher capacity of i t s  sprouts to  overcome 
the resis ta  e of the forest  l i t t e r  give i t  greater advantage i n  i t s  competition 
with p ine .d?  Extension of Khil'mi's model t o  other species and s i t e s  was n o t  
possible due t o  lack of d a t a .  

His 

In his equation V = Voe-KH, 
Values for vo and K are species and 

Higher values of K indicate increasing depletion of roots with 

Mulching with highly ref lect ive materials i s  potentially hazardous to 
seedlings due t o  increased heat load imposed by the sunlight reflected from the 
surface (Richards 1970). 

l' Translation would indicate "sprouts" are equivalent t o  seedlings. 
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The advantage and disadvantage of  mulching and the effect  on surface and 
a i r  temperature a t  a specific s i t e  have, as van Wijk (1963) and others note, 
been the subject of numerous contradictory statements. Only when the nature of 
the total  energy balance of the s i t e  i s  assessed can the measurements be placed 
in proper perspective. From even our brief analysis of the processes of soil 
heating and cooling, sources of several of the potential contradictions can be 
seen; i . e .  , (1)  re f lec t iv i ty  can be subordinate t o  other physical properties, 
( 2 )  moisture content changes thermal properties dramatically, and ( 3 )  evaporation 
can damp out both the soi l  heating, G ,  and the sensible heat flow t o  the a i r ,  H. 
Also, single level measurements are particularly unreveal ing i n  potential effect  
a t  any s i t e .  

Retention of snow cover by brush or s t rategical ly  located residue accumu- 
lations may be a significant hydrologic phenomenon. The potential of increased 
snow deposits preventing exposure and dessication could be a valuable secondary 
benefit. 
i s  greater in openings than  in stands due to  the interception phenomenon of the 
stands. O f  more importance here i s  whether snow i s  retained longer in openings. 
The Summary Report of  the Snow Investigations (U.S. Army Corps of Engineers 1956) 
concludes t h a t  snowmelt may or may n o t  be greater in openings than  under t rees;  
however, the l a s t  snow t o  be observed a t  a s i t e  i s  usually in small clearings. 
This may be due t o  increased deposition a t  these locations. 
diameter than  height of t rees  have more rapid loss of snow cover generally, 
another factor suggesting control of s ize o f  clearings can avoid unseasonable 
early exposure. 
(less than  3 inches (8 cm)) snowpack on depth o f  soil freezing. 
depths of frozen soi l  less under a snowpack, b u t  the individual differences 
between surface treatments ( l i t t e r  removal , soil  compaction) were minimized 
beneath the snow cover. Snowless plots also were slower t o  thaw t h a n  snow- 
covered areas. 

A general conclusion i s  t h a t  usually snow accumulation (water equivalent) 

Openings greater in 

Thorud and Duncan (1972) examine the benefit of even .a shallow 
Not only were 

Freezing of liquid water within the melting snowpack creates gas diffusion 

During 

barr iers ,  causes physical damage t o  plants, or allows deep penetration of 
excessively cold temperatures due to  improved conductivity of the solid ice. 
A1 1 are potentially hazardous $9 seedlings encased within the snowpack. 
f a l l  and spring, frost heaving- in saturated so i l s  may uproot many shallow- 
rooted p lan t s ;  amelioration of t h i s  l a t t e r  condition w i t h  an app rop r i a t e  residue 
treatment, L e . ,  mulching, may be o f  some benefit. 
to f ros t  heaving as stronger roots develop and as crowns provide greater mutual 
protection against rapid soi l  temperature change. 

Plants become less  susceptible 

L i t t l e  has been said of la tent  heat ( L )  or sensible heat transfer ( H )  from 
the surface, and the influence of residue generation and treatments on these 
processes. These processes respond t o  the gradient of heat or moisture and are 
strongly dependent on turbulent exchange generated by wind and by the roughness 
of the surface. 
moisture with height create increased transfer of moisture or heat from the 
surface. 

Generally, higher windspeeds and rapid change of temperature or 

21 - Two associated phenomena are noted here--mush f ros t  developing vert ical ly  
oriented crystal structure,  and ice lenses which are m r e  l ikely of a platelike 
s t ructure,  both of which l i f t  the overlying soil  layers. 

N-13 



The effect  of windflow and vapor pressure gradient on evaporation has long 
been recognized. 
evaporation based on these two factors have appeared. Evaporation i s  shown to 
increase with increase i n  windflow or vapor pressure gradient or both. 
(1964) examined the role  f wind on transpiration from plants on the Coshocton, 
Ohio, weighing lysimeter.!/ Compared with s t i l l  a i r  transpiration ra tes ,  a t  5 
mi /h  (2.2 m/sec), there was a 20-percent increase; a t  10 mi/h (4.5 m/sec), a 35- 
percent increase, and a t  15 mi/h (6.8 m/sec), a 50-percent increase. Similar 
increases in transpiration with increasing windspeeds under a variety of 
conditions have been demonstrated. 

From Dalton's 1802 analysis (Chow 1964) , various equations fo r  

Lull 

Bull and Reynolds (1968) examined wind structure above pine plantations 
compared with shorter vegetation types. Higher vegetation was found to be 
aerodynamically rougher and windflow ,noticeably more turbulent. 
ments which create the more aerodynamically roughened surface by piling or 
wi ndrowi ng generate turbul  ence compared wi  t h  a smoother surface. 
aerodynamically rough the surface, the more turbulent the airflow and the 
faster  are a l l  the transfer processes.. .vertical profiles o f  temperature, ( a i r )  
composition, and horizontal velocity become more uniform w i t h  this s t i r r i ng  and 
mixing process. I' 

Residue t rea t-  

"The more 

Some compensations to  the generated turbulence in the transfer process 
are provided by the impediment of residue to  free flow of moisture from the soi l  
column. Similarly, there i s  the limiting case where obstacles i n  the airflow 
become, to a degree, impenetrable and cause the main airflow t o  separate from 
the ground surface. Some protection of the area immediately to the lee of these 
windbreaks , often w i t h  reduced evapotranspiration as an added benefit ,  i s  noted 
for distances of 10 or more times obstacle height. This e f fec t  decreases with 
decreasing windspeed. 
zone, turbulence generated by the windbreak may damage plants in this area. 
breaks may be of l iving or dead material. Use of forest  residues as windbreaks 
may be appropriate t o  large expanses of open ground. 
rapidly in areas already in the lee of a residual s tand .  Proper orientation of 
a.windbreak to  the windflow i s  important. Orientation parallel to the wind may 
present a l i a b i l i t y  for  s i t e  protection. 

Wang (1967) also noted tha t ,  a t  the l imit  of the protected 
Wind- 

Effectiveness decreases 

As depth of material , e.g. , brush,  large slash accumulations, e tc .  , increase, 
a i r  exchange w i t h i n  the zone near the soil  surface becomes restr ic ted due t o  
reduction of turbulence and vertical exchange. 
necessary for  removal of toxic gaseous products created by the growing plant and 
provision of CO2 and 02 necessary for photosynthesis and respiration. 
indicates the main part o f ' t h e  CO necessary for photosynthesis in f ie ld  crops is 
drawn from about 300 f t  (100 m )  o f the atmosphere. 
factor leading t o  death of plants under severe accumulations i s  n o t  possible. 
Limited vertical a i r  exchange, coupled with inadequate soil  aeration (a c r i t i ca l  
factor for  most plants) , lowered root temperatures, high soi l  water retention, 
and light-limited photosynthesis add t o  any physical damage. 
effectively "buried" with excessive accumulations. 

A minimum a i r  exchange i s  

Huber (1958) 

Isolation of a single c r i t i ca l  

Plants can be 

Influences of residue on the microclimate are found in the specific areas 
of s i t e  regeneration, hydrology, residue destruction, e tc .  T h a t  these many 

A device 
gains and losses. 

capable of containing a large soi l  block to  measure moisture 
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processes can be shown to be somehow interrelated i s  not surprising. Temperature 
regimes, moisture avai labi l i ty ,  and energy inflow, outf low,  and use are common 
and essential to both biological and physical processes. 

SUMMARY AND CONCLUSIONS 

Crop removal, residue generafion, and treatment can produce a number of 
physical effects  which may be beneficial o r  detrimental t o  overall s i t e  quality. 
In  examining s i  t e  response t h r o u g h  the energy bal ance, certain physi cal elements 
were singled out as most l ikely to aggravate o r  ameliorate microclimatic 
conditions. The major effects  are summarized: 

Effects due t o  Energy balance consideration Maria g erne n t o p t  i on s 

1 .  Exposure Shading t o  solar  shortwave Intensity o f  cutting, s ize 
mutually or by overstory. and structure of openings, 
Longwave, earth and atmosphere height and density of bound- 
exchange (hemispheric view). ary vegetation, orientation, 
Radiative frosts .  and spacing. Discouragement 

and encouragement o f  nurse 
crops , brush,  pl anting . 
Orientation of residue accu- 
mulations, a r t i f i c i a l  
barriers.  Snow accumulation 
and retention. 

2. Surface Reflectivity t o  solar short- 
character- wave input. Temperature of 

i s t i c s  surface in earth-atmosphere 
exchange. Dependency of 
surface temperature on soil  
physical properties. Insu- 
lat ing effect  on soi l  heat- 
i n g ,  in ternal  energy f low,  
and modified transfer 
process. Effect o f  water 
on physical properties. 
Thermal properties of snow 
versus ice. 

Change in re f lec t iv i ty  
t h r o u g h  deep t i l l age ,  resi-  
due accumul a t i  on ,  1 i t t e r  
and residue treatment 
(chipping, burning, incl u-  
sion).  Snow management 
t h r o u g h  residue manipulation 
for surface covering and 
she1 t e r .  Changing surface 
bulk properties t h r o u g h  
t i l l age  or compaction, resi-  
due accumulation or  removal. 
tlulch for  snow or water 
retention, evaporation 
suppression. Water spreading, 
drainage. 

3 .  Atmospheric Wind surface roughness = Most options under 1 and 2 
transfer turbulence; turbulence t affect  energy use, availa- 

property avai 1 abi 1 i ty = b i l i t y  of properties t o  be 
transfer of heat and mois- transferred (heat and mois- 
ture.  Energy requirement in ture) ,  and modify the wind 
s t a t e  change (sol id ,  l iquid, structure.  
gas) and stomatal control. 
Reduction in horizontal 
gradients with increased flow. 
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Though adequate s i t e  protection and prompt establishment o f  regeneration, 
natural or planted, occur in most locations, the potential for changing micro- 
climate through modified residue treatment practices i s  more important a t  
higher elevations or marginal s i t e s .  
these changes in local microclimates were examined and can lead t o  general 
summary statements, as above. 

Some of the basic principles t h a t  control 

Areas about which we need more information include: 
0 

1.  Species and s i t e  interactions: What are the microclimatic 
requirements a t  different  phases o f  plant development, and how 
does the s i t e  meet o r  f a i l  t o  meet requirements? 

2. S i te  description: Examination of the important zone below 
standard weather shel ter  height i s  necessary, a t  l eas t  a t  a 
number of s i t e s  representative of the important high elevation 
forest  zones. The importance of probability of occurrence and 
duration of specific weather factors or events should be 
emphasized. Lengths of frost- free season, type of f ros t  l ikely 
(radiative versus advective), d r o u g h t ,  winter protection, i . e . ,  
snow cover. 

3. Cultural modification: 
s i t e  be modified and t o  what degree? This requires c r i t i ca l  
onsite examinations of a number of the management options 
summari zed above. 

How can the basic energy balance of the 

The interrelationship between the microclimate and other physical and 
biological sciences was noted earJier .  Research t o  c la r i fy  or formulate laws 
relating t o  the basic atmospheric process, e.g. ,  evapotranspiration, i s  con- 
ducted a t  most major educational inst i tut ions here and abroad. A t  another 
level of in te res t ,  elements of the microclimate cannot be separated from most 
studies in the biological sciences, e.g., heat budget of a l ea f ,  temperature 
effect  on soil  f lora  o r  fauna. This complexity precludes any simple l i s t i ng  o f  
research underway in th i s  broad f ie ld .  As specifically related t o  microclimate 
and residue, some studies of a practical nature are underway, o r  will soon be, 
principally as related t o  s i lvicul tural  problems on harsh s i t e s .  
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ANIMAL POPULATIONS AND DAMAGE 

Edward J .  Dimock I1 

ABSTRACT 

Living and non Ziving residues remaining a f t e r  timber 
harvest exert  both favorabZe and unfavorabZe influences on 
fores t  animaZ popuZations. 
improve habitats for animazs ZikeZy t o  &age regenerating 
fores t  crops. 
ments fur ther  enhance the habitats aZready improved f o r  
probZem mimaZs by timber harvesting and increase the 
probabiZity of serious anima2 damage. 

Residue s i tuat ions  usuaZ Zy 

Evidence suggests tha t  most residue treat-  

PracticaZ treatments tha t  modify residues Zeast appear 
most promising for attaining timber, range, and z;tiZdZife 
production goaZs with a m i n i m  of interference by damaging 
animazs. 

Keywords: Animal damage--forest regeneration, mammals, 
birds, animal h a b i t a t .  

I NTROD UCTlO N 

Damage to forest  crops from a variety of mammals and birds11 has concerned 
mankind ever since the forest  was recognized as a'renewable source of useful 
products. The level of concern varies with intensity of management and general 
increases in proportion t o  the likelihood t h a t  damage will reduce the net yield 
of wood. Dollar losses due t o  animal damaqe, as inferred from a reqionwide 

Y 

survey, r u n  t o  millions annually (Black e t - a i .  1969). Therefore, this  paper will 
focus upon vertebrates inhabiting forests of the Northwestern States,  emphasizing 
those t h a t  cause damage t o  timber species of  chief commercial importance i n  
Oregon and Washington. Most widely recognized forest-animal problems deal with 

Scient i f ic  names for trees (L i t t l e  1953), lesser plants (Abrams 1940, 
1944, 1951 ; Abrams and Ferris 1960) , mammals (Ingl es 1965) , and birds (Robbins 
e t  a l .  1966) are l i s ted  under "Checklist of Plants and Animals" a t  the end of  
th i s  paper. 
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Douglas-fir and ponderosa pihe?/ and occur principally in the Tsuga heterophyZZa, 
Pinus ponderosa, and P i m a  sitchensis Zones as described by Franklin and Dyrness 
(1969). 
Pacific Northwest necessitates much re1 iance on findings elseQhere for  purposes 
of general inference from parallel situations.  

However, a re lat ive dearth of information specific t o  forests  of the 

Foraging for food by animals--from the smallest rodent and bird t o  the 
largest herbivore--is responsible for most animal damage problems. Depending 
upon the animal species and the stage of stand development involved, vir tual ly  
a l l  t ree  tissues--seed, foliage, ba rk ,  roots, and even wood--may be consumed as 
forage. Since the quantity, quality,  and avai labi l i ty  of such foods govern the 
extent t o  which they will be used by animals, i t  i s  n o t  surprising t h a t  damage 
levels generally peak during early stages of  stand regeneration and usually 
decline with advancing stand age (see footnote 2 ) .  
may be, i t  explains the fores te r ' s  traditional preoccupation with protecting seed, 
seedlings, and saplings from damage by animals. Not only i s  serious loss from 
mortality and growth retardation most l ikely during regeneration, b u t  unfavorable 
consequences may also follow for  the bulk of a timber rotation. Moreover, the 
vulnerable regeneration period most nearly coincides w i t h  the time t h a t  b o t h  
living and nonliving residues from preceding stands are a p t  t o  be most prominent. 

Crude as t h i s  generalization 

Increases in animal numbers increase the potential for damage t o  regenerat- 
ing forests ,  b u t  only i f  the expanded populations rely direct ly  on the regenerat- 
ing t ree crop as a food source. The same type and degree of animal foraging 
might cause serious loss in some cases b u t  inconsequential damage i n  others. 
Depredations on t ree seed by increased numbers o f  birds and small mammals, for  
example, might seriously impair the success of  natural o r  a r t i f i c i a l  seeding 
b u t  have no effect  on planted seedlings or advance regeneration. 

General l y ,  the greatest  changes in density and composi tion of animal popu- 
lations resul t  from al terat ions in forest  h a b i t a t .  Also, the more radical the 
change the more pronounced and lasting i s  i t s  effect .  
managed forests  i s  the prime cause of  change in the Pacific Northwest, since 
even the severe and extensive disturbances wrought by windstorm and wildfire 
are now usually followed by some form of logging. Q 

suddenly become an integral p a r t  of a much altered ecosystem. 
method of harvesting may vary from clearcutting t o  some form of partial  cutting 
or salvage, changes in habitat are substantial in most cases. 

Timber harvesting in 

Resulting residues thus 
Though the 

Timber harvesting creates residues of b o t h  living and nonliving material-- 
or, more properly s tated,  i t  transforms residues t h a t  occur naturally by 
increasing some and decreasing others. 
the development of invasive plants t h a t  have gotent ial  for creating residue 
situations.  
n o t  ut i l ized a t  harvest, plus a variety of shrubby and herbaceous species t h a t  
carry over from preceding stands as ei ther  remnant plants or stored seed. 
living residues, on the other hand,  include unmerchantable logs, standing snags, 
coarse limbs, and a f ine l i t t e r  complex of twigs, foliage, and other small 
debri s. 

I t  also a l t e r s  the ecosystem t o  allow 

Living residues consist chiefly o f  understory or  defective trees 

Non- 

g' Edward J .  Dimock 11. Assessment of animal damage in Pacific Northwest 
Pacific North- forests--a problem analysis and short-term program of research. 

west Forest and Range Experiment Station, USDA Forest Service, 12 p . ,  1971. 
- 
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Character, density, and distribution of residues can significantly affect  
the numbers and kinds of vertebrates t h a t  u t i l i ze  forest  s i t e s .  Thus, man has 
the opportunity t o  manipulate animal habitat by varying bo th  harvesting and 
residue disposal techniques. S t i l l  unclear, however, i s  j u s t  w h a t  o r  how great 
the impact o f  certain practices will be as opposed t o  others. Until the inter-  
actions o f  harvesting, residues, animal populations, and animal damage undergo 
more intensive scrutiny, most observed impacts should be considered localized 
and short term. 
effects  on different  s i t e s  may vary widely. 

Due t o  the dynamic nature of forest  ecosystems, long-term 

ANIMAL POPULATIONS 

Improvement of animal habitat i s  considered the most universal effect  of 
radical forest  disturbances caused by either nature or man. Unbroken expanses 
of mature, old-growth timber are limited ig their  capacity t o  sustain large 
numbers of animal species t h a t  depend, a t  l eas t  in p a r t ,  upon the habitat 
afforded by pioneering stages of forest  development. Wild1 i f e  managers, whose 
chief concern i s  the propagation and management o f  birds and mammals sought by 
sportsmen, generally concur t h a t  timber cutting has been the single tool most 
useful t o  man in enhancing habitat for game (Lauck.hart 1957). Numbers o f  black- 
tailed deer in Washington, for  example, are now t h o u g h t  t o  exceed by many times 
the populations during the days of pioneer settlement (Brown 1961). Thouqh  
such i'ncreases are t o  some extent a response t o  restr ic t ions on unregulated 
hunting, they resul t  chiefly from the altered habitat created by widespread 
f i r e s  and timber cutting. 
California has caused substantial increases in songbird populations and marked 
changes in avian species composition (Hagar 1960). Similarly, habitats for  
forest  game birds such as ruffed grouse, blue grouse, and band-tailed pigeons 
benefit from stages of forest  succession short of climax types. Optimum habitat 
for these species i s  usually associated w i t h  transitional forest  stages t h a t  
contain mixed stands of softwoods, hardwoods, shrubs, and herbaceous vegetation. 

Logging of Douglas-fir forests in northwestern 

Removal of old-growth forest  cover i s  n o t  necessarily beneficial t o  a l l  
mammals and birds. Some species depend solely or in large pa r t  on the food, 
cover, nesting s i t e s ,  and other environmental necessities provided by climax o r  
near-climax timber types. 
conifers of cone-bearing age t h a t  provide a staple food source in the form of 
t ree seed (Hooven 1969). 
readily a d a p t  t o  the radically altered environment caused by removal of mature 
timber. The red t ree mouse--a small arboreal, microtine rodent--relies almost 
exclusively on the l ive crowns of Douglas-fir trees for i t s  complete habitat 
needs in the humid, coastal forests o f  Oregon (Hamilton 1962). 
of voles and shrews apparently find the heavy duff and l i t t e r  layers under dense 
stands of old growth untquely suited t o  the i r  ecological requirements and may 
respond to overstory removal by local population declines (Hooven 1969).  Working 
in old-growth Douglas-fir forests of northwestern. Cal i fornia ,  Tevis (1956~)  found 
t h a t  logging increased numbers o f  whi-te-footed and big-eared mice, Townsend 
chipmunks, dusky-footed wood ' ra t s ,  digger squirrels ,  chickarees, gray squirrels ,  
and brush rabbits;  b u t  decreased numbers of Trowbridge 'shrews, red-backed mice, 
flying squirrels ,  and shrew-moles. However, different small-mammal population 
trends may occur in other timber types. 
cutting i n  coastal forests  of Alaska (Picea sitchensis Zone) doubled shrew popu- 
lat ions,  increased vole populations sixfold, and decreased deer mice populations 
by s ix times. Though  n o t  well-documented, the habitat requirements for  a number 

Douglas squirrels ,  for  example, seldom stray fa r  from 

Certain other species are quite specialized and cannot 

Various species 

Harris (1968) concluded t h a t  clear-  
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of small insect- and seed-eating birds may depend t o  a major degree on the 
presence of mature timber for  foraging, nesting, and avoiding predators (Marshall 
1971) .  Likewise, some large raptorial birds, such as hawks and eagles, are known 
t o  depend upon habitats associated with mature timber types for  successful nest- 
ing and rearing of young (Anderson 1971 , Reynolds 1971 ) .  

The gradual conversion of old-growth forests to younger stands managed on 
relatively short rotations may ultimately impoverish habitat for  some birds and 
mammals. However, over large areas, the changes are gradual  and ameliorated by 
mixtures of old and young stands t h a t  characterize most s i t e s  where timber i s  
managed for commercial purposes. Moreover, preservation of large acreages in 
parks, wildernesses, and various classes of wild and natural areas will insure 
perpetuation of the relat ively few species thabmight be endangered due t o  any 
habitat deterioration from extensive timber harvesting, 
largely speculative and should n o t  be allowed t o  obscure the fac t  t h a t  regulated 
timber harvesting enhances habitat for f a r  more mammals and b k d s  t h a t  i t  does 
no t .  0 

Such dangers are 

EFFECTS OF LIVING RESIDUES 

L i v i n g  residues resulting from remnant vegetation a f te r  logging exert mostly 
favorable effects  on animal populations. 
such residues afford varying amounts of food and cover for  both  mammals and birds. 
Residual p l an t s  can be of pronounced importance a f t e r  clearcutting--often tempor- 
a r i l y  providing the only available source of forage. 
sional stages can a l s o  intensify th i s  effect  i f  l iving residues supply the 
nucleus for a dominant, seral shrub cover t h a t  develops a f t e r  logging. 
more humid forests west of the Cascade Range, species typically regenerating 
from living residues include suck shrubs as s a l a l ,  vine maple, thimbleberry, 
and  t ra i l ing  blackberry--all important for  wildlife food and cover. 
dr ier  habitats t h a t  characterize ponderosa pine forests ,  understory shrubs such 
as bitterbrush, an important browse species, may respond favorably t o  the release 
effected by timber harvest. 

Depending on composi tion and densi,ty, 

The progression of succes- 

In the 

In  the 

Unfavorable effects  of l iving residues are generally few. Certain remnant 
species may effectively crowd o u t  others t h a t  are more desirable for  wildlife 
food b u t ,  in so doing, may provide improved cover. 
and specific residual shrubs assume a dominant role w i t h i n  the i r  vegetative asso- 
ciations,  the resul ting dense cover may actually impede movements of large 
animals. This effect  i s  generally not serious with big game b u t  can be of 
concern on range habitats used by domestic stock. 
vigorously regenerate from stored seed may offer good habitat to only a limited 
number of wild1 i f e  species. 
cutting in Sitka spruce-western hemlock forests i s  a good 0 example. 

As succession progresses 

Similarly, plants t h a t  

The temporary predominance of salmonberry a f t e r  

EFFECTS OF NONLIVING RESIDUES 

Accumulations of nonliving debris comprise the most vis ible  aftermath of 
Their character and appearance vary with timber type, age timber harvesting. 

of stand, and method of cutting. 
treatment, for  a t  l eas t  a brief period a f te r  logging, probably asser t  a greater 
impact upon animal populations than do living residues. 

In any case, nonliving residues and the i r  
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Nonliving residues t h a t  follow logging in both  the Picea sitchensis and 
Tsuga heterophyZZa Zones are superficially similar and often large- in volume. 
Clearcutting i s  the most common form of harvest in the timber types occurring 
there, and debris from defective old-qrowth stands may easily exceed 100 tons 
per acre (224 metric tons per hectare) (Dell and Ward 1971) .  A recent trend 
toward partial cutting i n  some stands has served t o  reduce the volumes of debris 
t h a t  occur a l l  a t  once on specific s i t e s ,  and gradually improving ut i l izat ion 
standards also help t o  lessen the incidence of extreme accumulations. Mature 
timber of younger age classes i s  normally less  defective and produces correspond- 
ingly less residue. Thinning of young-growth timber may yield widely varying 
amounts of slash depending upon type of thinning and age class.  

Past adherence t o  variations of selective cutting in the relatively open 
timber types of the Pinus ponderosa Zone has led t o  substantially l ighter  
volumes of nonliving debris in these types. However, the increasing use of 
clearcutting in conjunction with a r t i f i c i a l  reforestation on some ownerships 
has augmented the problems of residue accumulation and disposal--particularly 
in timber types containing understories of marginal merchantability. 

Effects of nonliving debris are mostly favorable t o  the wide spectrum of  
animals whose habitat i s  improved by timber harvest. 
mammals and birds are vulnerable t o  predation by hawks, owls, weasels, coyotes, 
and other species, the escape cover, afforded by residual slash enhances the 
already improved h a b i t a t .  Clearcutting will most readily encourage rapid 
population increases i f  food and cover become simultaneously available. The 
presence of slash has improved habitat, for even those species, such as deer mice, 
t h a t  normally do no t  require dense cover (Hoffer e t  a l .  1969). 
provides favorable nesting habitat for small birds--wi t h  ground-nesting species 
taking advantage of slash piles and hole-nesting species ut i l iz ing available 
snags. 

Since most small 

Slash also 

Slash may also serve ei ther  direct ly  or indirectly as a source of forage. 
B o t h  coarse and f ine residues are rapidly invaded by a variety of insects avidly 
sought  as food by many small birds and mammals. Furthermore, fresh slash i t s e l f  
may also provide excellent forage for larger mammals, i f  only for  a temporary 
period. Hardwood slash has been observed t o  be an important source of browse 
f o r  white-tailed deer on right-of-way clearings in Pennsylvania (Bennett 1962) ;  
and b o t h  deer and cottontail  rabbits readily feed upon apple prunings i n  the 
same State area (Morton and Sedam 1938). Studying the ut i l izat ion o f  maple and 
birch residues in Maine, Alkon (1961) found t h a t  white-tailed deer preferred slash 
from wintertime logging over t h a t  produced before leaf f a l l .  
Washington, I have also observed heavy foraging on winter-produced Douglas-fir 
slash by b o t h  black-tai7ed deer and snowshoe hare. 

In western 

Although large concentrations of slash can somewhat deter big-game use of 
cutover lands ,  moderate concentrations can give deer and elk a competitive 
advantage over livestock using the same range. 
t h a t  undisturbed slash was associated with greater use by mule deer and lesser 
use by ca t t l e  in ponderosa pine forests of the Kaibab Plateau. 

Reynolds (1966a, 1969) noted 

Detrimental aspects of nonliving residues probably affect  big game and 
domestic stock more t h a n  other animals. Two effects are paramount. 
can simultaneously inhibi t  production of preferred browse plants as well as the i r  
accessibi l i ty  t o  the animals t h a t  browse them. As inferred above, c a t t l e  have 
greater d i f f i cu l t i e s  in ut i l iz ing ranges with undisposed slash t h a n  do deer or 

Dense slash 
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elk. The physical hindrance on ca t t l e  imposed by nonliving residues has been 
noted in a variety of ponderosa pine types (Pearson 1923, Reynolds 1969, 
Glendenning 1944). 
fers in northeastern Oregon have also been shown t o  impede c a t t l e  movements, 
thereby negating the benefits of browse t h a t  had been improved by timber harvest- 
ing (Young e t  a l .  1967). Restricted elk use of cutovers by dense, uniformly 
distributed slash has been observed by Swanson (1970) in the coastal forests  of 
western Oregon. Likewise, slash residues evidently deterred deer use temporarily 
a f te r  s t r i p  cutting in Colorado (Wallmo 1969). 

Slash piles resulting from sanitation logging in mixed coni- 

Similar unfavorable effects  of nonliving residues can be experienced by 
other animals b u t  are considerably less  significant.  
single effect  i s  depression of forage production by large volumes of debris. 
Habitat factors unrelated to the capacity of a s i t e  t o  produce forage can also 
be adversely affected. 
due t o  logging slash (Gullion e t  a l .  1962) may suggest similar parallels in the 
Northwest . 

Perhaps the greatest  

The loss'-of drumming s i t e s  for  ruffed grouse in Minnesota 

EFFECTS OF RESIDUE TREATMENT 

I n  a broad sense, treatment of residues a f t e r  timber harvest has a twofold 
impact. F i r s t ,  the influence o f  n o n l i v i n g  debris i s  altered and mostly reduced 
ei ther  by combustion, rearrangement, or pulverization. Second, the complex of 
living residues i s  suff ic ient ly modified t o  measurably affect  a l l  parts o f  the 
ecosystems already altered by logging. As pointed out by Dyrness (1965), history 
of disturbance may be a t  l eas t  as important as preceding vegetative composition 
in determining subsequent plant distribution. 
immediate and mostly decline as stages of ecological succession advance (Yerkes 
1960) .  

Greatest impacts are generally 

Responses by highly mobile animal populations t o  residue treatment are  
more subtle and d i f f i cu l t  t o  evaluate t h a n  responses by more stationary elements 
of the ecological community such as plants. Nonetheless, substantial responses 
do occur. Effects are for  the most p a r t  transitory, however, b u t  semipermanent 
impacts are a t  l eas t  possible for  some animal species. 
in avai labi l i ty  of  a balanced complex of food and protective cover will govern 
the extent t o  which animal populations will be affected by residue treatment. 
Hence, the more radical the changes effected by treatment the more pronounced 
and lasting will be the i r  effects .  

Essentially, changes 

i 

Burning 

The commonest residue treatment following timber harvest in ei ther  humid or 
more xerophytic forest  types of the Northwest i s  prescribed burning. 
burning may induce b o t h  chemical and physical changes upon forest  soil  as well 
as reduce concentrations of both living and nonliving matter, i t  can also be the 
most drast ic  of residue treatments. Such an effect  i s  no t  inevitable, however, 
since burning conditions vary, and partial  or incomplete combustion may resu l t  
in less pronounced changes than  those produced by other treatment alternatives.  

Since 

For disposal of logging slash, two principal burning options are open to 
the forest  manager, and his choice between broadcast burning and some form of 
piling and burning depends upon timber type, age class ,  amount of residue, and 
sometimes the whim of the decisionmaker. Clearcutting i s  i s u a l l y  followed by 
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broadcast burning in the more humid, coastal timber types b u t  may be followed by 
some combination of piling and burning. The l a t t e r  method i s  more commonly used 
i n  ponderosa pine timber types. 
or partial cutting, the piling and burning method i s  also the normal choice. 

When residue disposal i s  needed a f t e r  t h i n n i n g  

Abatement of woody debris i s  the most immediately obvious consequence of  
burning. 
residues are large enough in volume t o  r e s t r i c t  access and mobility; b u t  other 
animals whose habitat i s  enhanced by tangles of coarse and fine residues are 
adversely affected. An often-lauded impact of burning i s  i t s  tendency t o  s e t  
plant successional stages back even far ther  than the reversals b r o u g h t  about  by 
timber harvesting i t s e l f .  Beneficial consequences for big game, range stock, 
and some smaller animals are: 
include shrubby and herbaceous species t h a t  may be more highly preferred as 
forage. Numbers of p l a n t  species available as preferred forage may be 
augmented. 
(4 )  Quality of preferred forage may be stimulated by the temporarily increased 
supply o f  nutrients (chiefly N and P)  t h a t  are released by burning and made 
available for  plant growth. (5)  Reversion t o  pioneering p l a n t  stages may effec- 
tively prolong the period of optimum habitabili ty for animals. However, n o t  a l l  
mammals and birds benefit from a fire-altered ecosystem, and some refer the 
habitat afforded by unburned dead and living residues (Hooven 19695. Stimulation 
of certain site-dominating plants, such as species of Ceanothus and ArctostaphyZos 
t h a t  germinate from stored seed following burning (Gratkowski 1961) ,  i s  also a 
mixed blessing for  animal populations. The resulting habitats,  although favor-  
able t o  a few animals, discriminate against others. 
conditions favorable t o  e i ther  na tura l  or a r t i f i c i a l  regeneration of  commercially 
desirable timber species. Since this  goal i s  usually a prime objective of  forest 
management, i t s  rapid attainment i s  detrimental t o  those animals whose habitats 
are favored by more prolonged associations of seral shrubs and herbaceous cover. 
Similarly, the destruction of more tolerant understory trees t h r o u g h  burning i s  
ul timately unfavorable t o  animal species t h a t  prefer mixed over pure stands. 

The change i s  direct ly  advantageous t o  large mammals i f  untreated 

( 1 )  The pioneering stages of p l a n t  succession 

( 2 )  
( 3 )  Total quantity of preferred animal foods may be increased. 

Too, burning may improve 

Though  burning may improve access t o  seeds and other foods, successful 
reduction of residues by f i r e  i s  probably more neutral than beneficial t o  most 
bird l i f e .  Access t o  existing forage i s  seldom limiting t o  avian species. In 
the Douglas-fir region of northwestern California, Hagar (1960) noted t h a t  
Oregon juncos and winter wrens are particularly dependent on the resting and 
escape cover afforded by cull logs and other slash. Nevertheless, comparing 
songbird populations in underburned and nonburned stands of 20-year-old slash 
pine in southern Florida, Emlen (1970) found number and composition of resident 
species essentially the same. 
identical,  a1 though  t ree foragers showed a s l ight  b u t  nonsignificant preference 
for  burned habitat and shrub foragers for  unburned. From a logical standpoint,, 
production of  and accessibi l i ty  t o  foods valuable t o  some game birds may be 
improved by burning. However, in the Pacific Northwest, as elsewhere, good 
habitat for game birds depends mostly upon a favorable balance of food and cover, 
and factors other than  b u r n i n g  are normally more responsible for creating such 
a balance. 

Counts of ground foraging birds were nearly 

Small mammal populations are i n i t i a l l y  depressed when residues are 
radical ly  reduced by b u r n i n g  (Lawrence 1966). 
ing clearcutting over large areas are most notable in th i s  respect and more 
nearly approach the impact o f  uncontrolled wildfires. 
the other hand,  may have negligible effects  on small mammal populations i f  the 

Controlled broadcast burns follow- 

Piling and burning, on 

* 
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environment already disturbed by logging i s  l i t t l e  altered by burning i t s e l f .  
Despite i n i t i a l  popu-lation declines, however, recovery by some species i s  almost 
immediate. 
California, and Moore (1940) in western Oregon and Washington refer  to  the rapid 
recovery Gf deer mouse populations that may within a few months exceed levels 
prevailing before broadcast burning. Other small mammals, such as some voles 
and shrews, may require many years before populations will rebuild t o  levels 
equal to those before b u r n i n g .  Shrew populations, for example, can be vir tual ly  
wiped o u t  by debris burning (Moore 1942). 
the loss of protection formerly provided by logging debris and seem unable t o  
adjust t o  cleanly burned conditions (Hooven 1969), bu t  populations begin to  
rebuild slowly a f t e r  several months (Moore 1940). 
made in jack pine types of Minnesota (Ahlgren 1966); in a 3-year study, burning 
of slash appeared to  favor deer mice, b u t  red-backed mice and leas t  chipmunks 
preferred the denser habitats associated with unburned slash. 
small mammals need a t  l ea s t  moderate adjustment periods a f t e r  f i r e ,  b u t  some 
have the potential for  quickly taking advantage of any habitat improvements 
caused by burning. 

b v e n  (1969) in west-central Oregon, Tevis (1956a) in northern 

These animals evidently suffer from 

Similar observations have been 

In general , a1 1 

Prescribed burning i s  the cheapest and most widely recommended tool fo r  
improving big-game and livestock ranges i n  various parts of the United States 
(Leopold 1950). 
west and adjacent areas has encompassed a variety of timber types: Douglas-fir 
forests  o f  western Oregon (Swanson 1970, Harper 1971), Douglas-fir and 
grand f i r  forests  of Idaho (Pengelly 1963; Lyon 1966; Leege and Hickey 1971; 
Leege 1968, 1969), Dou l a s - f i r  forests  of western Montana,?/ and ponderosa pine 
forests  in California QBiswell 1960). The favorable impact of residue burning 
on habitats for deer, e lk,  and livestock i s  discussed by Garrison and Smith 
(1974) in greater de ta i l .  
forest  types in the Pacific Northwest may be drawn from the conclusions of 
Harper (1971 ) who appropriately cautions: 

Documentation of i t s  beneficial effects  in the Pacific North- 

However, an inference applying equally well t o  a l l  

Even t h o u g h ,  in some cases, burning enhances forage production, i t  i s  
misleadi.ng and incorrect t o  s t a t e  t h a t  widespread slash burning will 
increase production on a11 s i t e s .  The physical characteristics of 
each area, including soil  type and depth, slope, exposure, moisture 
and other factors make each s i t e  different  in i t s  vegetative response 
to  burning. 

Optimum benefits often accrue in vegetative associations t h a t  are inherently 
leas t  productive for  forage; and ,  contrarily,  where forage production i s  
inherently high, leas t  benefits may be expected. 

Mechani cal Trea tment 

Reduction, modification, and rearrangement of residues by mechanical means 
are al ternat ives  to b u r n i n g  t h a t  will have increasing application in future 
forestry practice. Use of such methods has often been complementary to  and in 
conjunction with the use of f i re--e .g. ,  machine or hand piling in preparation 
for burning. However, mechanical methods have been t r ied purely as al ternat ive 

'' Ralph A .  Warner. 'Some aspects of browse production i n  relation t o  
timber harvest methods and succession in western Montana. 
o f  Montana, Missoula, 74 p . ,  i l l u s . ,  1970. 

M.S. thesis ,  University 
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treatments. Included are such techniques as lopping and scattering of  unmer- 
chantable treetops, windrowing of dead and living debris, chipping or mashing 
of residues w i t h  heavy equipment, yarding of unmerchantable material for 
possible u t i l i za t ion ,  and even burying of slash for disposal of concentrated 
debris. 
feasible on steep ground, the i r  use has been li'mited. 
animals of s t r i c t l y  mechanical treatment are n o t  well documented. 

Because such methods are relatively costly,  and many are n o t  even 
Moreover, the effects  on 

From a logical standpoint, many effects of mechanical treatment should be 
similar t o  those caused by burning, though chemical changes and subsequent p l a n t  
responses due t o  combustion i t s e l f  would be lacking. The physical reduction of  
dense debris concentrations by crushing and chipping should be beneficial to 
large animals i f  i t  eases restr ic t ions on the i r  movements or access to forage. 
Smaller animals, on the other hand, would n o t  benefit from the removal of needed 
escape cover. Windrowing has the potential advantages of both fac i l i t a t ing  
big-game and livestock movements and creating escape cover suitable for  some 
m a l  l e r  animal species. However, temporary destruction o f  forage and disruption 
of runways and burrow systems by the heavy equipment commonly used may part ia l ly  
nullify these advantages. Burying debris probably has a similar impact t o  wind- 
rowing, b u t  reducing physical obstacles without providing compensating cover 
would l ikely prove less  advantageous t o  animal populations as a whole. 

Experience in western Oregon suggests t h a t  soil  disturbance associated w i t h  
operation of crawler t ractors  in logging Douglas-fir on high s i t e s  can s ignif i-  
cantly improve forage for  some b i g  game. 
accrue from mechanical treatment of residues with heavy equipment. 
of soil  scarification i n i t i a l l y  depressed b u t  u l  timately enhanced the production 
of preferred elk forage in both sword fern-wood sorrel and rhododendron-Oregon 
grape communities (Harper 1971 ) .  Considered high- and low-producing habitats,  
respectively, each type produced more preferred forbs and grasses and less  
nonpreferred shrubby species 5 years a f te r  disturbance. Further , the improved 
forage conditions persisted for 10 years or more a f t e r  logging. 
comparison of burning and scarification effects ,  burned s i t e s  produced less  
t o t a l  cover t h a n  untreated s i t e s ,  b u t  a higher proportion of preferred species; 
scarified s i t e s  produced more total  cover t h a n  untreated, and also a higher 
proportion of  preferred species. 

The same benefits would presumably 
A h i g h  degree 

In an a l l ied  

Experience in other timber types can be ei ther  parallel or conflicting. 
Moderate soil  disturbance i n  mixed coniferous forests  of northeastern Oregon 
evidently improved forage conditions for ca t t l e ,  b u t  heavy disturbance depressed 
production by slowing natural  revegetation (Young e t  a l .  1967). In th i s  case, 
machine piling of slash also impeded c a t t l e  movements and largely offset  forage 
gains produced by sanitation logging. Reynolds (1966a) reached similar conclu- 
sions i n  ponderosa pine forests  o f  the Kaibab Plateau. 
by bulldozer p i l i n g  and b u r n i n g  did n o t  increase herbage production, i t  d i d  
augment ca t t l e  use--whereas deer use remained greater in untreated slash. 
over, in Douglas-fir and grand f i r  types of the northern Rocky Mountains, 
Pengelly (1963) believed t h a t  bulldozing slash and burning i t  in piles would be 
less  effective than  broadcast b u r n i n g  i n  improving habitat for white-tailed deer, 
mule deer, and elk. In white spruce forests of western Alberta, scarification 
a f te r  logging retarded big-game forage production and ut i l izat ion for 1 t o  2 
years compared w i t h  nonscarification (Stelfox 1962) .  Furthermore, forage pro- 
duction remained depressed 5 years l a t e r .  Similarly, s i t e  preparation with 
rolling choppers on sandhill s i t e s  i n  Florida decreased forage for  game species 
and substituted no food plants of comparable value (Hebb 1971).  

Although slash treatment 

More- 
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Chemical Treatment 

Despite current environmental concerns, treatment of living and nonliving 
residues w i t h  chemicals has b o t h  proven and hypothetical values , respectively, 
fo r  hastening and protecting the growth of regenerating forest  crops. 
option entai ls  the use of herbicides t o  release desired t ree regeneration from 
overtopping or competing brush. A second option, the pract ical i ty  of which i s  
presently more conjectural than  demonstrable, i s  the use of mu1 tipurpose 
chemicals t o  ac t  as f i r e  retardants, hasten slash breakdown, and benefit t ree 
growth incidentally t h r o u g h  fe r t i l i za t ion .  Regarding treatment effects  on 
animal populations in forest  habitats,  l i t t l e  i s  known about  the f i r s t  option, 
and nothing about  the second. 

One 

Depending on the chemical formulation used and the type of residue treated, 
every herbicide application probably has b o t h  positive and negative impacts on 
bird and mammal habitats. Though documented evidence on beneficial effects  i s  
no t  overwhelming, herbicides have been used operationally for  the express purpose 
of improving game habitat in low-value timber types resulting from logging. 
example, herbicide applications have been deemed beneficial for  sharp-tailed 
grouse and white-tailed deer on hardwood-conifer scrublands in Michigan (Ammann 
1963) and Wisconsin (Hartman 1956). Studies also suggest t h a t  herbicides can 
be more effective t h a n  b u r n i n g  i n  stimulating a preferred species o f  deer browse, 
such as mountain maple, in Minnesota (Krefting e t  a l .  1956); and t h a t  aerial  
treatments can consistently and effectively increase browse production and deer 
use in a variety of habitats (Krefting and Hansen 1969).  
Reid (1956) seriously question the wisdom of extensive herbicide use i n  the 
South t o  convert low-value hardwoods t o  southern pine species; and they c i t e  
deleterious effects  on wildlife habitat. Study resul ts  elsewhere also have 
negative imp1 ications.  Herbicide treatments failed t o  stimulate browse produc- 
tion on big-game winter ranges in northern Idaho and even reduced or eliminated 
preferred browse species (Mueggler 1966, Lyon and Mueggler 1968). 
instances, nevertheless, an unfavorable impact on animal habitat  may be the 
desired objective o f  chemical treatment--e.g. , the herbicide-induced reduction 
of food supply for  plains pocket gophers on rangelands in Colorado (Keith e t  a l .  
1959, Tietjen e t  a l .  1967). 

For 

However, Goodrum and 

In  some 

Though  herbicide treatments are normally aimed a t  reducing the competition 
afforded by residual shrubs and low-value trees t o  desired timber species, the i r  
side effects  have implications of value for  management. The intentional manipu- 
lation of animal habitats with chemicals may prove useful i f  effects  on animal 
habitats and t ree growth are compatible and complementary. Preliminary studies 
of herbicide effects  on Dguglas-fir cutovers in western Oregon suggest t h a t  the 
abundance and species composition of small mammals can be altered with no acute 
impact on total  populations (Borrecco e t  a l .  1972). Further, use by black-tailed 
deer of the same cutovers was somewhat reduced by treatment--a possible benefit 
t o  tree growth. 
t h a t  herbicide release did not benefit t ree survival or growth among Douglas-fir 
seedlings growing in prime elk habitat of coastal Oregon. 
immediate effects  of extensive spraying over large acreages may be unfavorable 
to both elk and Douglas-fir; b u t  he also reasons t h a t  spraying living residues 
in older cutovers may encourage production of available browse and increase use 
by elk. 
Gratkowski (1974). 

On the other hand ,  Harper (1971) presents tentative evidence 

He speculates t h a t  

The use of herbicides on living residue i s  more ful ly  discussed by 
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The potent ia l  of t reat ing nonliving residues w i t h  nu t r i en t- r i ch  f i r e  
r e t a rdan t s  has not  a s  y e t  been adequately explored. However, i f  forage spec’ies 
a r e  successfu l ly  enhanced i n  amount and q u a l i t y ,  net bene f i t s  f o r  some w i l d l i f e  
a r e  l i k e l y .  

ANIMAL DAMAGE 

Mammals t h a t  t y p i c a l l y  cause damage i n  regenerat ing f o r e s t s  have been amply 
documented and were extens ive ly  reviewed. by Radwan (1963). Additional references 
pertinent t o  problem animals and damage s i t u a t i o n s  i n  the Pac i f i c  Northwest and 
elsewhere throughout North America would include:  Genera2 (Black 1970, Canutt 
1969, Crouch 1969b, Dimock and Black 1969, Heacox and Lawrence 1962, Hermann 
1969, Hooven 1970); Seed eaters  (Abbott 1966, Adams 7947, Gashwiler 1969, Krull 
1970, McGregor 1958, Radwan 1969, Shearer and Schmidt 1971 , Schmidt and Shearer 
1971); Foliage feeders (Bergerud and Manuel 1968, Cook 1946, Crouch 1968, Crouch 
and Paulson 1968, Fowle 1960, Gessel and Orians 1967, Godin 1964, Gurchinoff and 
Robinson 1972 , Janzen 1962, M i  t che l l  1964, Read 1971 , Richards and Farnsworth 
1971 , Tierson e t  a1 . 1966, Wakeley 1970, Wal ters and Soos 1961); Root and stem 
feeders (Crouch 1971 , Hermann and Thomas 1963, Oliver 1968, Tevis 1956b). 

The co r re l a t ion  between animal damage and animal populations would seem t o  
For the most pa r t ,  i t  undoubtedly is--but only f o r  mammals and birds 

Despite the considerable number of spec ies  known t o  forage  

be c lose .  
t h a t  s i g n i f i c a n t l y  reduce o r  delay f o r e s t  y i e l d  by their a c t i v i t i e s .  
not a l l  animals do. 
on tree seed o r  t o  use young trees f o r  food and occasional nesting ma te r i a l ,  
species causing measurable economic damage a r e  relat ive’ly few. 
ing of ve r t eb ra t e s  having the most serious economic impact on Douglas- fir and 
ponderosa pine i n  the Pac i f i c  Northwest would include: 

Obviously, 

A t e n t a t i v e  1 i s t -  

Species 

Douglas squirrel 
Deer mouse 
Ye1 low pine chipmunk 
Golden-mantled ground squ i r r e l  
Oregon junco 
Varied thrush 
B1 a c  k- t a i  1 ed deer 
Mule deer 
Elk 
Snows hoe hare 
Blue grouse 
Mountain beaver 
Northern pocket gopher 
Porcupine 
Black bear 

Food item most 
re1 evant t o  damage 

Seed 
Seed 
Seed 
Seed 
Seed 
Seed 
Fol iage  
Foliage 
Fol iage  
Foliag’e 
Foliage 
Foliage 
Roots, bark 
Bark 
Sapwood 

In add i t i on ,  each of the above spec ies  may bene f i t  man by i t s  a c t i v i t i e s  
Cacheing cones t h a t  may a s s i s t  seed o r  presence w i t h i n  the f o r e s t  ecosystem. 

collectors, burying seed t h a t  may contribute t o  natural  tree regenera t ion ,  
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improving soi l  t i l t h  that  may enhance t ree growth, or simply providing enjoy- 
ment t h a t  may benefit sportsmen and recreationists--all  are recognized 
phenomena having ei ther  practical or ameni ty value. Weighing the positive and 
negative contributions of each species, therefore, becomes a highly subjective 
and probably f ru i t l e s s  endeavor. In  short,  animals can and do damage forest  
crops. 
following man's timber harvest ac t iv i t ies  t h a t  lead t o  residue situations.  

Moreover, the animals t h a t  do so most commonly expand the i r  populations 

What, then, are the effects  of residues and their  treatment on animal 
damage per se? 

Unfortunately, the effects  of e i ther  living residual plants or woody debris 
on levels of animal damage are even less  well documented than  the i r  effects  on 
animal populations. Numbers of animals will vary t o  the extent t h a t  their  h a b i -  
t a t s  are ei ther  enhanced or degraded by residues and residue treatments. 
Accordingly, most inferences must be drawn from the assumed relationship imp1 ied 
previously--i.e., increases in populations of problem mammals and birds will 
l ikely i n i t i a t e  or  intensify damage t o  forest  crops. 
general, however, and cannot be assumed t o  be axiomatic. High populations of 
deer and elk do  not always lead t o  acute browsing problems, for  example, (Hines 
1963). Relatively l'ow numbers of deer mice, on the other hand,  may seriously 
1 imit natural  regeneration of preferred t ree species, and almost completely 
nullify a r t i f i c i a l  seeding effor ts .  Moreover, low populations of seed eaters 
sometimes consume more t ree seed than  high populations (Moore 1940). 

The relationship i s  only 

EFFECTS OF LIVING RESIDUES 

In providing b o t h  forage and cover, living residues are chiefly beneficial 
t o  nearly a l l  birds and mammals considered problem species--especially those t h a t  
uti1 ize t ree and shrub foliage. 
probably less  for  seed-eating animals, depending upon the food and cover require- 
ments of specific mammals and birds. Immediate benefits are probably leas t  f o r  
subterranean r o o t  feeders, namely pocket gophers, and also bark and sapwood 
feeders t h a t  prefer habitats associated with more advanced successional stages. 

Though  s t i l l  considerable, advantages are 

Though  n o t  s t r i c t l y  a living residue in the sense defined here, the forest  
edge bordering harvested timber has a profound effect  on some problem species. 
Many, whose habitats are temporarily worsened by clearcutting, will re t rea t  t o  
forest edges for necessary cover where the interface between cut and uncut timber 
i s  even more suitable habitat than  e i ther  alone. One notable example i s  snow- 
shoe hare; and i t  will range extensively in open habitats i f  suitable escape 
cover i s  available (Hooven 1969). 
edge habitats immediately fol lowing timber cutting (Hooven 1973). 
distance from mature timber on elk use and damage t o  Douglas-fir seedlings was 
intensively studied by Harper (1971), who found  tha t  elk damage decreased as 
distance from timber edge increased. 
deer and elk ceased t o  use clearcut openings beyond 1,200 and 1,400 fee t  (366 
and 477 meters), respectively, from timber edges. 

Townsend chipmunk, a seed ea te r ,  also prefers 
The effect  of 

Similarly, Reynolds (1966b) found t h a t  mule 

The attractiveness of shrubby residues as forage can influence 
the degree of damage to t ree regeneration growing in close proximity (Gratkowski 
1967). Cover o f  t ra i l ing  blackberry, a species highly preferred by black-tailed 
deer, led t o  increased damage on associated Douglas-fir seedlings in a northwest 
Oregon study (Crouch 1968); however, he also found t h a t  incidence of damage t o  
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t ree  seedlings varied inversely with increasing height of associated shrubby 
cover. Similar protective effects  of living residue cover have been noted 
elsewhere. 
protected planted Douglas-fir from snowshoe hare and black-tailed deer in 
western Washington. 
t h a t  deer d i d  n o t  readily browse seedlings until they exceeded 3 feet  (1 meter) 
in height. 
effect  on deer,- a1 t h o u g h  experience elsewhere has shown t h a t  salmonberry 
habitats can greatly increase the probability of rabbit and hare clipping on 
interplanted Douglas-fir. 

Dimock (1964) found t h a t  t a l l  , dense western bracken measurably 

Later results from the same study (Dimock 1970) showed 

DenaT salmonberry in western Oregon was found t o  have a similar 

EFFECTS OF NONLIVING RESIDUES 

Unmerchantable logs, snags, 1 imhs , and 1 i t t e r  provide favorable cover-- 
mainly for  small mammals and birds. As pointed o u t  e a r l i e r ,  fresh slash may 
a l so  provide temporary forage fo r  such mammals as hare, rabbits,  and deer. 
Hence, the presence of nonliving residues can increase the probability o f  damage 
t o  young trees by small animals i f  the woody debris substantially improves 
animal habitats. flitchell (1950) observed t h a t  planting trees 5 t o  20 fee t  
( 2  t o  6 meters) from brush piles was necessary t o  lessen damage by brush rabbits 
on western Oregon s i t e s .  
habitats with prominent slash piles can also be expected. 

Increased potential for damage by snowshoe hare in 

From the standpoint of animal damage, physical protection from animals i s  
probably the predominant effect  of nonliving residues upon Douglas-fir and 
ponderosa pine regeneration. Though i t  i s  doubtful t h a t  birds are appreciably 
deterred by slash in the i r  foraging for  t ree seed, the presence of f ine debris 
allows many seeds t o  go undetected in protected locations t h a t  may favor subse- 
quent germination and growth. 

The intentional use of l ight ly piled slash t o  protect ponderosa pine seed- 
lings from big-game browsing has been common practice for  several years on some 
National Forests in the Pacific Northwest. In ponderosa pine types of northern 
Arizona, Arnold (1953) observed t h a t  a l igh t  scattering of slash favored estab- 
1 ishment of pine seedl in s--presumably by providing temporary protection from 
livestock. Grisez (19607 in Pennsylvania conclusively demonstrated t h a t  slash 
piles effectively protected regenerating hardwoods from deer browsing; and he also 
cited instances elsewhere in which slash had inadvertently given browsing protec- 
tion (Pearson 1923, L i t t l e  and Somes 1949) ,  or loppings had been intentionally 
used for the same purpose (Clepper 1936). 
found t h a t  Douglas-fir seedlings planted on highly disturbed sites--those 
relat ively free of logging debris--were more prone t o  browsing than  those planted 
in undisturbed locations. Decreasing incidence of elk damage t o  Douglas-fir 
regeneration with increasing amounts of woody debris has also been shown in 
coastal western Oregon (Swanson 1970). 
i s  covered in greater detail  by Garrison and Smith (1974).  

In  northwestern Oregon, Crouch (1968) 

Influence of residues on grazing animals 

5' Hollis Howard Allen. The inter-relationship of salmonberry and 
Master's thesis ,  Oregon State University, Douglas-fir in cutover areas. 

Corvallis, 56 p . ,  1969. 
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EFFECTS OF RESIDUE TREATMENT / 

A l t h o u g h  residue situations mostly benefit populations of problem animals, 
i t  may be inferred from the above t h a t  the presence of residues does n o t  
necessarily increase the occurrence o r  severity of animal damage t o  regenerating 
t rees .  
r i a l s  more often t h a n  n o t  outweighs the adverse effects  of improved habitat fo r  
problem animals. Hence, animal damage will generally be less in residue situa-  
tions t h a t  remain untreated; and residue treatments will l ikely resul t  in 
increased levels of animal damage t o  forest  regeneration. 

The physically protective influence of bo th  living and nonliving mate- 

Though  residue burning probably increases potential fo r  animal damage, 
correlation between the two has n o t  been plainly demonstrated or  suff ic ient ly 
studied. A recent opinion survey regarding animal problem areas on National 
Forests of Oregon and Washington 'indicated an association between burning and 
animal damage on 19 o u t  of every 20 areas (Crouch 1969a). The ra t io  may be 
h i g h ,  however, simply due t o  the commonness of b u r n i n g  as a residue disposal 
tool. 

Disposal of slash t o  control rodents has been suggested as a means of 
protecting t ree seed (Krauch 1945) .  Most recent evidence, t o  the contrary, 
suggests t h a t  slash b u r n i n g  increases populations of problem rodents and the i r  
predation on t ree seeds. 
predation by birds, even t h o u g h  i t  may create a more favorable seed bed for  
germination. 
conditions, the likelihood t h a t  seedlings will be browsed by herbivores i s  
greatly enhanced. 
example, are vir tual ly  the only source of  green forage on some cutovers until 
associated plants germinate or sprout. 
Olympic peninsula i n  Washington, Gockerell (1966) concluded t h a t  browsing by 
elk and deer was much greater on burned t h a n  on unburned cutovers. Harper 
(1971) showed t h a t  serious elk damage t o  Douglas-fir seedlings was most l ikely 
t o  follow burning--i.e., 62 percent of most heavily damaged acres in coastal 
Douglas-fir types of  western Oregon occurred on burned s i t e s  vs. 38 percent 
on unburned. 

Broadcast burning also assures more e f f ic ien t  seed 

Since the immediate effects  of f i r e  are t o  create more open 

Trees planted immediately a f t e r  broadcast burning, for 

In coastal forests o f  the western 

Working on the same area, Swanson (1970) reached- similar conclusions. 

Mechanical treatment of residues poses much the same problems for  t ree 
regeneration as burning, and fo r  similar reasons. Heavy equipment used t o  chip 
slash would probably have the net effect  of increasing animal damage. 
escape cover and forage production might be temporarily decreased by a layer 
of chipped mulch, the increased exposure of t ree  seedlings would likely 
precipitate a greater incidence of  animal-caused t ree injury--especial1 by 
big game. 
observed t h a t  dense stands of b u l l  t h i s t l e  character is t ical ly  followed severe 
disturbance by heavy equipment and could thus a t t r a c t  tree-damaging rodents. 

Though  

I n  mixed conifers of northeastern Oregon, Young e t  a l .  (19673 

Windrowed slash, furthermore, provides the threat of increased damage by 
b o t h  large herbivores and smaller animals. 
exposed t o  browsing mammals, b u t  a l s o  t o  others, such as hares and rabbits,  t h a t  
readily take advantage of resulting slash pi les .  In any case, the net effect  of 
mechanical residue disposal i s  t o  increase the damage potential for t ree  seed 
and seedl ings. 

Not only are t ree seedlings more 

Of a l l  treatment options, the effects  o f  chemical treatment on animal 
Hermann (1969) has observed t h a t  dense brush damage are leas t  understood. 
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f ie lds  of ceanothus, resulting from prior slash burning, can pose added problems, 
i f  herbicide spraying and subsequent residue pi1 ing create favorable habitats 
for rabbits and deer. Nevertheless, Zavitkovski e t  a l .  (1969) cited instances 
on upper-slope forests of the Oregon Cascades in which herbicidal control of 
ceanothus on large areas successfully reduced snowshoe hare populations and 
decreased clipping on planted conifers. 
h a n d ,  had no measurable effect  on animal damage. Increasing the chances for 
heavy deer damage t o  planted trees does no t  imply t h a t  such damage invariably 
occurs, however, and I have observed effective herbicide release of existing 
reproduction without concomitant animal problems. Harper (1971 ) noted t h a t ,  
although herbicide spraying did n o t  increase elk damage t o  Douglas-fir seedlings, 
i t  did indirectly decrease their  survival. 
widespread spraying may be detrimental to  Douglas-fir by causing elk t o  s h i f t  
browsing pressure toward regenerating trees on the same or adjacent s i t e s .  
Borrecco e t  a l .  (1972) also show t h a t  browsing o f  Douglas-fir by deer was not 
significantly a1 tered by limited herbicide application. 

Treatment of small areas, on the other 

He speculates further,  t h o u g h ,  t h a t  

Using herbicides t o  t r ea t  living residues may have the best potential for 
minimizing vegetative competition with desired t ree species and stimulating pro- 
duction of accessible forage without appreciably increasing animal damage. Fire 
retardant chemicals, which may improve nutritional quality of forage species and 
hasten breakdown of nonliving residues, probably have no marked effect  on animal 
damage. 

CO NCLUS IONS 

Not surprisingly, environmental factors t h a t  affect  populations of problem 
animals--a valuable, mobile, and highly adaptable p a r t  of the forest  ecosystem-- 
are exceedingly complex. 
responses t o  forest  residues and treatment options. 
about effects  of residues and residue treatments on animals most l ikely t o  
damage regenerating timber crops are: 

The l i t e ra ture  a t t e s t s  t o  the variabi l i ty  of animal 
A few general conclusions 

1. 

2. 

3.  

4. 

5. 

6. 

By providing bo th  food and cover, living residues usually favor 
increases in populations of seed and seedling foragers. 

By chiefly providing cover and some food value, nonliving residues 
essential ly  improve habitats for most animals. 

Through a l ter ing,  b u t  not  eliminating, bo th  living and nonliving 
residues, most residue treatments ultimately enhance habitats-- 
especi a7 ly  for  1 arge animal s . 
By improving habitats for most animal species, 1 iving residues 
increase potential for animal damage; b u t ,  by physically obscuring 
regenerating tree crops from predators, they may essential ly deter 
the occurrence o f  most serious damage problems. 

By similarly protecting seed and seedlings of desired t ree  species, 
nonliving residues more generally inhibi t  t h a n  promote the 
occurrence of animal damage. 

By enhancing even further the animal habitats already improved by 
residues, most residue treatments increase the probability of animal 
damage t o  seed and seed1 ings th rough  removing protection from and 
prolonging exposure t o  increased numbers of problem animals. 
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RESEARCH IN PROGRESS 

The a u t h o r  i s  aware of only five current studies which deal direct ly  with 
effects  of forest  residues and the i r  treatments on animal populations and/or 
animal damage in the Pacific Northwest. These are: 

S tud  Ti t le :  Biological succession of animals and plants associated with -5- c earcutting an area in western Oregon 

Principal Investigator: Edward F. Hooven 

Agency: School of Forestry, Oregon State University 

Location: Blue River Ranger Distr ic t ,  Willamette National Forest, Oregon 

Study Description: The effect  of slash treatment on small mammal populations 

Study Ti t le :  Environmental manipulation techniques 

PrinciDal Investiaator: William W .  Hines 

Agency: Oregon State Game Commission 

Location: E l l i o t t  State Forest, Coos and Douglas Counties, Oregon 

Study Description: Effects of herbicide spraying as a s i lvicul tural  tool 
on elk forage production, forage quality,  and elk use o f  areas 

Study Ti t le :  Impact of herbicides on western forest  ecosystems 

Principal Investigator: Michael Newton 

Agency: School of Forestry, Oregon State University (FlcIntire-Stennis 
support) 

Location: Western Oregon and Washington 

Study Description: Management of habitat with herbicide and response of 
plant and animal communi t i e s  t o  habitat a1 teration 

Study Ti t le :  Response of animals t o  herbicide-induced vegetational changes 

Principal Investigator: Hugh C .  Black 

Agency: School of Forestry, Oregon State University 

Location: Medford Distr ic t ,  Bureau of Land Management, western Oregon 

Study Description: Effects of herbicide-induced vegetational changes on 
the abundance and feeding ac t iv i t ies  of pocket gophers and on the 
composi tion and abundance of small mammal s 
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Study T i t l e :  

P r i n c i p a l  I n v e s t i g a t o r :  Richard D. Taber 

Agency: U n i v e r s i t y  o f  Washington 

Locat ion:  Western Washington 

W i l d l i f e  response t o  vege ta t i on  man ipu la t ion  

Study Desc r i p t i on :  E f f e c t s  o f  r igh t- o f- way  establ ishment  and man ipu la t ion  
on w i l d l i f e  popu la t ions  

RECOMMENDED RESEARCH 

Animal damage i s  o n l y  one o f  many c o n s t r a i n t s  upon r a p i d  and successfu l  
r egene ra t i on  o f  des i r ed  t imber  crops. !.loreover, d e f i n i n g  damage l e v e l s  c r i t i c a l  
t o  a t t a i nmen t  o f  t h a t  goal i s  d i f f i c u l t ,  tenuous, and s t i l l  h i g h l y  sub jec t i ve .  
Decis ions regard ing  t he  necess i t y  and means t o  cope w i t h  r es i due  s i t u a t i o n s  must 
be governed by  a hos t  o f  cons idera t ions  d e a l t  w i t h  elsewhere i n  t h i s  Compendium. 
However, a few t e n t a t i v e  specu la t ions  and recommendations f o r  f u t u r e  s tudy 
f o l l o w .  

Perhaps t he  o n l y  res idue  t reatments l i k e l y  t o  s u b s t a n t i a l l y  reduce animal 
problems would be those s u f f i c i e n t l y  d r a s t i c  t o  r e s u l t  i n  ex tens ive  d e t e r i o r a -  
t i o n  o f  animal h a b i t a t .  
and developed, t h e i r  use would be un feas ib l e  due t o  excess ive cost ,  environmental  
cons idera t ions ,  and o t h e r  undes i rab le  s i d e  e f f e c t s .  

What these migh t  be i s  con jec tu ra l ,  and, even i f  found 

A t  t he  o t h e r  end o f  t he  spectrum and s t r i c t l y  f o r  purposes o f  m i t i g a t i n g  o r  
p reven t i ng  p o t e n t i a l  animal problems , a po l  i c y  o f  nontreatment woul d 1 i k e l y  pay 
handsome d iv idends .  
t o  m a i n t a i n  s i t e  p r o d u c t i v i t y  a t  l e v e l s  t h a t  balance p l a n t  and animal resources 
i n  ways s a t i s f y i n g  t o  bo th  commercial and environmental  i n t e r e s t s .  

However, some t rea tment  o f  res idues  i s  norma l l y  e s s e n t i a l  

Treatment methods t h a t  a1 t e r  res idues  , t he  least- - a1 though s t i l l  meet ing 
o b j e c t i v e s  o f  reduc ing  f i r e  hazard, lessen ing  waste, and a l l e v i a t i n g  brush 
competi t ion--seem t o  have most p r a c t i c a l  p o s s i b i l i t i e s  f o r  m in im i z i ng  animal 
problems. Burning, w i t h  i t s  v a r i a t i o n s ,  i s  p robab ly  l e a s t  adaptable f o r  t h i s  
purpose. Mechanical methods t h a t  achieve d isposa l  goals  w i t h  a minimum o f  s i t e  
d is tu rbance  and res i due  a1 t e r a t i o n ,  m igh t  s imul taneously  change animal h a b i t a t s  
l i t t l e  and y e t  p reserve  s u f f i c i e n t  res idues  f o r  seed and seed l i ng  p r o t e c t i o n .  
F i n a l l y ,  adap ta t i on  and development o f  h e r b i c i d e  t reatments t o  combat compe t i t i on  
f rom l i v i n g  res idues  may be one o f  t he  most promis ing approaches t o  harmonizing 
animal popu la t i ons  and t imber  s tand regenera t ion .  

Cur ren t  environmental  cons idera t ions  have spawned a growing i n t e r e s t  i n  
a1 t e r n a t i v e  s i l v i c u l t u r a l  systems t h a t  lessen  the  u n s i g h t l  iness,  s i t e  degrada- 
t i o n ,  and waste assoc ia ted  w i t h  t r a d i t i o n a l  methods o f  t imber  ha rves t  and 
res i due  d i s p o s a l- c h i e f l y  c l e a r c u t t i n g  and broadcast  burn ing.  Accord ing ly ,  
f u t u r e  f o r e s t  p r a c t i c e s  may be expected t o  i nc l ude  i nc reas ing  v a r i e t i e s  and 
combinat ions o f  t imber  c u t t i n g  and res i due  d isposa l  methods. Though s t a r t l i n g  
breakthroughs i n  management o f  animal h a b i t a t  o r  r educ t i on  o f  animal damage a re  
u n l i k e l y  t o  emerge, ex tens i ve  research  t o  mon i to r  the e f f e c t s  o f  changing 
p r a c t i c e s  on bo th  parameters should be encouraged and c l o s e l y  i n t e g r a t e d  w i t h  
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other research objectives. 
a1 t e r  residue management in ways t h a t  maximize wild1 i f e  habitat and minimize 
animal damage seems hardly jus t i f ied .  

However, intensive research uni lateral ly  designed t o  

CHECKLIST OF PLANTS AND ANIMALS 

Common name 

Bitterbrush 
Blackberry, t r a i  1 ing 
Bracken , western 
Ceano t h u s  
Doug1 as-f i r 
Fern, sword 
Fir,  grand 
Hem1 oc k , western 
Manzani t a  
Map1 e , mountain 
Maple, vine 
Oregon grape 
Pine, jack 
Pine , ponderosa 
Pine, slash 
Rhododendron 
Sal a1 
Salmonberry 
Spruce , Sitka 
Spruce , white 
Thimbleberry 
Thistle,  bull 
Wood sorrel 

Bear, black 
Beaver, mountain 
Chipmunk, leas t  
Chipmunk , Townsend 
Chipmunk, yellow pine 
Coy0 t e  
Deer, black-tailed 
Deer, mule 
Deer, white-tailed 
E l  k 
Gopher, northern pocket 
Gopher, plains pocket 
Hare , snowshoe 
Mouse , bi g-eared 
Mouse, deer (white-footed) 
Mouse, red t ree 
Mouse, red-backed 

Scient i f ic  name 

PLANTS 

W s h i a  tr identata  
Rubus v i t i f o z i u s  
Pteridiwn aquiZinwn pubescens 
Ceanothus sp. 
Pseudotsuga menziesii 
Po Zystichwn munitwn 
Abies grandis 
Tsuga heterophy2Za 
Arctostaphyros S p .  
Acer spica*wn 
Acer circinatwn 
Mahonia nervosa 
Pinus b a n k s i a  
Pinus ponderosa 
Pinus e Z Z i o t t i i  
Rhododendron macrophy Z Z w n  
Gau Z theria sha 2 Zon 
Rubus spectabi z i s  
Picea s i tchensis  
Picea gZauca 
Rubus parviflomcs 
Cfrsiwn vuZgare 
Oxa Zis oregana 

MAF?MA L S 

Euarctos amerkanus 
ApZodontia r u f a  
a t m i a s  minimus 
Eutamias t m s e n d i i  
Eutamias amoenus 
Canis Zatrans 
Odocoi Zeus hemionus co Zwnbianus 
Odocoi Zeus hemionus 
OdocoiZeus virginianus 
Cemus camdensis 
Thomom y s ta lpoide s 
Geomys burs&us 
Lepus americmus 
Peromyscus t rue i  
Peromyscus manicuZatus 
~henacomys Zongicatldus 
Clethrionomys spp. 
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Common name 

MAMMALS (continued) 

Scientific name 

Porcupine 
Rabbi t ,  cottontail 
Rabbit, b r u s h  
Shrews 
Shrew, Trowbridge 
Shrew-mole 
Squirrel , digger 
Squirrel , Douglas (chickaree) 
Squirrel , flying 
Squirrel , go1 den-mantl ed ground 
Squirrel , gray 
Voles 
Weasels 
Wood r a t ,  dusky-footed 

BIRDS 

Grouse, blue 
Grouse, ruffed 
Grouse, sharp-tailed 
Hawks and eagles 
Junco, Oregon 
Owls 
Pigeon, band-tailed 
T h r u s h ,  varied 
Wren, winter 

Erethizon dorsatwn 
Sy Zvi Zagus floridanus 
Sy Zvi Zagus bachani  
S o r a  Spp.  
Sorex trowbriCZgii 
Neurotmkhus gibbsii  
Otospemophi Zus beecheyi 
Tamiasciurus douglasii 
GZaucomys sabrinus 
Cal Zospemophi Zus spp. 
Seiurus griseus 
Microtus Spp.  
MusteZa s p p .  
Neotoma fuscipes 

Dendragapus obscurus 
Bonasa wnbeZZus 
Pedioecetes phasianel Zus 
Acci pi tridae 
Junco oreganus 
Tytonidae, strigidae 
Co Zwnba fasciata 
Ixoreus nuevius 
Troglodytes trogZodytes 
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HABITAT OF GRAZING ANIMALS 

George A .  Garrison and Justin G .  Smith 

ABSTRACT 

Residues from Zogging or thinning operations i n  Pa& fie 
Nor the s t  timber types have varied e f f e c t s  on grazing anima2 
habitat i nchd ing  occupation of growing s i t e ,  obstruction of 
access t o  forage and water, and modification of the fores t  
fZoor environment. Residue treatments tha t  modify or remove 
excessive woody residues seem t o  favor production of forage. 
Some research has been done on pZant ecosystem deveZopment 
a f t e r  genera2 Zogging disturbances, but very ZittZe has been 
undertaken i n  the way of comparative study of residue 
treatment practices,  particuZarZy i n  re Zation t o  grazing 
anima 2 habitat .  

Keywords: Big game habitat--forage, access; livestock. 

INTRODUCTION 

Forest residues remaining on the ground a f t e r  t ree harvest or improvement 
cuts a l t e r  the habitat for grazing animals. 
materials effect  a long-term reduction in forage production; and large volumes 
o f  l ighter  materials impede access and movement o f  livestock and b i g  game t o  
forage and water f o r  several years, although slash can provide some temporary 
escape cover f o r  a variety o f  w i l d  creatures. Residues and treatments of them 
also modify the microenvironment of the forest  floor and may thus influence 
germination, growth,  establishment, and secondary succession. 

The coarse o r  large diameter 

Amounts of  untreated slash in a forest  provide some indication of the 
impacts of slash and i t s  treatment on range and environment fo r  grazing animals. 
The major timber types a re ,  of  course, a primary variable i n  consideration of  
amount o f  slash i n i t i a l l y  generated. In the Pacific Northwest, the coastal 
Douglas-fir (Pseudotsuga menzies i i )  forests ,  when clearcut,  can create as much 
as 227 tons of slash per acre (509 metric tons/ha) (Dell and Ward 1969) ,  of 
which a b o u t  30 percent will be cull logs and other heavy materials (Dyrness 
1965b). 
subprovince, logging slash for  selectively logged lands i s  variously estimated 
a t  1 2  to 40 tons per acre (abou t  27 t o  90 metric tons/ha),and in patch cut 
areas  s7ash can t o t a l  50 to 110 tons per acre (about 112 to 246 metric tons/ha) 
(Hall 1967) with 60 percent of th i s  weight provided by material less  than 4 
inches (10.15 cm) in diameter (Sundahl 1966). 

In  the in te r ior  Northwest o r  so-called ponderosa pine (Pinus ponderosa) 
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EFFECTS OF UNTREATED RESIDUES 

Slash created by clearcut logging in coastal Douglas-fir forests  of Oregon 
and Washington may be present t o  some degree on abou t  75 percent of the logging 
area (Dyrness 1965b). 
decrease in cover of understory vegetation from about an average of 70 percent 
t o  abou t  10 percent. 
partitioning of slash and soil  disturbance impacts on plant cover shows slash t o  
be the major influence among logging disturbances. Species suffering the most 
loss i n  crown cover from the accumulation of heavy slash and logs and some soil  
disturbance included such important elk foods as vine maple (Acer circinatwn), 
salal (Gaultheria shaZZon) , and swordfern (Polystichwn mnitum). Subsequent 
burning of the debris caused additional changes which will be discussed l a t e r .  
In  a study of a similar fores-t type, Swanson (1970) related elk use of different  
s i t e s  t o  amount and distribution of logging residues. Heaviest use was noted 
on areas with moderate amounts of slash and where the distribution of i t  was 
patchy; l ightest  use on areas with large volumes and where i t  was uniformly 
distributed. 

Computations from a report by Dyrness (1965a) show a 

Then in a subsequent s e t  of d a t a  within th i s  report,  a 

The forest  types of the in te r ior  Northwest and inland Western United States 
are prime summer h a b i t a t  fo r  b o t h  domestic herbivores and b i g  game. 
researchers have been interested in the effect  of selection logging of ponderosa 
pine on understory vegetation. In  eastern Oregon and Washington, Garrison and 
Rummell (1951) recognized the influence of coarse slash accumulations in long- 
term reductions of forage. They found t h a t  on a selection cut sale  with skidding 
by crawler t ractors ,  over 5 percent of the ground was covered w i t h  heavy slash 
and t h a t  over 21 percent was denuded of vegetative cover as a resu l t  of soil  
dfsturbance. They also reported a 33-percent reduction in cover of shrubby and 
herbaceous vegetation from the prelogging condition by the combined effects  of 
slash of a l l  sizes plus soil  disturbance t h a t  had accrued during the f i r s t  year 
a f t e r  logging. 
northern California, Hormay (1940) reported a 19-percent reduction in forage 
from a combination of  a l l  types of debris and surface disturbance by skidding. 
For northern Arizona, Arnold (1953) found t h a t  combined sizes of logging slash 
occupied 13.2 percent of the harvest area. 

Several 

I n  the Jeffrey (Pinus jeffreyi) and ponderosa pine area of 

The grand f i r  (Abies grandis) type of northeast Oregon only s tar ted t o  come 
under management in recent years, so many large trees are s t i l l  found dying of 
root  rot, heart rot, and major insect troubles; thus, of the 17-percent area in 
slash a f t e r  sanitation l o g  ing, a high proportion consists of cull logs. 
according t o  Young e t  a l .  ?1967),  the many large cull logs, a1 though  delimbed, 
were a serious obstruction t o  grazing animals. 

And 

Not a l l  aspects of untreated slash are detrimental. 
for northern Arizona t h a t  c a t t l e  droppings were more numerous on areas cleared 
of slash, whereas deer droppings were greater where slash was undisturbed. He 
speculated t h a t  slash presents a greater physical obstacle to c a t t l e  t h a n  i t  does 
t o  deer and t h a t  deer may feel more conspicuous in cleared areas,  b u t  s ize  of 
opening influences th i s  relationship. I n  relation to .  recovery of vegetation 
following logging in the pine type, Garrison [1961] reported t h a t  almost no t ree 
seedlings lived t h r o u g h  the seventh year on a deep1 
conditions were ameliorated by slash. Arnold (19531 observed in northern 
Arizona t h a t  when skid t r a i l s  and other disturbed areas are reseeded, a l igh t  
scattering of slash favored establishment of b o t h  grass and pine seedlings. 

Reynolds (1966) reported 

skidded t r a i l  unless s i t e  
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A large and significant slash problem also exists af ter  precommercial 

Not uncommon are stands of 2,000 t o  18,000 stems per acre 
thinning of  suppressed overstocked stands of ponderosa pine in eastern Oregon 
and Washington. 
(abou t  4,940 t o  44,470 stems/ha) whose diameters are s t i l l  5 inches (12.7 cm) 
or less and heights are usually under 21 feet (6.4 m) a t  30 t o  70 years of age. 
Some of these dense stands, i f  n o t  impenetrable, provide good hiding cover for  
deer b u t  very l i t t l e  shrubby and herbaceous forage in the understory. When 
thinned t o  110 t o  600 trees per acre (about  270 t o  1,480 stemslha), such stands 
produce enough slash t o  'completely blanket the ground and discourage a favor-  
able understory response t o  the opening o f  the tree canopy. This slash before 
reduction treatment i s  often 3 feet (about  1 m )  o r  more deep (Dell and Ward 
1969); and according t o  slash weight tables by Fahnestock (1968), the residue 
weights for  stands of  3,000 t o  5,000 stems per acre (about  7,400 t o  12,350 
stems/ha) are 35 t o  45 tons per acre (about 78 t o  100 metric tons /ha) .  

The most common complaint of livestock operators about  precommercial 
thinning i s  the massive blockage of established stock t r a i l s  t o  streams and 
water developments. The degree of slope and routing of these t r a i l s  have a 
"tested design" and are important t o  b o t h  livestock and big game; thus, indis- 
criminate felling of thinnings across t r a i l s  and lack of slash treatment are 
very disruptive t o  habits and needs of g r a z i n g  animals. 

EFFECTS OF BURNING RESIDUES 

Burning slash has long been an accepted procedure following timber cutting 

Burning obviously reduces the impact of woody debris as 
in most forest types and i s  s t i l l  effective and in use in spite of any contribu- 
tion t o  a i r  pollution. 
an obstacle t o  grazing animals, and i t  also influences composition of the 
vegetation t h a t  occupies the s i t e  in the process of secondary succession. The ' 

l i terature i s  extensive on the role of f i r e ,  particularly wildfires, in forest 
development (Ahlgren and Ahlgren 1960, Daubenmire and Daubenmire 1968, Frankl in 
and Dyrness 1969, and others). Since the development of modern f i r e  suppression 
methods, studies of f i r e  effects have somewhat shifted t o  relating f i res  for 
slash disposal t o  p l a n t  succession and al l ied subjects. 
f i r e  influences is n o t  abundan t ,  b u t  there are some important  works on the topic. 

Information on slash 

Reid e t  a l .  (1938), working i n  the coastal Douglas-fir region, studied a 
large number of plots on clearcuts with different dates of slash burning and 
reburning; a l l  plots were subjected t o  sheep r a z i n g .  They concluded t h a t  weeds, 
principally fireweed (EpiZobim m ? g u s t i f ~ Z i m ~ ,  are prominent for a time af ter  
slash b u r n i n g ,  and the weed stage under grazing use i s  followed by some growth 
of shrubs, such as vine maple and t rai l ing blackberry, plus considerable amounts 
of various grasses and sedges. However, on areas of repeated burns or delayed 
burns , a rapid and mi 1 i t a n t  encroachment of bracken fern (P t e r id iwn  aquiZinwn 
pubescens) was common even w i t h  grazing. As these authors acknowledge, the 
potential for grazing a patch cut of Douglas-fir o r  true f i r  forest i s  about  
15 years. Various other authors s ta te  18 t o  20 years of grazing use before 
tree canopy closes in. 
these temporary grazing areas. 

Of course, continued harvests provide a progression of 

Bailey (1966) described several habitats in clearcuts in the Douglas-fir 
region (Tsuga heterophyZZa Zone (Frankl in and Dyrness 1969)) with and without 
effects of slash f i res .  Habitats of differing vegetal composition, aspect, 
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slope position, e t c . ,  showed different  responses t o  slash burning and subsequent 
use of big game. In  the swordfern-wood sorrel (OzaZis oregam) habitat ,  the net 
response was generally more favorable t o  el k on burned t h a n  unburned cutover 
s i t e s .  For the maidenhair fern (Adiantwn pedatwn)-ladyfern (Athygwn fiZiz- 
femina) community which i s  a high producer of e lk,  burning provides only a s l igh t  
improvement in forage production. I n  contrast ,  burning in the rhododendron 
(Nzododendron maerophyZZwn)-Oregon grape (Berbegs nervosa) and in the vine 
maple-Oregon grape communi t i e s  greatly increases herb and shrub production. 

Swanson (1970) and Harper (1971) studied elk use on the habitats identified 
by Bailey (1966); 
vegetal cover and forage production for two or three growing seasons, the change 
in composition t o  dominance by herbaceous species becomes increasingly important 
t o  elk as favored feeding s i t e s ;  ( 2 )  although unburned logged units have much 
higher vegetal cover for a year or two a f te r  logging, usable forage roduction 
on them diminishes a t  a more rapid rate  than on burned areas; and (3p persistent 
grazing of burned s i t e s  tends t o  maintain dominance of desirable herbaceous 
species and discourage invasion of shrubby species which, in general, make less 
a t t rac t ive  habitat fo r  elk.  

They concluded t h a t  (1 )  although burning reduces total  

Pengelly (1963) studied logging effects on deer habitat  in the Douglas-fir 

He also reported preliminary studies indicated t h a t  broadcast burning 

and grand f i r  types of northern Idaho and concluded t h a t  slash burning often 
favors early establishment of seral shrubs, many of which are preferred forage 
species. 
of debris would foster  heavier i n i t i a l  stands of preferred forage than  would 
b u r n i n g  in piles.  

In  the grand f i r  study area (which Daubenmire and Daubenmire (1968) identi- 
fied as the Abies-Pachistima habitat type),  Pengelly found t h a t  logging had a 
negligible effect  on shrub cover except where burning also occurred. 

I the more xeric Pseudotsuga-Physocaus habitat type of western Montana, 

He reported more than twice as much production on the burned s i t e  4 years a f t e r  
burning and attributed most of the difference t o  increases in redstem ceanothus 
(Ceanothus sanguineus) and snowbrush ceanothus (C.  veZutinus).  
noted for the i r  ab i l i t y  t o  resprout a f t e r  being burned, b u t  they are limited to 
certain habitats.  

Warner-/ P compared browse production logged areas with and without slash burning. 

These species are 

The influence of f i r e  on determination of grass and shrub understory com- 
position in the pine type was evaluated by Daubenmire and Daubenmire (1968): 

Common opinion [ t h a t  f i r e  produces grass, n o t  shrubs] i s  undoubtedly in 
error  regarding the alleged role of f i r e  in determining whether the 
undergrowth beneath the pine i s  dominated by shrubs or by grasses. ,There 
i s  unmistakable evidence t h a t  a l l  undergrowth layers except the one 
consisting of the f i re- sensi t ive Purshia tridentata regenerate immedi- 
ately from underground organs a f t e r  each f i r e .  Rather t h a n  f i r e  history, 
these subordinate layers re f lec t  in t r ins ic  differences in moisture, 
f e r t i l i t y  and microclimate. 

l/ R a l p h  A. Warner. Some aspects of browse production in relation to 
timber harvest methods and succession in western Montana. M.S. thesis ,  
University of Montana, Missoula, 74 p . ,  i l l u s . ,  1970. 
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There i s  also considerable evidence t h a t  seed of shrub genera such as Ceanothus 
and ArctostapFzyZos can remain dormant b u t  viable in d u f f  and soil  -for l o n g  
periods and be stimulated t o  germinate by heat (Gratkowski 1961).  
apparent then, t h a t  where these genera are now or have been prominent in pine 
understory, as for example in central Oregon, slash burning may enhance the i r  
status in the plant community o r ,  a t  the very. l eas t ,  maintain i t .  

I t  i s  readily 

In the pine type of eastern Washington, where Garrison and Rummell (1951) 
had been measuring logging effects  and secondary succession, Garrison 119611 
observed t h a t  burn treatment o f  logging slash resulted in 14-percent additional 
loss of vegetal cover beyond t h a t  l o s t  from logging effects ,  the loss being 
mostly among grass and shrub species, b u t  the f i r e  appeared t o  stimulate a 
flush of forb growth. However, the additional damage attributed t o  burning was 
only temporary, and both  grasses and shrubs were increasing 2 years l a t e r .  

Re1 a t i  on o f  early day wi 1 df i re  and prescribed b u r n i n g  t o  maintenance o f  
rather open and highly grazeable ponderosa pine forests i s  widely acknowledged. 
B u t  influence of small spot burns from treatment of piled pine slash seems t o  
be temporary in changing species composition. Hard burned areas, however, will 
be slow in regaining original vegetation cover. 

Much has been written on the fe r t i l i z ing  effect  of wood ash in a l l  timber 
types. 
associated effects  of overstory removal. The evidence seems t o  emphasize t h a t  
the ash- fer t i l izat ion effect  extends only over the f i r s t  year o r  two, whereas 
the effects  of increased l igh t  from overstory removal may l a s t  a b o u t  10 years. 
Thus, in patch clearcuts t h a t  are broadcast burned a f t e r  logging, we cannot 
completely parti t ion the contribution of effects  of opening the canopy and the 
f e r t i l i z ing  effects  of ash, b u t  their  ultimate consequence i s  of some benefit 
t o  ground cover vegetation. 

Taber (1973) has summarized some of the l i t e ra ture  on th i s  and the often 

EFFECTS OF OTHER RESIDUE TREATMENTS 

The rapidly growing concern over a i r  pollution from slash burning has 
helped stimulate a search f o r  other means o f  debris disposal. Various tech- 
niques have been t r ied including burying, chipping, rotary cutting, mashing, 
lopping and scattering, and application of chemicals t o  accelerate decomposition. 
Almost without exception, these a1 ternatives t o  burning have been studied from 
the standpoint of economics and efficacy of residue reduction with l i t t l e  regard 
t o  their  effect  on understory succession o r  animal use. 

The simple ac t  o f  burying slash also often resul ts  in the burial of the 
valuable humus layer,  the "A" horizon of the s o i l ,  the seed source in surface 
s o i l ,  and a l l  the existing ground cover vegetation a t  the burial p i t  i t s e l f .  
Ground layer vegetation serves as erosion protection, forage producer for  live- 
stock and wild'life, and a nutrient sink for keeping soil  nutrients available in 
the rooting zone for  a l l  forest  vegetation. Burial of slash i s  rather cata- 
strophic t o  the ground layer a t  the burial spot, yet  probably has one value for  
wild1 i f e ,  i .e. ,  burrowing rodents often seem attracted t o  such works. 

Chipping of slash and dumping i t  back on the s i t e  of origin i s  so expensive 
that i s  i s  largely confined t o  roadside cleanup projects. This cost restr ic t ion 
against chipping i s  fortunate from the point of view of t ree seedling establish- 
ment and forage production, because the small chips suffocate small seedl ings 
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of t rees ,  shrubs, and herbaceous plants. I t  i s  because of th i s  mulching and 
obl i terat ive character is t ic  t h a t  a deep ground cover of sawdust, wood chips, 
o r  bark chips i s  used as a means of weed control in park and urban landscaping. 
Incidentally, i f  f inely divided or chipped wood i s  s t i r red  into the s o i l ,  the 
carbon-ni trogen ra t io  becomes disadvantageous t o  plant production unless the 
condition i s  alleviated by adequate application of nitrogen f e r t i l i z e r .  

Mechanical crushing or  compacting of certain diameters of  thinning' slash 
has been studied in the pine forest  type by Dell and Ward (1969).  The ro l le r-  
crusher known as the "Tomahawk" attachment for  the blade of a D-6 crawler 
t ractor  was found to be effective i n  cutting and breaking slash u p  t o  4 inches 
(10.15 cm) in diameter; and larger pieces, 6 t o  8 inches (15.24 to 20.32 cm) i n  
diameter, were skinned, delimbed, and compacted close t o  the ground. Although 
one pass of the t ractor  and i t s  attachment over the slash sufficed for  m i n i m u m  
f i r e  control standards, a second pass  provided improved access and better 
appearance. The quality of access provided would be important to b i g  game and 
livestock, and the machine seems t o  have promise for  meeting such a management 
objective. Exposure of mineral soil  by the machine could mean some temporary 
reduction of vegetation; however, ' t h i s  i n i t i a l  restr ic t ion would l ikely be a 
very acceptable trade off t o  total  loss o f  forage for several years under 3 f ee t  
(abou t  1 m )  of untreated slash. Furthermore, where needed, ground cover vegeta- 
t i o n  coul d be rehabi l i tated by seeding measures. 

Where slopes are too  steep for  crawler t ractors  t o  eff ic ient ly negotiate, 
machine treatment o f  slash would probably be impractical. On such s i t e s  f i r e  
hazard reduction and access f o r  g r a z i n g  animals might be improved by lopping 
limbs with lightweight powersaws, a1 though  such a minimal treatment would n o t  
a1 leviate  the long-term ob1 i teration and reduction of forage by coarse slash and 
cull logs. Leaving slash on steep slopes m i g h t  have some value i n  checking 
possible soil  erosion and thus maintaining forage productivity on these s i t e s .  
Untreated slash on steep slopes would also provide some screening cover f o r  
wildl i fe ,  although a fuel break around the perimeter of untreated areas would 
probably be advisable. 

ONGOING RESEARCH 

I n  general, most of the ongoing research t h a t  deals with grazing animals 
i n  the forest  environment i s  aimed a t  the broad objective of determining the 
effects of manipulating t ree density (harvest, thinning, e t c . )  on habitat  rather 
than on the more specific effects  of debris accumulations and treatment of them. 
However, since accumulation o f  debris i s  an inevitable consequence o f .  t ree 
cutting, i t  i s  vir tual ly  impossible t o  study the influence of one on animal 
response and forage production w i t h o u t  considering. the other. Even so, much o f  
the information available on residue effects  per se has been gained by chance 
rather t h a n  by design. 

to the subject of th i s  paper, two studies in their  personal research programs 
bear on the issue. One, in the grand f i r  type of northeastern Oregon, i s  designed 
t o  compare plant succession and animal use on clearcuts with residues untreated, 
on clearcuts with residues broadcast burned, and on selectively cut areas with 
no treatment of residues. 
animals involved. A t  another, c a t t l e  also use the area, and responses are 
measured on contrasting aspects. 

I 

Although the authors are n o t  ful ly  aware of a l l  ongoing research pertinent 

A t  one location deer and elk are the only grazing 
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The other study was begun t o  determine optimum spacing for  lodgepole pine 
i n  central Oregon. 
desired spacings were hand-  and machine-piled off the treatment plots except for 
one on which slash was allowed t o  l.ie untreated. Understory vegetation and deer 
use are being measured as well as tree response. Data have n o t  been processed 
a t  this  writing, b u t  some general observations are of in te res t .  
which the residues were untreated was essentially o u t  of forage ,production 
immediately a f t e r  thinning because the dense jumble of stems l e f t  i t  impenetrable. 
After 5 years, a rough estimate revealed t h a t  approximately one-half the area of 
this  plot was accessible t o  deer, and deer droppings were observed in several of  
the more open portions. 

Residue resulting from the thinning of dense stands t o  achieve 

The plot on 

SUMMARY AND CONCLUSIONS 

Only modest general izations can be derived from the meager 1 i terature 
concerning the influence of forest  residues on habitat for  grazing animals. 
Untreated heavy pieces of debris and large volumes of small-diameter residues 
obviously eliminate forage f o r  many years. Cattle are s l ight ly more restr ic ted 
than  deer and elk by presence of slash. Blockage of t r a i l s  t o  water i s  c r i t i c a l .  
Patchy distribution of  residues seems t o  be less  of a deterrent than uniform 
distribution. Effects of untreated slash diminish with na tura l  decay, b u t  the 
rate  a t  which th i s  occurs in the various combinations of forest  types and cutting 
systems has n o t  been adequately described. 

Burn ing  has been the most widespread practice in residue reduction and i s  
effective in improving access. I t  also affects plant succession, improving the 
species composition for  grazing animals in some cases and damaging i t  for a time 
in others. The net effect  varies with the existing vegetation and physiography 
of the s i t e  and w i t h  the type of burn--broadcast o r  pile.  A t  some point, the 
burning influence on the s i t e  becomes subordinate to other factors t h a t  guide 
succession such as microclimate, moisture, and f e r t i l i t y .  Identification of t h a t  
particular p o i n t  i s  probably n o t  as important as following successional patterns 
a f t e r  various treatments long enough t o  document the trends of preferred forage 
species in the various forest  habitats. Much, b u t  no t  a l l ,  successional research 
has been limited t o  changes occurring i n  the f i r s t  5 t o  8 years a f t e r  disturbance 
and t o  harvest systems t h a t  have been accepted as standard for a particular 
forest  type; e .g . ,  high-lead clearcut logging followed by broadcast slash burning 
i n  coastal Douglas-fir forests .  Consequently, detailed successional patterns 
for the ent i re  period of forest  reestablishment, for other forest  types, and fo r  
other harvest systems have n o t  been worked o u t .  Although several techniques for 
residue disposal other t h a n  burning have been t r ied ,  none have been studied for  
the i r  effect  on succession or  animal use. Absence of any great increase in 
successional studies i s  probably in p a r t  a resul t  of grow'ing use of cultural or 
management practices which reduce re1 iance on natural recovery processes. 
Herbicides, reseeding, replanting, and f e r t i l i ze r s  can, to a considerable extent, 
control timing, quality,  and quantity of revegetation when values and financing 
permit such cultural operations. 

N E E D E D  REVISIONS IN CURRENT PRACTICE 

As one reviews the equipment which i s  available in recent years, i t  appears 
there are types of equipment and forest  practices which would benefit access of 
grazing animals in slash covered areas. One item which could be used more in 
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slash treatment w i t h o u t  research o r  study i s  the lightweight model of  the 
powered chain saw. This i s  an excellent tool for delimbing heavy branches and 
tops t o  get slash down off  i t s  "spider legs, ' '  and thus remove obstructions to 
large animals and a lso hasten slash decay by contact w i t h  the so i l .  
saws should be particularly useful on terrain where tractor-mounted equipment 
for treating residues should not be allowed. 

The l i t t l e  

Planning and supervision of precommercial t h i n n i n g  projects can be improved 
without involving research. A def ini te  e f for t  should be made i n  thinning work 
and even i n  logging shows t o  prevent blockages of important  livestock and game 
t r a i l s  t o  streams and water developments, o r  the problem should be corrected as 
soon as possible a f te r  thinning and logging operations. 

Yarding unutilized materials (YUN) i s  a practice t h a t  seems t o  have been 
suggested for  esthet ic  reasons, yet  i t  i s  important as a residue treatment in 
the interest  of improved accessibi l i ty  and forage production for  grazing animals. 
The need for  th i s  practice i s  especially great in the coastal Douglas-fir areas 
and in the g rand  f i r  or mixed conifer type of the inter ior  Northwest where 
heavy slash and cull logs are l ikely to cover 25 t o  30 percent of a clearcut. 

RESEARCH NEEDED 

The h a b i t a t  manager for wild and domestic grazing animals needs t o  know 
for each feasible residue treatment method the effect  ( 1 )  on accessibi l i ty  of 
forage area, water, and cover; and ( 2 )  on net change i n  production of forage and 
protective ground cover with and without rehabili tation measures following 
treatments. This information i s  needed f o r  each major fores t  type and f o r  each 
combination of  s i lvicul tural  system and logging method. 

Some of  these studies could easily raise questions on t ree  regeneration. 
Hence, in addition t o  range, wildl i fe ,  and residue treatment sc ien t i s t s ,  a multi- 
discipline team working on some of these proposals should also include a 
s i l v i cu l tu r i s t .  

EQU I PIIENT DEVELOPMENT 

Some sort  of  machine treatment of logging or thinning slash, particularly 
in the forest  types of the in te r ior  Northwest, seems t o  be indicated as a 
possible alternative t o  burning. 
cover vegetation. 
in the further refinement of machine-treatment devices, some way of reducing soil  
and plant disturbance should be considered. 
of t ree seedlings and reseeding of ground cover species should be planned. 

All treatments seem t o  destroy some ground 
Reducing th is  disturbance fo r  burns may n o t  be possible, b u t  

In lieu of t h i s ,  some replacement 
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DECAY 

Paul E. Aho 

ABSTRACT 

Forest residues from Zogging and catastrophes are 
deteriorated by associations of insects  and micro-organisms. 
Insects  are vectors, create in fec t ion  courts, and provide fo r  
rapid spread of micro-organisms within residues. Many kinds 
of micro-organisms attack dead wood; however, Basidiomycete 
fmgi--particuzarZy Polyporus abietinus, P. volvatus, 
Ganoderma applanatum, Lenzites saepiaria, and Fornes pinicola-- 
cause the greatest  amount of decay. 

The primary factors  af fect ing deterioration of residues 
are moisture, temperature, and decay resistance of the wood. 
soiZ type, slope aspect and percent, eZevation, and degree 
of shading strongZy influence temperature and moisture o f  
residues. Tree species, age, and growth rate  a f f e c t  degree 
of  resistance t o  decay. Management decisions, such as type 
of  cut t ing operation and time of  year tha t  it i s  made, aZso 
infZuence decay rate  of residues. 

AZtemative residue treatments are needed i n  excessive Zy 
wet or dry s i t e s ,  i n  recreation areas, or where f i r e  hazard 
is/ high. 

Keywords: Decomposi tion--decay, fungi 

INTRODUCTION 

Residues, whether from natural catastrophes or man caused, create manage- 
ment problems in Pacific Northwest forests.  Increased f i r e  hazard,  interference 
w i t h  regeneration of the s i t e ,  and spread o f  insects and diseases t o  residual 
trees are only a few of these problems. 

Natural catastrophes, such as f i r e s ,  wind ,  snow and ice storms, and insect 
and disease epidemics, can cause large amounts of residues. 
operations generally remove merchantable material as soon as possible t o  reduce 
further losses from insects and decay f u n g i .  
work are often similar t o  slash resulting from partial or clearcut logging 
operations. 

However, salvage 

Residues remaining after  salvage 



Once merchantable material i s  removed, i t  i s  important t o  know as much as 

The purpose of t h i s  paper i s  t o  report w h a t  i s  known 

possible about  the conditions affecting the deterioration . r a t e  of the remaining 
residues. 
deterioration and decay. 
and what needs t o  be known abou t  deterioration of forest  residues in the Pacific 
Northwest. 

I t  i s  important t o  know how residues should be treated t o  promote 

CLIMATIC PATTERNS IN RELATION TO RESIDUE DECAY 

Deterioration of  forest  residues i s  influenced by the macroclimate (mainly 
temperature and precipitation) of the geographic area where the residues are 
located. The climate of the Pacific Northwest i s  strongly affected by mountain 
masses which are barriers t o  both-maritime and continental airmasses. Climato- 
logically,  th i s  region can be divided into three areas; western Washington and 
coastal and northwestern Oregon, southwestern Oregon, and eastern Washington 
and Oregon. The climates of these areas can be characterized in general terms; 
however, i t  should be remembered t h a t  there i s  much variation within an area 
depending on elevation, slope, aspect, la t i tude,  and other conditions. 

Western Washington and coastal and northwestern Oregon have a maritime 

During spring and winter, moisture within residues 
climate characterized by wet, mild winters with a long f rost- free period and 
relat ively cool , dry summers. 
i s  suff ic ient  for  decay; however, temperatures are less t h a n  optimal. Summer 
and f a l l  temperatures are  near optimal, but  moisture content i s  often too low. 

In southwestern Oregon, summers are warm and winters are somewhat cool. 
Total precipitation during the year i s  low, especially during the summer when 
a d r o u g h t  period develops. In th i s  area, winter temperatures and the h o t  dry 
summers retard decay of residues. 

I n  eastern Oregon and Washington, compared t o  the other areas,  total  annual 
precipitation decreases, summers are hotter and dr ie r ,  and winters colder. 
Summer temperatures a n d  lack of precipitation are def ini te ly a limiting factor 
in deterioration of forest  residues, as are cold winter temperatures. 

I n  general, summer temperatures are generally lower and moisture i s  higher 
on the west slopes of the Coast, Cascade, and Blue Mountain Ranges t h a n  on east  
slopes. Temperature decreases and moisture increases w i t h  elevation a t  a given 
l a t i  tude. 
from n o r t h  t o  south. Northeast, n o r t h ,  and northwest slopes are generally cooler 
and moister t h a n  other aspects; and southeast, south, and southwest are hotter 
and dr ie r .  
Northwest can be found elsewhere (U.S. Weather Bureau 1960a, 1960b). 

A t  a given elevation, temperatures increase and moisture decreases 

More detailed information concerning the climate of the Pacific 

RESIDUE 0 ETERIORATING 0 RGANl SM S 

Few studies have been made on deterioration of logging slash in the Pacific 
Northwest (Childs 1939, Roff and Eades 1959). 
studies made in other areas i s  pertinent to a discussion of th i s  problem and will 

Information from two slash decay 



be drawn on extensively11 (Wagener and Offord 1972).  
killed by wind (Boyce 1929, Buchanan and Englerth 1940, Childs and Clark 1953, 
Shea and Johnson 1962, Engelhardt 1957, Wickman 1965), f i r e  (Kimmey apd Furniss 
1943, Kimmey 1955), and insects (Boyce 1923, Wright and Wright 1954, 'Wright e t  
a1 . 1956, Shea e t  a1 . 1962, Wright and Harvey 1967, Johnson e t  a1 . 1970) have 
been studied. 
cm) in diameter and 82 ercent are over 8 fee t  (2.4 m )  long in western Washington 
and Oregon (Howard 19717, information from the above studies should be applicable 
t o  decay of slash. 

Deterioration of trees 

Since 53 percent of logging residues are over 15 inches (38.1 

Needles, twigs, and small branches are normally destroyed during slash 
burning; and i f  unburned, they are decayed by unidentified duff- and humus- 
inhabiting fungi (Childs 1939). 
(1974). Larger branches and logs are decayed mainly by higher fungi belonging 
t o  four families (Agaricaceae, Polyporaceae, Thelephoraceae, and Hydnaceae) in 
the class Basidiomycetes (Boyce 1961). 

Decay of l i t t e r  and duff i s  discussed by Bollen 

In the Pacific Northwest most wood-destroying fungi infecting slash appear 
t o  usually confine the i r  ac t iv i t i e s  t o  dead material (Childs 1939). 
identification of these fungi in the past was largely on the basis of presence 
of sporophores or visual examination of decayed wood instead of by cultural 
techniques. Identification, based on extensive cultural isolations and presence 
of sporophores,of fungi attacking lodgepole pine logging slash i n  an area in 
Alberta indicated t h a t  seven fungi were associated with most of the decay, a n d '  
four o f  these are important in living trees (see footnote 1 ) .  

However, 

The fungi in table 1 are presently recognized as. the important slash 
destroyers in Pacific Northwest t ree species. Future studies may indicate 
others j u s t  as important and may also clar i fy the role of fungi causing heart 
rots in living trees in deterioration of residues. 
decay in living trees may be important slash destroyers in old-growth forests 
b u t  have relatively minor roles in young forests.  The fungi in table 1 can 
be divided into two broad groups based on which wood components they are 
capable of ut i l iz ing.  

For instance, fungi causing 

Fungi causing white rots decompose a1 1 cell  wall substances, usual ly  attack- 
i n g  l ignins f i r s t ,  then cellulose and other polysaccharides. Brown r o t  f u n g i  
degrade cellulose and associated pentosans b u t  leave lignin vir tual ly  intact .  
The most important white rot fungi attacking residues of most t ree species are 
Polyporus abietinus, P. versicoZor, and Ganoderma app Zanatwn. Fomes piflicolu 
and Lenzites suepiaria are the major brown rot fungi. 

Many fungi sporulate on slash; however, the presence of sporophores i s  not 
a re l iable  indication of e i ther  the fungi causing the greates't percentage of 
decay or the amount of decay present (Buchanan 1940). 
by fungi attacking only the sapwood occur most commonly the f i r s t  few years a f t e r  
residues are created ( table  1 ) .  
b o t h  sapwood and heartwood. 
attack only heartwood become important. 
several fungi are often simul taneously decaying residues. 

Most decay and f rui t ing 

They are followed by fungi capable of  degrading 
After the sapwood i s  badly deteriorated, fungi t h a t  

I n  the final stages of  deterioration, 

11 A . A .  Loman. Deterioration by decay of lodgepole pine slash near Strachan, 
A1 berta. Interim Technical Report. Canada Agriculture, Research Branch, Forest 
Biology Division, Forest Biology Laboratory, Calgary, Alberta. 22 p . ,  1959. 
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Table l.--Pwzgi presently recognized as the most important destroyers of slash from Pacific r t h e s t  tree 
species l i s t ed  i n  order of importance by type of rot and wood attacks& v 

Fungus and r o t  type 
Doug1 as- Western S i tka  P a c i f i c  Western Ponderosa Lodgepol e White Subalpine Whi t e  Sugar 

fir hem1 ock spruce s i  1 ver  redcedar p i  ne p i  ne fir fir spruce pine 
fir 

1 I I I I I I I I I I 

White sap ro t s :  
Polyporus abietinus 
Gunodema applanatwn 
P. versicolor 
Fomes mno8us 
P. votvatus 
S terem srmguinolentum 
Amyloeterewn chai 2 l e t i i  
P. anceps 
P. gigantea 
P. m e a t u s  
Schizophy 2 twn convnune 

White hear t  r o t s :  
G. oregonense 
AmtilZaria mellsa 
Poria cinerssceno 
P. subacida 
Po lyporue montanus 
Hymenochaete tabacina 
Peniophora incarnata 
Naematobma Sp. 
P. phlebioides 

Pholiota adiposa 
F. pUteCdU8 

Brown sap ro t s :  
I Lenzites saepiaria 

Coniophora puteana 

Brown hear t  r o t s :  
F. pinicola 

F.  o f f i c i n a l i s  
P o r k  carbonica 
P. manticola 
Trametes ser ia l i s  
P. m t h a  
P. ferrea 
S. abie t inm 
Trechispora brinhanni  
F.  cajanderi 

polypoms f i b r i 1 1 0 ~ ~ 8  

PO lypOPU8 8 U  f W U 8  

+ + + + 
+ + + + 
+ + + + 
+ + + + 
+ + + + 
+ + + 
+ + + 

+ 

+ + + + + 
+ 
+ 
+ + 

+ 
+ 
+ 

+ 
+ 
+ 

+ 
+ 

+ 
+ 

+ + 

+ 
+ 

+ 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

+ 

+ 
+ 
+ 

+ 
+ 

+ + + + + + 
+ 

+ + 
+ 

+ 

+ + 
+ 

+ + + 
+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ + 
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’ Sources inc lude papers on slash decay and de te r i o ra t i on  o f  dead trees from the P a c i f i c  Northwest, Ca l i f o rn ia ,  and western Canada 
(Boyce 1923, Boyce 1929, Buchanan 1940, Chi lds 1939, Kinuney 1955, Kimmey and Furniss 1943, Loman 1962, Rof f  and Eades 1959, Smith e t  a l .  1969, 
Wagener and Of ford  1972, and Wright e t  a1 . 1956). 



Insects are intimately associated with these fungi as they serve as vectors 
and create infection courts (Mitchell and Sartwell 1974). The rate of deteriora- 
tion of residues i s  therefore closely related t o  insect act ivi ty  (Smith e t  a l .  
1969, Basham and Belyea 1960, Wright and Wright 1954). The general pattern of 
deterioration -of forest  residues begins with attacks by bark beetles and  ambrosia 
beetles which are vectors of staining and sapwood destroying fungi. Staining 
fungi (often blue s ta ins)  are usually confined t o  the sapwood where they u t i l i ze  
the contents of parenchyma ce l l s  in wood rays b u t  are not known to have enzymes 
capable of breaking down cel l  wall components (Liese 1970). 
by sapwood decay, o r  bo th  processes may occur simultaneously since bo th  groups 
of fungi are associated with the same beetles o r  use their  entrance holes for  
infection courts. These fungi rapidly spread throughout the sapwood t o  the 
heartwood and some, especially F .  pinicoZa, are also capable of decaying heart- 
wood. 
of heartwood rotting f u n g i  and create favorable conditions for  rapid spread of 
decay. 

Staining i s  followed 

Finally, wood borers t h a t  penetrate deep into logs may ac t  as vectors 

I t  has long been known t h a t  successions and associations of wood-staining 
and decaying fungi deteriorate forest  residues (Buchanan 1940). Evidence i s  
now accumulating which suggests t h a t  associations and successions of addi tiona 
micro-organisms, including bacteria, yeasts,  and other lower classes of fungi,- 
are also responsible for  decay of wood (Shigo 1967)'. Numerous studies of 
micro-organisms associated with decays in living hardwoods and conifers have 
shown t h a t  bacteria and lower fungi are commonly associated with wood-destroying 
fungi in a l l  stages of decay. Eighty-one fungi, including numerous lower 
fungi, have been isolated or observed fruiting on lodgepole pine slash (see 
footnote 1 ) .  The roles of lower fungi in the decay process are largely unknown .  

$1 

Two groups of micro-organisms may have more important  roles in deteriora- 
tion of wood than  i s  now realized. 
"soft  rot ' '  fungi, are capable of degrading wood, usually t o  a lesser  extent than 
wood-destroying Basidiomycetes. Large cavi t ies  between the te r t ia ry  cell  wall 
and l ignif ied middle lamella are character is t ic  of sof t  rot in coniferous wood. 
A l t h o u g h  sof t  rot fungi do n o t  cause extensive decay in a short time, they may 
nevertheless be important because they can degrade wood t h a t  i s  very wet o r  
frequently dry, whereas the Basidiomycetes might no t  survive (Duncan 1960). 

Some lower fungi, often referred t o  as 

Bacteria have long been known t o  occur in discolored and decayed as well 
as in sound wood. 
membranes, they are commonly found in sapwood parenchyma cel l  s which contain 
an easi ly  available source of carbohydrates. Some wood-inhabiting bacteria 
have enzymes capable of ut i l iz ing pectin, others can degrade cellulose, and 
some can even degrade lignin (Liese 1970). In addition, bacteria capable of 
fixing atmospheric nitrogen have been isolated from a l l  types and stages of 
decay in living white f i r  trees (Seidler e t  a l .  1972). A study of decaying 
American chestnut logs has demonstrated t h a t  nitrogen fixation takes place and 
nitrogen content increases as these logs decompose (Cornaby and Waide 1973). 
Since wood i s  especially low in nitrogen content, th i s  could be a very s ignif i-  
cant factor in decay of wood and another piece of evidence t o  support the 
theory t h a t  decay i s  caused by associations o r  successions of micro-organisms. 

Known t o  increase permeability of wood by attacking p i t  

2' For simplificd;;ion,'"lower fungi" as used here and elsewhere in th i s  
paper includes species of fungi from the Phycomycetes, Ascomycetes, and 
imperfect fungi. 
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FACTORS AFFECTING DECAY RATE 

Conditions affecting infection and subsequent development of insects and 
fungi will determine the rate  of residue deterioration. Insects attacking 
residues are discussed by Mitchell and Sartwell (1974) .  I n  addition t o  a food 
base, decay fungi require adequate temperatures, moisture, and oxygen to grow. 
When these conditions are optimal , deterioration occurs a t c  i t s  maximum rate .  
Several physical and environmental factors including soil type, elevation, 
slope aspect and percent, and degree of shading significantly influence 
temperature, moisture, and oxygen contents of forest  residues. 
are often complex and d i f f i cu l t  t o  measure under natural conditions. There- 
fore,  much information in the l i t e ra ture  i s  observational and sometimes 
conflicting. However, there i s  a body of information concerning deterioration 
o f  residues t h a t  i s  consistent enough t h a t  broad generalizations can be made 
for most t ree species. 

Relationships 

Temperature and moisture are, the most important factors governing decay 
rate of forest  residues. Except on very dry s i t e s ,  temperatures may be the 
most c r i t i ca l  factor affecting decay ra te  in forests in western Washington and 
northwestern Oregon (Childs and Clark 1953); however, Hubert (1920) indicated 
t h a t  moisture i s  the controll%g f a c t o r  i n  Northwest timber-sale areas as d i d  
Spaulding and Hansbrough (1944) in the Northeast. . 

According t o  studies made with wood rotting fungi on a r t i f i c i a l  media, most 
favorable temperatures f o r  most fungi ranged from 25" t o  30" C 
Findley 1958). 
those growing best a t  low (under 24" C )  temperatures, a t  intermediate (25" t o  
32" C )  temperatures, and a t  high (over 32" C )  temperatures (Humphrey and 
Siggers 1933). This in p a r t  explains why some fungi are consistently found 
attacking residues under certain environmental conditions. For instance, in 
Alberta, Canada,  the distribution of fungi i n  lodgepole pine slash piles i s  
related t o  temperature differences within the piles (Loman 1962). Lenzites 
saepiaria i s  known t o  grow optimally a t  temperatures above 32" C .  However, 
this  fungus also causes significant amounts of decay a t  10" C (Loman 1962). 
i s  f o u n d  decaying slash on t o p  of piles where temperatures are highest (Loman 
1962);  on dry s i t e s ,  i t  i s  one of the few fungi t h a t  can decay exposed case- 
hardened sapwood (Childs 1939). Because of i t s  ab i l i t y  to  cause appreciable 
decay over a broad temperature range, L.  saepiaria may be the most important 
decay organism on dry s i t e s .  
and bottom of slash piles where temperatures are lower. 

(Cartwright and 
In another study, decay fungi were separated into three groups; 

I t  

Less heat tolerant fungi are found on the middle 

Most wood decay fungi cannot attack wood with less  than  20-percent moisture 

Wood 
content (ovendry weight), and minimum moisture contents between 27 and 33 
percent are needed for  significant amounts of decay t o  occur (Boyce 1961). 
easily absorbs moisture from wet s o i l ,  sometimes t o  the extent t h a t  airspaces 
within wood are f i l l ed  w i t h  water. Such saturated or waterlogged wood cannot 
decay, because oxygen necessary fo r  respiration and growth of fungi i s  not avail- 
able (Boyce 1961) .  
decay i s  inhibited i s  related t o  wood density (specific gravity).  As wood 
substance in a given volume of wood increases, airspace i s  reduced; thus, less  
moisture will reduce a i r  content below levels necessary for  fungal respiration 
(Boyce 1961). However, among t ree  species, wood density i s  not related to  
resistance t o  decay since chemical components of the wood are more important 
(Boyce 1961 ) . 

For a given t ree species, the moisture content a t  which 



Soil type influences humidity around residues and moisture contents within, 
especially when in contact. 
surface and may have less  ground cover t o  provide shade. 
with these so i l s  dry quickly and become casehardened, retarding decay (Spaulding 
and Hansbrough 1944). 
have dense vegetation which often leads to waterlogging of forest  residues and 
l i t t l e  or no decay. 
(Spaulding and Hansbrough 1944). 

Sandy and pumice so i l s  are usually dr ie r  on the 

In contrast ,  clayey so i l s  tend t o  retain moisture and 

Residues in contact 

Fastest decay of residues i s  usually on loamy so i l s  

Elevation influences decay of residues in several ways. Precipitation, 
much in the form- of snow, increases with elevation, the sun's rays have a 
stronger effect  a t  higher elevations, and day and night temperatures are more 
extreme. 
resul ts  in greater contact between ground and slash. On wet s i t e s ,  residues 
may become waterlogged and decay impeded; however, on most other s i t e s ,  decay 
will be promoted by ground contact. I n  general, temperatures th roughou t  the 
year a t  higher elevations are cooler t h a n  a t  lower elevations; thus, there are 
fewer days when temperatures are optimal f o r  decay t o  occur. 
on the ground until early summer, both  temperature and moisture conditions are 
unfavorable for  decay of residues most of the year. On dry south and west 
slopes a t  higher elevations, the stronger effect  of the sun promotes rapid 
drying of the soi l  surface and residues, resulting in casehardening of exposed 
wood. 

Compaction of piled and scattered slash by snow a t  higher elevations 

Where snow remains 

Slope aspect exhibits a s t rong influence on moisture and temperature. 
Generally northwest, no r th ,  and northeast aspects are cooler and wetter than 
others. 
less direct  solar insolation; thus the soil and residue surfaces are cooler 
and moister. However, steep slopes may be dr ie r  due t o  rapid runoff of surface 
precipitation and subsurface water. 
thus dr ier .  
deterioration was fas te r  on nor th  slopes (Childs 1939); on the other hand,  f i r e-  
killed Douglas-fir i n  the same region deteriorated fas te r  on southern exposures, 
except a t  higher elevations where burned timber became dry and casehardened on 
south-facing slopes (Kimmey and Furniss 1943). Burned trees felled within 10 
years a f te r  a f i r e  deteriorated a t  the same rate  as standing burned trees 
(Kimmey and Furniss 1943). 

This effect  may be modified by degree of slope. Steep slopes receive 

Soils ,are often thinner, rockier, and 
In western Washington and northwestern Oregon, rate  of slash 

Shading by vegetation influences moisture and temperature on dry and wet 
s i t e s .  
in clearcuts until vegetation covers the area, increasing moisture and decreas- 
ing temperatures t o  levels conducive t o  decay (Childs 1939). On wet s i t e s ,  
shading lowers temperature's and maintains moist conditions, which can cause 
waterlogging of residues (Kimmey and Furniss 1943). 

West of the Cascades, slash on dry s i t e s  decays slowly, especially 

TYPE OF RESIDUES IN RELATION TO DECAY 

Natural resistance to  decay has been noted among various t ree  genera and 
even among species within a given genus (Boyce 1961). 
and northwestern Oregon , residues from western redcedar deteriorate slowest, 
followed by Douglas-fir, then Sitka spruce, and f ina l ly  Pacific s i lver  f i r  
and western hemlock which deteriorate a t  about  the same rate  (Childs and 

I n  western Washington 
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Clark 1953). 
by sugar pine, ponderosa pine, and white f i r  (Kimmey 1955). 

In northern California, Douglas-fir residues decay slowest followed. 

Regardless of species, sapwood in old-growth dead trees generally decays 

Small logs deteriorate fas te r  t h a n  large logs and top logs 

faster  t h a n  heartwood (Buchanan and Englerth 1940). 
ponderosa pine (Kimmey 1955), sapwood of a l l  species usually deteriorates a t  
a b o u t  the same rate.  
fas te r  t h a n  b u t t  logs  (Boyce 1923, Childs and Clark 1953, Wickman 1965). This 
can be partly attributed t o  the sapwood-heartwood ra t io .  
logs generally have narrower bands of sapwood than  small o r  t o p  logs (Buchanan 
and Englerth 1940). In addition, large and b u t t  logs, especially from certain 
t ree species such a s  Douglas-fir, have thicker bark which retards drying of 
the sapwood. High sapwood moisture content prevents decay. Small and t o p  logs 
with thinner bark and greater surface-to-volume ra t io  dry fas te r ,  allowing 
decay to develop sooner (Childs and Clark 1953). However, on dry s i t e s  a t  
higher elevations, decay of t o p  logs i s  impeded because they become too  dry 
(Kimmey and Furniss 1943). 
moisture from sapwood t o  the a i r .  Severe beetle attacks resul t  in bark slough- 
ing off and casehardening of exposed sapwood on dry s i t e s .  
are particularly resis tant  t o  decay fungi (Spaulding 1929). However, in 
larger branches and logs, drying checks develop t h r o u g h  which fungi can infect 
susceptible sapwood or  heartwood below casehardened wood. 
f a c i l i t a t e  passage of available moisture t o  heartwood of logs (see footnote 1 ) .  
Sapwood in log  bottoms touching the ground i s  often too wet t o  decay (Buchanan 
and Englerth 1940). 
ambrosia beetle attacks and checking which contribute t o  drying of sapwood. 

With the exception of 

Large logs and b u t t  

Beetle entrance and ex i t  holes aid passage of 

Dried small branches 

These checks a1 so 

Tops and sides of logs deteriorate fas te r  because of 

Residues from old-growth t rees  decay slower t h a n  those from young-growth 

Logs from open-grown stands 

because of thicker bark, a thinner ring of sapwood, narrower growth rings, and 
more durable heartwood. 
and decay slower t h a n  branches from young trees.  
usually have wider growth rings and will decay fas te r  t h a n  logs from trees 
grown in dense stands which have narrow growth rings (Kimmey 1955, Basham 1957).  

Branches from old-growth trees have more heartwood 

INFLUENCE OF MANAGEMENT PRACTICES O N  DECAY OF RESIDUES 

Forest management practices, such as type of intermediate or harvest cut ,  
time of year t h a t  residues are produced, and slash treatment, influence decay 
rate of residues. I n  general, residues in clearcuts deteriorate slower t h a n  
those in partial  harvest cuts or in thinned young stands. In the summer, because 
of greater amounts of sunlight, s l ight  r a in fa l l ,  and low relat ive humidities, 
residues in clearcuts may become too  dry t o  decay. Tests of wood samples from 
branches and logs in clearcuts indicated t h a t  suff ic ient  moisture for  decay was 
present only in inner sapwood and heartwood of logs exposed t o  ful l  sunlight, in 
outer sapwood of logs with thick bark and under shade, and in branches in con- 
tac t  w i t h  a t  l eas t  par t ia l ly  shaded soil  (Childs 1939). Nearly a quarter of the 
bark on cull logs less  than  2 fee t  (61 cm) in diameter and on unmerchantable tops 
i s  ripped off during logging. 
decay or i s  s ter i l ized by solar heat (Childs 1939). 
slowed by slash burning which can double the amount of bark removed (Childs 1939). 
Drying i s  more severe in thin-barked species, such as spruce and western hemlock. 
Sapwood moisture content i s  n o t  high enough t o  ,promote decay even in the larger 
spruce and hemlock logs which might have thicker bark (Childs 1939). I n  general, 

The exposed sapwood often becomes too dry t o  
The rate  of decay may be 



residues in contact with the ground+ decay faster  t h a n  suspended residues. 
Branches t h a t  are n o t  broken off during logging remain sound for many years; 
however, branches in contact with the ground usually decay within 10 years a f te r  
logging (Childs 1939). 
deterioration -of slash in h o t ,  dry s i t e s  such as in clearcuts (Childs 1939, 
Wagener and Offord 1972; see also footnote 1 ) .  This i s  especially true for  
suspended slash in clearcut areas (see footnote 1 ) .  Checks cause twigs and 
branches t o  break into smaller pieces, are infection s i t e s  for  fungi, and allow 
passage of moisture t o  the inter ior  of larger branches and logs. 

Checking caused by shrinkage appears t o  be important in 

Generally, residues created by partial  harvest cuts and thinnings decay 
considerably fas te r  t h a n  residues in clearcuts. 
sunlight i s  considerably reduced in the former, temperatures are usually 
s l ight ly lower, and relat ive humidities are s l ight ly higher. In addition, 
there i s  often more ground cover t o  furnish shading which further modifies 
the microclimate. Slash created by thinning generally decays a t  a fas te r  ra te  
than  under partial  harvest cuts because thinnings are generally made in young 
stands. 
a1 ready given. 

Prolonged exposure t o  summer 

Young trees deteriorate much fas te r  t h a n  old trees for  the reasons 

There are instances when decay proceeds fas te r  in residues in clearcuts 
t h a n  in partial  cuts. In Alberta, Canada, lodgepole pine residues deteriorated 
fas tes t  in clearcuts,  presumably because the frequent summer rains wetted 
residues, whereas rainfal l  was intercepted by overstory t rees  in partial  cuts 
(see footnote 1 ) .  
penetrates to  the inter ior  of residues t h r o u g h  checks and i s  ut i l ized by 
decay fungi. 

The increased moisture reaching slash in clearcuts easily 

Whether residues produced a t  one time of the year decay fas te r  t h a n  those 
created a t  another time i s  problematical. 
Washington, slash from Douglas-fir, western hemlock, Sitka spruce, Pacific s i lver  
f i r ,  and western redcedar, decays fas te r  when felled i n  spring or summer 
(Childs 1939). Insect-killed balsam f i r s  in Ontario t h a t  died i n  summer 
deteriorated more rapidly t h a n  those t h a t  died during winter (Basham and Belyea 
1960). Conversely, ponderosa pine logs in eastern Oregon cut in spring degrade 
slower t h a n  those cut in winter (Boyce 1923), and decay rate  of second-growth 
Douglas-fir t rees  in British Columbia was fas te r  f o r  a u t u m n  and winter trees 
than for  those cut in s p r i n g  and summer (Smith e t  a l .  1969). 
penetration of Fomes pinicoZa in Douglas-fir logs were closely associated with 
ambrosia beetle attacks which in British Columbia prefer logs created in 
autumn and winter (Smith e t  a l .  1969). 
therefore, be closely associated with seasonal attacks by insects,  particularly 
beet1 es.  

In northwestern Oregon and western 

Infection and 

Deterioration rate  of residues may, 

Slash treatment influences the ra te  a t  which residues deteriorate.  Several 
slash disposal methods have been used including piling and burning, broadcast 
burning, piling or  windrowing, and lopping and scattering. 
methods has i t s  advantages and disadvantages. 
on public forests  in the Pacific Northwest and i s  considered the best method 
in terms of forest  sanitation (Boyce 1961). Needles, twigs, and a l l  b u t  the 
largest branches are eliminated by burning in clearcuts in western Washington 
and northwestern Oregon, thus reducing f i r e  hazard drast ical ly  (Childs 1939). 
In  unburned clearcuts,  needles and twigs deteriorate in 10 o r  12  years. Decay 
rate  of larger branches and logs with durable heartwood i s  impeded s l ight ly by 
burning. Charred wood 
seems to be highly resis tant  t o  decay and protects sound wood, which i t  surrounds, 

Each of these 
Burning has been widely used 

This can be par t ia l ly  attributed t o  surface charring. 

Q-9 



from fungal infection. Eventually checks dev,elop in charred surfaces t h r o u g h  
which decay fungi attack the wood beneath ( H u n t  and Garra t t  1953). 
advantages and disadvantages of slash burning are discussed by Bollen (1974).  

Other 

Under most conditions, any slash treatment system t h a t  puts residues in 
contact with the ground will hasten decay. Therefore, lopped and scattered 
slash usually deteriorates fas te r  t h a n  suspended, piled, or windrowed residues. 
However, on very dry s i t e s ,  compact piles will deteriorate fas te r  than  scattered 
or loosely piled slash because moisture .loss i s  retarded. 
placing slash on the ground by lopping may resul t  in waterlogging and decreased 
decay rates .  

On very wet s i t e s ,  

Mechanical treatment, including chipping o r  crushing of residues and spread- 
ing them over the soil  o r  burying them in i t ,  offers the f a s t e s t  method of 
el iminating forest  residues in most situations.  
problems associated with these slash disposal methods are discussed in detail  by 
Bollen (1974). A crushing technique, apparently used successfully in lodgepole 
pine dea rcu t s  in the Rocky Mountain region, uses a Mardin chopper./ The 
chopper, a large drum with blades and pulled by a t rac tor ,  puts slash on o r  
under the ground in relat ively small pieces. The Mardin brushcutter was tested 
in a ponderosa pine thinning study in the Deschutes National Forest, Oregon, 
and was found t o  be limited t o  slopes less than  35 percent steep (Dell and Ward 
1969). A "Tomahawk" crusher, mounted on a D-6 t rac tor ,  was effect ive i n  reduc- 
ing f i r e  hazard in thinning slash, was economical, and did no t  damage leave 
trees.  

Techniques , advantages, and 

Chipping or crushing of residues and spreading them over the soi'l or bury- 
ing them in i t  should no t  be done on wet s i t e s ,  such as heavy wet, clayey so i l s  
in the Coast Ranges o r  northwestern Oregon or on very moist n o r t h  slopes a t  
higher elevations, and where large accumulations o f  duff are already present. 
Other disposal techniques should be used under these situations.  

Acceleration of slash decay by treatments with various amendments and chemi- 
cals has resulted in l i t t l e  o r  no success. Applications of nutrients and mycelium 
of wood decay fungi t o  lodgepole pine slash was a t  best inconclusive in hasten- 
ing deterioration (see footnote 1 ) .  
had the amendments been applied t o  older instead of fresh slash. 
cracks in older slash would probably have allowed penetration of inoculum 
resulting in deep-seated infections and increased decay. 

The experiment might have been successful 
Shrinkage 

Another chemical compound, Reynolds No Fire #CA15, has  been reputed t o  
hasten the decomposition of slash. 
claims t h a t  i t  causes lignins and resins t o  be released prematurely, thus crest- 
ing a more favorable environment for development of wood-decay fungi (Hendee e t  
a l .  1966) .  
difference in decay between treated and untreated slash. 
failed to  substantiate the resul ts  of the f ie ld  t e s t s .  There were no differences 
in hyphal act ivi ty  of  Ganoderma appZanatwn between treated and untreated wood 
samples. Field t e s t s  of t h i s  chemical have been continued, however, because of 
the favorable resul ts  obtained i n i t i a l l y  (Hendee e t  a l .  1966). 

The manufacturer of this dark  oi ly  liquid 

F i rs t  year resul ts  of f ie ld  t e s t s  of th i s  compound had indicated a 
Laboratory studies 

2' Personal communication- with T.E.  Hinds, Plant Pathologist, Rocky 
Mountain Forest and Range Experiment Station, Fort CoJlins, Colorado. 
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Application of  mixtures of  2,4-D and 2,4,5-T in oi l  with f e r t i l i z e r  has 
- been reported t o  accelerate deterioration of stumps (Curtis 1957). Mixtures of 

the amine forms of 2,4-D and 2,4,5-T were applied t o  pieces of Douglas-fir sap- 
wood and branch wood with intact  bark . /  The t e s t  material was placed under 
timber stands on north-facing slopes in the Estacada Ranger Distr ic t  in the Mount 
Hood National Forest. No differences were noted in deterioration ra te  of treated 
over untreated t e s t  pieces a f t e r  2 years of f ie ld exposure. Other chemical 
compounds o r  amendments were a l s o  tested during th i s  study in attempts t o  accel- 
erate decay of wood under f ie ld  conditions. 
ing ammonium phosphate, urea, and asparagine, were applied t o  t e s t  pieces of 
wood as previously described for  mixtures o f  herbicides. 
in which addition of these substances t o  wood blocks increased decay ra te  over 
untreated wood (Findlay 1934, Hungate 1940, Schmitz and Kaufert 1936), deteriora- 
tion rate by decay fungi was no t  noticably increased over controls a f t e r  2 years 
under f ie ld  conditions. Similarly, application of liquid p las t ic ,  a compound 
t h a t  reduces moisture loss from treated wood, fa i led t o  promote more rapid decay 
over. untreated controls. Any differences in decay rate  observed a f t e r  treatment 
with the herbicides, various nitrogen sources, o r  the moisture retardant were 
attributed t o  s i t e  differences and no t  t o  the treatments. I t  was concluded from 
th is  study t h a t  none of these treatments were effective. 

Various forms of nitrogen, includ- 

Unlike laboratory studies 

RESEARCH IN PROGRESS 

Li t t l e  research i s  i n  progress t o  determine methods fo r  promoting deteriora- 
tion of forest  residues from man's ac t iv i t ies  or from catastrophes. 
being made of deterioration of a standard size piece of residue under various 
environmental conditions./ Several sc ien t i s t s  are studying decays of l iving 
trees with special emphasis on the decay process . /  
studies will be useful and applicable t o  deterioration of forest  residues. 

A study i s  

Information from these 

NEEDED RESEARCH 

Since deterioration of forest  residues i s  caused mainly by close associa- 
tions of insects and micro-organisms, learning as much as possible abou t  these 
relatio'nships i s  important. 
ing deterioration rates of residues b u t  also f o r  protecting residual trees in 

This knowledge would be useful n o t  only for  hasten- 

Unpublished 
by Frank Ward, Pacif 
Oregon. 

5/ This study 
of Washington, Seatt 

6/ Dr. Alex Sh 
New Hampshire, leads 
northern hardwoods. 
Northwest Forest and 

da t a  from a study on accelerating natural decay carried o u t  
c Northwest Forest and Range Experiment Station, P o r t l a n d ,  

s under the direction of Dr. Charles Driver a t  the University 
e ,  Washington. 

go a t  the Northeastern Forest Experiment Station, Durham, 
a pioneer project studying decays and discolorations of 
Paul E. Aho a t  the Forestry Sciences Laboratory, Pacific 
Range Experiment Station, Corvallis, Oregon, i s  studying .~ 

decays of western conifers. 
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the vicinity of slash. 
tion necessary for  timing logging operations t o  take maximum advantage of insect 
ac t iv i ty .  What makes a log appealing t o  ambrosia, bark,  and boring beetles? Is  
there a population level of various beetles t h a t  will promote rapid deteriora- 
tion of residues and yet n o t  be a hazard t o  residual living t rees? Can th i s  
hypothetical population level be controlled by biological or chemical means? And 
f ina l ly ,  what kinds of micro-organisms are associated with beetles attacking 
residues a t  various times of the year? 

Answers t o  the following questions would provide informa- 

Studies of the various micro-organisms associated with decay would be very 
important. 
undertaken to determine which micro-organisms are associated with decays of 
different  t ree  species. Laboratory studies should then be made t o  learn the 
roles of the important micro-organisms. Since Basidiomycete fungi cause the 
greatest  amounts of decay, i t  would be important t o  find o u t  how decay by these 
fungi can be stimulated. We need to know which of these fungi are capable of 
producing rap id  decay in h o t ,  dry residues and in cool, wet wood, and then, t o  
learn how t o  germinate their  spores and inoculate residues under f ie ld  conditions. 

Cultural studies,  ut i l iz ing various types of growth media, should be 

Decay rate  by fungi has been increased in laboratory studies by addition o f  
various forms of nitrogen (Findlay 1934, Schmitz and Kaufert 1936, Hungate 1940). 
Although nitrogen-fixing bacteria have been isolated from decay in l iving t rees  
and nitrogen-fixation occurs in decaying chestnut logs, we s t i l l  do no t  know i f  
nitrogen fixed by bacteria i s  available and used by fungi causing decay. We 
need t o  know whether nitrogen-fixing bacteria are associated with decays of 
residues and i f  n o t ,  whether deterioration rate  can be significantly increased 
by addition of these bacteria. 

. 

Of the other micro-organisms associated with decays, i t  would be necessary 
t o  learn how important sof t  r o t  fungi are in deterioration of residues in dry 
and  wet s i t e s .  These fungi may be quite valuable in decay of buried residues. 

EQUIPMENT SUGGESTIONS 

Development of heavy equipment for chipping or crushing large diameter logs 
under severe topographic conditions should receive high pr ior i ty .  The chipper 
should have the capabili ty of e i ther  blowing chips evenly over the soi l  
surface or  incorporating them a few inches under the surface. I t  would also be 
necessary t o  learn how much and what type of f e r t i l i z e r  t o  use in various 
si tuations. 

CONCLUSIONS AND DISCUSSION 

Deterioration of forest  residues even under the most favorable conditions 
i s  a long-term process. For instance, in clearcuts in the Douglas-fir type, 
only 70 percent of small ( less  than  I inch (2 .5  cm)) branch volume and 60 
percent of large (larger than  1 inch (2 .5  cm)) branch volume was decayed 16 t o  
20 years a f t e r  logging (Childs 1939). Average volume of decayed sapwood and 
heartwood in tops and small logs ( less  t h a n  2 fee t  (61 cm) in diameter) was 90 
percent and 20 percent, respectively, in unburned clearcuts and 78 and 43 percent 
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in burned clearcuts. 
a high proportion of logging slash in Pacific Northwest forests i s  s t i l l  of large 
diameter and from old-growth t rees ,  some form of slash disposal will be necessary 
t o  eliminate t h i s  problem. On most forest l a n d s  managed mainly for  timber pro- 
duction, current methods may be suff ic ient .  Since deterioration i s  caused mainly 
by associations o f  insects and micro-organisms, information from studies of these 
interactions would be useful f o r  developing techniques t o  hasten deterioration 
rate .  
especially those of nitrogen-fixing bacteria and sof t  rot fungi, would be 
important. 

Heartwood in larger logs remains sound for  decades. Since 

Determining the roles o f  various micro-organisms in the decay process, 

Other methods to  eliminate slash will be necessary on forest  lands where 
for special reasons natural deterioration would take t o o  long. Most promising 
techniques t o  speed up  deterioration include chipping and crushing residues. 
Ground contact o r  even burial will i n  most situations result  in fas te r  deteri-  
oration. 
cal s i t e s  will be necessary. 

Development of heavy equipment capable of working on severe topographi- 
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INSECTS AND OTHER ARTHROPODS 

Russel G .  Mitchell and Charles Sartwell 

ABSTRACT 

Forest residues are u t i l i zed  by many insects--pests as 
we22 as beneficia2 species. 
beetZes. Prominent among these i s  the Douglas-fir beetle,  
whose outbreaks are mainly associated with natura2 debris 
created by  wind and ice  storms. Other pests,  such as the 
baZsam wooZZy aphid, hemlock b o k  maggot, and a couple of 
weevi Zs, have important but indirect associations ~ t h  
forest  residues. 

The most serious pests m e  bark 

Many natural enemies of pest insects also l ive  i n  
residue materials. 
productivity are the species involved in mineraZ cycling-- 
those that fragment debris and Zitter.  

But perhaps more beneficia2 to  forest  

ConcZusions are that certain residues in Douglas-fir 

But  
and ponderosa pine of ten create serious pest probtems that 
shouZd be considered i n  residue management programs. 
the beneficia2 aspects of insects associated with residues 
may have more significance to  man's objectives i n  the Zong 
run. Much 'research is needed t o  eva2uate the significance 
of the various factors invotved. 

Keywords: Insect damage--population buildup; residue 
deterioration--beneficial arthropods. 

INTRODUCTION 

Natural and manmade forest  residues are she1 t e r ,  food, and reproductive 
A single windthrown tree may provide s i t e s  for a great variety of insects. 

h a b i t a t  for hundreds of species before i t  i s  thoroughly decomposed. T h a t  
includes some well-known pests, notably several bark beetles. B u t  most of the 
insects are  decidedly beneficial to mankind ,  among them natura ' l  enemies of 
pests and fragmenters of forest  l i t t e r .  
f i c i a l  insects can be drast ical ly  affected by residue manipulation and disposal 
practices. Accordingly, insect interactions w i t h  forest  residues must be 
considered i n  residue management. 

Populations of both pest and bene- 
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With a few exceptions, forest  residues are sources or causes of insect pest 
problems only fo r  a- year or two a f t e r  the debris appears. .  Within the c r i t i ca l  
period, there i s  some controversy about  whether these materials are entomologi- 
cal l y  hazardous because they may a t t r ac t  large numbers of tree-kill  ing insects 
into a small area, o r  because the residue is. an especially favorable breeding 
medium for  some pest species. Often, b o t h  factors appear t o  apply, b u t  their  
importance varies with each situation. 
residue treatment i s  usually more important t h a n  how the residue i s  treated. 

Thus, fo r  pest control,  timing of 

However, the probability of a pest problem stemming from residues i s  often 
rather small , so the situation becomes one of considering beneficial insect 
species. This, in turn, places the emphasis on how the residue i s  treated 
rather t h a n  when i t  i s  treated. Generally, the more comprehensive disposal 
practices, such as broadcast burning of slash, act  unselectively upon bo th  
pests and their  natural enemies. 'Also, many kinds of residue treatments 
wi l l  l ikely reduce abundance of insects active in the natural deterioration 
of forest debris and l i t t e r .  The long-term consequences of these effects  upon 
stand s t ab i l i t y  and s i t e  productivity are no t  well known. B u t  there i s  enough 
research t o  suggest beneficial insects should be considered. 

Aspects o f  the residue relationships of both pest and beneficial insects 
are discussed in th i s  paper. 
much of the discussion stems from empirical evidence accumulated by foresters 
and entomologists over many years. 
conditions i n  Oregon and Washington. 
relations elsewhere. 

Since the ' l i t e ra ture  background i s  often meager, 

The discussions apply only t o  forest  
Different factors may govern these 

PEST INSECTS 

Bark beetles (family Scolytidae) are the major residue-associated pests in 
Oregon and Washington. 
Buprestidae, Platypodidae, and Scolytidae) attack and breed in residue 
materials, b u t  only a few species attack living t rees .  
Curcul ionidae) have been recorded damaging seed1 ings and sap1 ings in some 
residue situations.  
s i lver  f i r  (Abies amabiZis (Doug l . )  Forbes) slash and a f l y  with western hemlock 
(Tsuga heterophyZZa (Raf. ) Sarg .  ) slash. 

Many kinds of wood-boring beetles (families Cerambycidae, 

Two weevils (family 

An aphid has been found  indirectly related with Pacific 

Most pest problems generated by residues have been associated w i t h  Douglas- 
f i r  (Pseudotsuga menxiesii (Mirb.) Franco) and pine (Pinus spp.). 
from cedar (Thuja 
spruce (Pieea spp.7, and larch ( k . & x  spp.) have presented few or no pest 
probl ems. 

Residues 
Zicata Dcmn) ,  hemlock (Tsuga spp.) ,  true f i r s  (Abies spp.), 

BARK BEETLES 

The Douglas-fir beetle, Dendroctonus pseudotsugae Hopkins, i s  unquestion- 
ably the foremost pest of mature Pacific Northwest forests .  This reputation i s  
gained mostly in areas west of the Cascade Range, where i t s  t ree-ki l l ing 
outbreaks on Douglas-fir are largely associated with windthrow, ice breaka e ,  
and wi 1 d f  i re .  Two other ba rk  beet1 es , Pseudo@ Zesinus nebuZosis , (LeConteq and 
ScoZytus unispinosus LeConte, commonly attack and breed in Douglas-fir residues. 
Occasionally these insects ki l l  sapling and pole-size t rees ,  b u t  generally the i r  
role in removing suppressed and other weakened trees can be considered beneficial. 
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The correlation between Douglas-fir beetle outbreaks with trees damaged by 
winter storms and f i r e  i s  well known in the coastal forests of Oregon and 
Washington. 
blew down some 10 billion board feet of sawtimber in the Douglas-fir subregion 
(f ig.  1 ) .  
standing timber were killed by beetles (Wright and Lauterbach 1958). 
(1941) noted t h a t  beetles associated with fire-scorched trees in the Tillamook 
Burn of 1933 killed some 200 million board feet of green timber. 

Windstorms, for example, in the winters of 1949-50 and 1950-51 

Then, in the 3 years following, another 3 billion board feet o f  
Furniss 

F i g u r e  1.- - Windthrown D o u g l a s- f i r  of ten a t t r a c t s  the Doug las- f i r  
beetle i n  s u c h  g r e a t  numbers t h a t  the a d j a c e n t  green  trees a r e  
a t t a c k e d  a t  the same t i m e .  

Most entomologists have long regarded the relationship between residues and 
tree killing as direct--beetles build u p  large populations in residues the f i r s t  
year and attack living trees the next season (Hopping 1915, Swaine 1918, Miller 
1928, Bedard 1950, Keen 1952, Lejeune e t  a1 . 1961, Johnson e t  a l .  1961 , Furniss 
and Orr 1970). 
can be prevented by removing infested materials before the beetle progeny emerge. 

This i s  the rationale for the recommendation t h a t  tree killing 

Recently, however, there has been a revival of the perspective o f  Graham 
(1922) and Craighead e t  a l .  (1927) ,  who held t h a t  the buildup idea was t oo  
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simplistic and often inconsistent with patterns observed in the woods. 
contended t h a t  the heaviest t ree mortality was generally due t o  effects  of the 
slash in at t ract ing beetles from surrounding stands and concentrating them i n  a 
small area where they can. do greater damage than  i f  widely dispersed. 
w i t h  th i s  viewpoint are the observations of Johnson and Pettinger (1961) and 
Johnson and Belluschi (1969) t h a t ,  when Douglas-fir beetle outbreaks develop, 
many standing t rees  are killed during the time nearby residues are under attack. 

They 

I n  keeping 

Research has shown t h a t  the attack pattern of the Douglas-fir beetle (and 
most other scolytids) involves two at t ractants .  
a t t r a c t  a few pioneer beetles t o  the down or weakened trees (McMullen and 
Atkins 1961). Then, as the beetles bore i n t o  the bark,  a powerful chemical 
a t t ractant  i s  generated which invites a mass influx of beetles t o  the t ree  
(McFSullen and Atkins 1962, Rudinsky 1966). If the beetle population in the 
woods i s  large, the original a t t rac t ive  source will n o t  accommodate a l l  the 
beetles drawn t o  the area. 
then be attacked (Johnson and Belluschi 1969), establishing new a t t rac tan t  
centers which draw even more beetles to the area. 
and killed t rees  gradually expands outward th roughou t  the f l i gh t  period (f ig .  2 ) .  
Drought conditions, as occurred in the early 1950's, accelerate t h i s  pattern 
because the green trees are less able t o  re ject  attack when under s t ress .  

First, volat i le  p l a n t  terpenes 

Adjacent green trees within 35 fee t  (10.7 m )  will 

T h u s  the group of infested 

Johnson and Belluschi (1969) concluded from their  research t h a t  the beetles 
will congregate and k i l l  trees when beetle populations are large and a t t rac t ive  
brood material scarce. B u t  when the reverse i s  t rue,  a l l  the beetles will be 
absorbed by the residue and few trees will be killed. After the Columbus 
Day storm of 1962, f o r  example, an outbreak failed t o  materialize r i g h t  away, 
even though the conditions seemed right (Orr 1963). 
the preferred windthrown t rees  absorbed a l l  the available beetles and none were 
l e f t  t o  attack green t rees .  

In t h a t  particular instance, 

When th i s  happens, foresters have a whole year t o  salvage trees before k i l l -  
ing occurs. B u t ,  although estimates are annually available on the number of 
storm-damaged and f i re-ki l led trees in the woods, the size of the beetle popu- 
lation waiting t o  attack th i s  material i s  rarely known beyond a crude guess. , 

Thus f a r ,  a1 though Douglas-fir beetle has occasionally caused postlogging 
mortality in in te r ior  forests ,  i t  has n o t  caused serious damage i n  recently 
logged old-growth stands in western Oregon and Washington. Most slash accumu- 
lates  in clearcuts,  away from residual timber. Thus, i t s  a t t rac t ive  nature i s  
generally unimportant, except on the stand edge where a few trees  are occasion- 
a l ly  killed. Years ago, when many cull logs were often l e f t  a f t e r  a harvest 
cut ,  slash probably contributed to the maintenance of large beetle populations 
in an area. 
offers few good breeding s i t e s  for Douglas-fir beetle. 

However, ut i l izat ion standards are now such t h a t  logging slash 

However, Johnson and Belluschi (1969) have sounded a warning for  the future,  
when intermediate and selective cuttings of Douglas-fir will probably be more 
common. 
subject to attack fo r  a long time. Also, they are usually close t o  green t rees ,  
which then are vulnerable t o  attack by Douglas-fir beetles. This hazard can be 
greatly reduced i f  logs fel led during the beetle f l igh t  season of l a t e  April 
t h r o u g h  August are removed from the woods as they are cut.  This i s  particularly 
essential i n  years when large populations of beetles are expected. 

In such s i tuat ions,  down logs are generally well shaded and thus 
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Figure  2.--Douglas-f ir  group k i l l i n g  b y  the D o u g l a s- f i r  beetle. T y p i c a l l y ,  
beetles a r e  drawn t o  a n  area  b y  storm or f ire- damaged trees w i t h  some 
s p i l l o v e r  t o  green  trees. Each a t t a c k e d  green  tree then sets u p  a new 
a t t r a c t i o n  center which draws i n  more beetles and g r a d u a l l y  expands  the 
a r e a  of t h e . g r o u p  k i l l i n g .  

Spruce beetle, Dendroctonus mfipennis  (Kirby) ,1/ i s  extremely destructive 
I t s  major ou t-  t o  spruce forests  in inter ior  regions of western North America. 

breaks generally have been associated with blowdown; and severe local infesta- 
tions are frequently connected with logging residues, particularly cull logs 
(Massey and Wygant 1954, Schmid and Beckwith 1972).  Tree kill ing has occurred 
locally in Engelmann spruce (Picea engeZmmnii Parry) stands of the Cascade 
Range and Blue Mountains, b u t  regionally th i s  damage has been modest because 
abundance o f  th i s  t ree species i s  limited (Orr 1963). 

D. rmfipennis also breeds readily in Sitka spruce ( P .  sitchensis (Bong.)  
Carr.) windthrows and logging slash. Floderate kill ing o f  Sitka spruce occurred 
during the mid-1940's on Kosciusko Island, Alaska, and in the early 1960's near 

l' Among several synonyms are Engelmann spruce beetle, D. engehanni 
Hopkins, and spruce beetle, D. obesus (Mannerheim). 
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Prince Rupert, British Columbia. Chamberlin (1958) mentions a small outbreak 
adjacent t o  blowdown on the Olympic Peninsula in 1933, b u t  otherwise there i s  
l i t t l e  evidence of th i s  beetle being a pest in spruce stands along the Oregon and 
Washington coasts. 

The most important insect enemy of mature ponderosa pine (Pinus ponderosa 
Laws. ) i s  western pine beetle,  Dendroctonus brevieomis LeConte, which i s  
abundantly attracted t o  logging slash, windthrow, and fire- injured t rees .  
Generally, there i s  l i t t l e  population increase in slash (Patterson 1927 , Beal 
1935). 
i s  under attack rather t h a n  during the time of new adult emergence (Craighead 
e t  a l .  1927) .  Hence, disposal or treatment of s l a sh ' i s  best done before i t  i s  
attacked. However, slash-associated damage by th i s  insect has been rather 
minor d u r i n g  recent years. 

Tree ki l l ing in recently logged stands occurs primarily while the slash 

Western pine beetle apparently reproduces well i n  windthrown pine, as t ree 
kill ing in the vicini ty  generally. has increased for a season or two following 
blowdown (Miller and Keen 1960).  Thus, salvage logging of current1y.infested 
windthrows can help prevent damage t o  the residual stand. Removal o'f fa l len 
trees before they are attacked (as was done with most of. the May 1971 blowdown 
i n  eastern Oregon) i s  even more effective. 

Contro'lled burning o f  understory vegetation can generally be carried o u t  
without serious threat of subsequent damage by D. brevicomis, provided intended 
crop t rees  are no t  severely defoliated o r  injured by the f i r e .  
hand ,  beetle-caused t ree  kill ing a f te r  a wildfire i s  often catastrophic. Trees 
most often attacked are  those having los t  more than  50 percent of the i r  foliage 
in the f i r e  (Hiller and Patterson 1927,  Salman 1934). 
the resul t  of  beetles aggregating within an area, rather than  from population 
buildup by breeding (Miller and Keen 1960).  Nevertheless, postfire t ree  ki l l ing 
usually continues a t  an  epidemic level f o r  2 o r  3 years. Thus, salvage removal 
of currently infested trees can reduce the beetle population and the probability 
of subsequent damage. 

On the other 

Most t ree  kill ing seems 

Mountain pine 'beetle, Dendroctonus ponderosae Hopkins, attacks several pine 
species. I t  breeds poorly in logging slash and fire- injured t rees .  Although 
i t  causes severe kill ing in dense pole stands of ponderosa pine (Sartwell 197 
th is  insect rarely attacks the slash when such stands are thinned. 
some evidence t h a t  D. ponderosae populations can increase in windthrown trees 
especially western white pine (Pinus monticoZa Doug1 . ) ;  b u t  overall , mountain 
pine beetle seldom causes a residue-associated pest problem. 

There i s  

Pine engraver, Ips p i n i  (Say), i s  the principal pest associated with res 
in the pine subregion, where a b o u t  100,000 acres (40,470 ha)  of ponderosa pine 
sapling and pole stands are thinned annually. 
generally l e f t  where f l l ed ,  i s  n o t  particularly good breeding material f o r  Ips 
pini (Sartwell 1971a).% Nevertheless, most of the slash i s  densely attacked by 

The thinning slash, which i s  

2' A comprehensive report abou t  IPS pini brood production in ponderosa pine 
thinning slash i s  being prepared by Charles Sartwell, Pacific Northwest Forest 
and Range Experiment Station. 
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the beetle (Sartwell 1970).  
proximity t o  the intended crop trees occurs in the f i r s t  spring o r  summer a f t e r  
a thinning; i . e . ,  when the trees are suffering from the twin problems of  recent 
severe competition with other trees and the shock of sudden exposure t o  ful l  
sunlight. Even so, ordinarily there i s  l i t t l e  damage t o  the residual stand; 
b u t  when the situation i s  compounded by d r o u g h t ,  spectacular t ree kill ing may 
occur (Dolph 1971) ( f ig .  3 ) .  

predominantly where slash was deposited during spring and summer. Thus, perhaps 
the best approach t o  minimizing damage i s  t o  schedule thinnings mostly in the 
f a l l  and winter. 
attacking beetles t o  traps (Lanier e t  a l .  1972), or repellants could be released 
t o  inhibit  beetle migration into recently thinned stands. However, much research 
remains t o  be done with IPS pini pheromones. 

This aggregation of many attacking beetles in 

Buckhorn/ revealed t h a t  slash-associated t ree kill ing by Ips pini occurs 

Potentially, a t t rac tan t  chemicals might be used t o  lure 

F i g u r e  3.- -Pine e n g r a v e r  k i l l  i n  a p r e c o m m e r c i a l l y  t h i n n e d  s t a n d  
of ponderosa  p i n e .  

21 W.J. Buckhorn. Preliminary report on the relation of logging operations 
to outbreaks o f  IPS oregoni in ponderosa pine forests .  
f i l e  a t  Pacific Northwest forest  and Range Experiment Station, Portland, Oregon, 
July 8, 1942. 

Unpublished report on 
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Measures t o  suppress beet1 e populations developing in thinning residues 
could lead t o  reduced t ree  kill ing. However, these will minimize damage only 
i f  applied comprehensively on a regular basis. Sporadic, piecemeal treatments 
of infested slash will have l i t t l e  e f fec t ,  because they will n o t  accomplish a 
general lowering of the attacking beetle population i n  an area. Too, the 
probability of IPS pini damage t o  residual stands i s  seldom high enough t o  be 
the sole jus t i f ica t ion  for sizable slash treatment costs. Hence, thinning with 
chemicals instead of by saw has considerable promise toward reducing the pest 
problem, because Ips pini brood production generally i s  very poor in silvicide- 
treated t rees  (Newton and Holt 1971) .  

Some slash treatments for  decreasing the hazard of wildfire could also 
reduce developing beetle populations i f  applied ea r l i e r  t h a n  i s  now done. 
deposited in the f a l l  and winter would have t o  be treated before the following 
July, and spring and summer slash by early September, L e . ,  generally while 
the needles of felled trees are s t i l l  green. Infested slash piled and covered 
with black plast ic  produces very fev new beetles (Buffam and Lucht 1968). 
Chipping i s  probably the best of available mechanical disposal methods. Crush- 
ing and mashing of thinning slash might reduce i t s  su i tab i l i ty  as breedina 
material for beetles, i f  the machine used eff ic ient ly breaks u p  fresh slash. 
However, th i s  i s  merely a guess because effects  of breaking u p  infested slash 
on rps p i n i  brood production have no t  been studied. 

Slash 

A s  t o  burying o f  infested residues, Miller and Keen (1960) report t h a t  most 
new adults of  western pine beetle emerged and worked their  way u p  t h r o u g h  the 
soil from materials buried t o  a depth of 14 inches (35.6 cm). Perhaps much 
deeper burying would negatively affect  brood emergence. However, extreme care 
would have t o  be taken in excavation, because injury t o  roots of surrounding 
trees would l ikely resul t  in their  being killed by other beetles. 

Residues infested with western pine beetle have been effectively burned in 
p i t s  and piles (Miller and Keen 1960) .  
d i f f i cu l t  t o  use with Ips p i n i ,  because most new beetles leave the slash in early 
fa l l  and overwinter in the d u f f .  Broadcast burning has limited potential fo r  
reducing pine engraver populations, because i t  seldom can be done while beetles 
are s t i l l  in the slash. If  anything, f i r e  injury t o  the cambium and foliage 
of intended crop trees would tend t o  increase damage by th i s  insect.  

These burning techniques might be more 

Overall, however, residue treatments t o  minimize Ips pini damage would be 
most effective i f  applied before the thinning slash i s  attacked. This approach 
i s  probably best suited t o  high risk situations,  such as recreational areas, 
o r  where severely stagnated stands are thinned in the spring or summer. 
Generally, th i s  would mean treating the slash immediately a f t e r  the thinning, 
because during warm weather, i t  i s  usually attacked within 2 t o  3 weeks a f t e r  
fe l l ing .  Chipping unattacked slash, removing i t  ent i rely from recently thinned 
areas, or piling i t  in large stand openinas would prevent the aggregation of 
many attacking beetles in proximity t o  residual trees.  

WOOD BORERS 

Many wood-boring insects can seriously reduce the ut i l izat ion possibi l i t ies  
for residues. However, in Oregon and Washington, only a few species cause 
appreciable kill ing of standing trees.  
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The most abundan t  insect breedin in Douglas-fir slash, as well as western 
hemlock, i s  the flatheaded f i r  borer &ehzophiZa dmulpnondi (Kirby)). This 
relationship has posed no serious problems t o  da t e ,  b u t  the beetle has a reputa- 
tion of occasionally attacking and kill ing apparently healthy trees (Keen 1952). 
Possibly under the right conditions, such as extreme d r o u g h t ,  slash-generated 
populations of the flatheaded borer could i n i t i a t e  some kill ing of adjacent green 
timber. 

?he western cedar borer, BachykeZe bZondeZi Marseul, attacks 1 iving western 
redcedar, tunneling in the heartwood and reducing merchantability. Damage by 
th i s  beetle seems t o  increase a f t e r  logging. The cause for th i s  increase in 
damage i s  speculated t o  stem from a concentration of the normal beetle population 
on fewer t rees ,  n o t  because of buildup in slash or a mass of a t t ract ion of 
beetles. Because presence of th i s  insect in residues i s  d i f f i cu l t  t o  detect 
except by dissection, Doane e t  a l .  (1936) suggest immediate disposal of a l l  fresh 
logging residues. 

WEEVILS 

A weevil (S teremius  carinatus Boh.) commonly found in Oregon and Washington 
has been observed kill ing planted Douglas-fir and natural Sitka spruce in British 
Columbia clearcuts (Lejeune 1962) .  Larvae of the weevil breed in freshly cut 
stumps, and the omniverous adults feed on planted t rees  when they emerae. Damage 
symptoms are similar t o  the feeding done by mice a t  the base of the stem. In 
the one instance (on Vancouver Island) where the weevil's pest s ta tus  was recorded, 
some 40 percent of the planted Douglas-fir stock was killed or damaged. Reports 
indicate t h a t  most damage occurs in areas t h a t  were logged, burned, and planted 
within a 2- or 3-year period. Much better information is needed on regeneration 
survival in Oregon and Washington t o  determine if  Steremius  i s  a pest here too .  

A tiny weevil, MagdaZis sp. probably gentiZis LeConte, has demonstrated an 
interesting a f f in i ty  f o r  defoliating residual lodgepole pine (pinus eontorta 
Dougl . )  in newly thinned stands. The weevils do n o t  seem t o  feed or breed in 
the slash, so the nature of  the i r  relationship with slash 's unknown .  Heavy 
defoliation by feeding adults has been observed in Oregon?) and Montana (Fellin 
and Schmidt 1966). 
only when the slash was fresh and mostly i n  stands thinned before l a t e  July. 
f a r ,  defoliation has n o t  been great enough t o  cause significant damage. 

Fellin (1973) observed t h a t  the weevils attacked the trees 
So 

BALSAM WOOLLY APHID 

An introduced pest from Europe, the balsam woolly aphid (AdeZges piceae 
(Ratzeburg)), i s  related indirectly with logging slash in some of the lower 
elevation Pacific s i lver  f i r  stands in the Coast and Cascade Ranges. The aphid 
attacks several true f i r  species b u t  i s  particularly serious in Pacific s i lver  
f i r  stands below 3,000-foot (914-m) elevation (Mitchell 1966).  There, the 
shade tolerant true f i r  has moved downslope t o  replace Douglas-fir, the - 

dominant seral species. When these stands are logged, residual s i lver  f i r  
remain b u t  no Douglas-fir. Because advanced s i lver  f i r  reproduction i s  
a b u n d a n t ,  the trend has been t o  leave slash untreated for  fear of destroying 

5' Private communication with Robert Dolph ,  Insect and Disease Control 
Branch , U. S. *Fares t Service, Region 6 , Port1 and , Oregon. 
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the regeneration already present. 
s i lver  f i r  and soon reduces the area t o  a brushfield (Johnson and Zingg 1968). 
Douglas-fir f a i l s  t o  regenerate because i t  lacks bo th  a seed source and mineral 
soi l  for  a seed bed. 

The aphid then attacks the newly released 

The only  solution t o  this  problem has been t o  remove a l l  residual ' s i l ve r  f i r  

Broadcast burning has been successful and i s  the 

and return the s i t e  t o  an ear l ie r  s t a t e  of succession. 
inates the s i lver  f i r  and provides mineral. soil  for repopulating the s i t e  with 
Douglas-fir would be .effective. 
only system in use. 

Any treatment t h a t  elim- 

HEMLOCK BARK MAGGOT 

The hemlock b a r k  maggot (CheiZosia aZaskensis Hunter) i s  another insect 
pest whose severity of attack i s  'i-ndirectly related t o  slash. 
f ly  on western hemlock produce a pitchy wound in the inner bark of the main stem; 
th i s  defect i s  called black check or black streak in finished lumber (Plloeck 
1968). The connection between the bark maggot and slash ar ises  because the 
f ly  must have entrance into the inner bark in order t o  attack. For t h i s ,  i t  
depends heavily on two bark beetles, PseudohyZesinus tsugae and P. grandis. 
These insects breed i n  slash and stumps b u t  must feed as new adults in the 
inner bark of living hemlocks before the beetles can mature. 
m a t u r a t i o n  feeding holes provide the entry t o  the inner bark needed by the b a r k  
maggot. 

I+lcGheheY?' found t h a t  precommercial thinning in young, coastal hemlock 
stands caused a significant increase in the maturation feeding attacks on 
residual t rees  by the two PseudohyZesinus bark beetles. This, in turn, greatly 
increased the incidence of attack by the hemlock bark maggot. 
were t h a t  the increased maturation feeding was due t o  a larger beetle population 
i n  the area. When stands were thinned chemically with cacodylic acid, breeding 
beetle populations were much reduced over conventional thinning techniques and 
so we're the number of maturation feeding holes in residual t rees .  

Attacks by the 

Their small 

Indications 

BENEFICIAL INSECTS 

Residue treatments may affect  beneficial insects as well as pests. In some 

Burning or 

cases, certain kinds o f  residues might be purposely l e f t  untreated t o  conserve 
insect parasites and predators of pests (Berryman 1967) .  
good habitat f o r  some insectivorous birds and mammals (Dimock 1974). 
other methods of residue disposal conceivably could reduce the abundance of 
na tura l  control agents and lead t o  increased damage by pests. Generally, however, 
l i t t l e  i s  known about  how residue treatments might enhance effectiveness o f  a 
pes t ' s  na tura l  enemies. 

Slash also provides a 

Some residue treatments, particularly those involving f i r e ,  severely affect  
insects and other arthropods having active roles in recycling minerals back t o  
the so i l .  As noted by Ovington (1968), nutrients held in the fo re s t ' s  organic 
matter may represent much of the s i t e ' s  readily available nutrient capi tal .  
Consequently, in i t ia t ion  of residue recycling by agents such as insects,  mites, 

?/ J.H. McGhehey. The biologies o f  two hemlock bark beetles in western 
Oregon. M.S. thesis ,  Oregon State University, Corvallis, 1967. 
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Figure 4.--Deterioration of Douglas-fir killed 4 
years previously by the Douglas-fir beetle. 
Rot penetrating inward was introduced by 
the beetle. 
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Figure  5.--Ambrosia beetle g a l l e r i e s  and b l u e  s t a i n  
f u n g u s  p e n e t r a t i n g  deep  in to  the wood o f  ponderosa 
p i n e  a f e w  weeks a f t e r  beetle a t t a c k .  

R-12 



and diplopods, is important f o r  the long-term heal th  of the f o r e s t s  (Bollen 1974). 
Mineral cycl ing i s  an i n t r i c a t e  process involving f i r s t  fragmentation of dead 
material  i n to  smaller  and smaller  p ieces ,  then decomposition i n t o  compounds 
which enr ich  the s o i l  (Moore and Norris 1974). 
a microbial process; b u t  i t s  success depends heavily on frasmentat ion of the 
ma te r i a l ,  which i s  l a rge ly  an arthropod process (Witkamp 1971). 

Decomposition i t s e l f  i s  l a rge ly  

Bark bee t l e s  i n i t i a t e  the fragmentation process by loosening the bark and 
introducing wood-destroying f u n g i  i n t o  logs and limbs (Graham 1925) ( f i g .  4 ) .  
T h i s  i s  followed by a progression of o ther  ar thropods,  each cont r ibut ing  t o  the 
fragmentation of the material  (Wickman 1965, Elton 1966). 
a r e  wood borers  such a s  ambrosia bee t les  (Scolyt idae)  ( f i g .  5 ) ,  f l a t -  and round- 
headed borers  (Buprestidae and Cerambycidae) , termites ( I s o p t e r a ) ,  h o r n t a i l s  
( S i r i c i d a e ) ,  carpenter  bees (Apidae), and carpenter  a n t s  (Formicidae). 
i n sec t s  bore holes deep i n t o  the wood and a l s o  introduce wood-destroying fungi 
(Boyce 1923, Shea and Johnson 1962, Wright e t  a l .  1956, Wright and Harvey 1967, 
Kimmey and Furniss 1943). 
(Phyllodromidae), crane f l i e s  (Tipul idae) ,  and numerous bee t l e s  (Kuhnelt 1961). 

Following bark bee t l e s  

These 

Advanced d e t e r i o r a t i o n  is aided by wood roaches 

The l a s t  arthropods t o  a t t a c k  a r e  the more c ryp t i c  spec ies  genera l ly  found 
i n  the organic l aye r  of the f o r e s t  f l o o r ,  such a s  the s p r i n g t a i l s  (Collembola), 
o r i b a t i d  mites (Or iba t e i ) ,  and mi l l ipedes  (Diplopoda) ( E l l i o t  1970, Crossley 
and Bohnsack 1960, Naglitsch 1963). 
the organic and upper s o i l  l aye r s  under a ponderosa pine stand near Grass Valley, 
Ca l i fo rn i a ,  showed a population dens i ty  of about 200,000 arthropods per square 
meter of f o r e s t  f l o o r .  About 150 spec ies  were encountered, dominated by mites 
(mostly o r i b a t i d s )  and followed by s p r i n g t a i l s .  
populations were recorded by Vlug and Borden (1973) under a mixed stand of 
western hemlock and cedar i n  southern British Columbia. 

Pr ice  (1973), i n  a study of the fauna i n  

What appears t o  be even l a rge r  

Edwards e t  a1 . (1970) and Kowal (1969) noted t h a t  decomposition proceeds 
slowly when the l i t t e r  fauna is excluded. Among the reasons f o r  th i s  i s  t h a t  
fragmentation may increase  the exposed area o f  organic material  on the ground u p  
t o  15 times i t s  o r ig ina l  sur face  area (Witkamp 1971). Also,  the feca l  material  
of fragmenters encourages growth of decomposing microbes, p a r t i c u l a r l y  bac ter ia  
(Crossley 1970). 
and decreased evaporation t o  one- third t h a t  o f  undigested 1 i t t e r  (Witkamp 1971 ). 
Moisture, i n  turn, f u r t h e r  encourages arthropod and microbial populat ions.  

Fecal p e l l e t s  a l s o  encourage increased moisture-holding capaci ty  

The question facing f o r e s t e r s  is  whether the benef ic ia l  a spec t s  of i n s e c t  
fragmentation outweigh the reasons f o r  removing residues. 
removed by broadcast burning, f o r  eyample, then presumably some pes t  problems 
wil l  be removed and decomposition (through rapid oxida t ion)  wi l l  occur anyway 
(Hall 1972). A l i g h t  burn t y p i c a l l y  removes only the fine f u e l ,  leaving many 
i s l ands  of unburned  ma te r i a l .  This type of burn would probably be compatible 
w i t h  the concept o f  preserving the fauna of the f o r e s t  f l o o r .  
favored by most f o r e s t e r s ,  on the o the r  hand, could remove much of the fragment- 
i n g  arthropod population. Huhta e t  a l .  (1967) i n  Finland and Vlug and Borden 
(1973) i n  British Columbia both noted reduced arthropod populations following 
s l a sh  b u r n i n g .  Also, the so31 environment may be so changed t h a t  reinvasion by 
the s o i l  fauna could be g r e a t l y  delayed. Karppinen (1957), f o r  example, found 
i n  Finland t h a t  the number o f  o r i b a t i d  mites remained reduced 27 years  a f t e r  
b u r n i n g .  Huhta e t  a l .  (1969) a l s o  noted low o r i b a t i d  populations 7 years  a f t e r  
bu rn ing  b u t  a l s o  observed a greater t h a n  normal populat ion of other mites and 
Collembola i n  the burned a rea .  

I f  residues a r e  

The  hard burn  
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Prescribed burning before timber harvest i s  a1 so a technique f o r  reducing 
residue accumulations. Metz and Farrier (1973) checked the effects  of periodic 
and annual burnings on the fauna under loblolly pine (Pinus taeda L.) stands in 
Sou th  Carolina. 
n o t  significantly reduce a r th ropod  populations on the forest  f loor  b u t  t h a t  
annual burnings were destructive t o  these animals. Buf f ing ton  (1967), checking 
the effects of a wildfire in the pine barrens of New Jersey, found reduced 
ar thropod populations 1 year a f t e r  the f i r e .  

They found t h a t  periodic burnings a t  3- or 4-year intervals d i d  

There are,  of course, slash treatments which are alternatives t o  broadcast 
This treatment, burning. 

because i t  greatly reduces both  food and cover, would probably drast ical ly  reduce 
a r th ropod  populations on the forest  floor.  
environment f o r  arthropods by putting the material closer t o  the soil  where 
there i s  a higher, more preferred moisture level. Burying slash may also speed 
deterioration for  the same reason, provided the wood were n o t  p u t  so deep t h a t  
i t  would discourage arthropod attack--more t h a n  3 inches (7.6 cm) would probably 
be t oo  much. Also ,  delaying such treatment until the wood borer population had 
an opportunity t o  attack the material would probably be wise. 

Slash could be scraped together and burned in pi les .  

Crushing slash should improve the 

Chipping slash may be one of  the best treatments. I t  eliminates no t  only 
the residue and pest problems b u t  also the need for  many of the insect f rag-  
menters. Whether a r th ropod  populations l i v i n g  i n  the organic layer could survive 
even th i s  treatment, t h o u g h ,  i s  anybody's guess. There i s  no information on what 
t o  expect. Presumably, j u s t  cutting timber antagonizes 1 i t t e r  populations t o  
some degree because of the increase in heat and reduction in moisture a t  the 
d u f f  level.  Most arthropods found on the forest floor are found  i n  humid, cool 
conditions; in general, the optimum relat ive humidity i s  above 90 percent and 
the preferred temperature around 15" C (Schaller 1968). 
(1967) found in Finland t h a t  the changes in the soil  fauna as a resul t  of clear- 
cutting were n o t  too  significant.  
individuals, b u t  the same species were dominant--the number of species, in fac t ,  
increased because of  an  influx of new ones. 

However, H u h t a  e t  a l .  

There was a decrease in the number of 

Complete removal of slash from an area th rough  100-percent t ree ut i l izat ion 
solves many problems b u t  leads, ultimately, t o  impoverishment of the s i t e  (Hoore 
and Norris 1974) .  This would mean t h a t  each rotation of trees would come under 
increasing nutrient s t ress .  Historically,  pest problems have thrived o n .  s t ress  
and would ultimately take advantage of a nutrient-poor forest .  In Europe, f o r  
example, some stands with a history of repeated removal of l i t t e r  in clearcuts 
have been observed t o  be ei ther  chronically infested w i t h  forest  pests o r  pre- 
disposed t o  recurrent mass infestations (Francke-Grosmann 1963). Several 
European investigations show t h a t  pest populations are greatly reduced in stands 
treated w i t h  mineral f e r t i l i z e r s  (Buttner 1961 ; Schwenke 1960, 1961 ; Plerker 
1965). 

- CONCLUSIONS 

There i s  no doubt t h a t  residues can generate pest problems. Trees damaged 
by storms o r  f i r e ,  particularly in the Douglas-fir subregion, can produce 
enormous bark beetle populations t h a t  k i l l  thousands of trees.  Well-timed 
salvage i s  the best solution t o  t h i s  problem when the affected area i s  localized. 
Often, though ,  the damage i s  too  widespread t o  make any treatment practical.  
Other solutions are seriously needed b u t  unavailable a t  th i s  time. Recent 
discovery of a chemical t h a t  repels Dou l a s - f i r  beetle populations suggests a 
possiEle solution (Rudinsky e t  a l .  19723. 
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The pine engraver beet1 e problem associated with precommercial thinning 
slash of  ponderosa pine is  unpredictable b u t  nevertheless of great concern. 
slash cannot be burned in place because i t  i s  too  green t o  b u r n  a t  the time i t  
i s  a t t ract ive t o  beetles. Chipping the slash before the beetle attack i s  a 
possible alternative. 
B u t ,  without a suitable habitat ,  the i n i t i a l  brood would n o t  produce the 
at t ractants  (pheromones) t h a t  would cause a strong secondary attack. 

The 

The fresh chips may a t t r ac t  a few beetles t o  the area. 

The problem of the balsam woolly a p h i d  attacking advanced s i lver  f i r  repro- 
duction makes i t  mandatory t h a t  the understory trees be removed a f t e r  logging 
and provision be made for reconversion t o  Douglas-fir. 
tion t o  this  problem has been t o  bu rn  the slash and then seed or plant to  
Douglas-fir. 

To date, the best solu- 

As pressing as these problems are ,  however, the threat of outbreaks posed 
by insects breeding in residues i s  generally overrated. From the entomological 
point of view, most residues in the Pacific Northwest, particularly slash, do 
no t  need treatment t o  prevent pest outbreaks. Graham (1922) and Craiphead e t  
a l .  (1927) long ago concluded t h a t  the insect menace posed by slash i s  more 
theoretical than  real .  Entomologists today,  with considerably more empirical 
evidence behind them, generally agree. A1 t h o u g h  hundreds of insect species 
breed in slash, re lat ively few are capable of injuring living trees.  Some k i n d s  
of slash, such as from hemlock, true f i r ,  larch, and cedar, rarely produce 
pests affecting living trees in Oregon and Washington. 
notably from harvests of Douglas-fir, ponderosa pine, and Sitka spruce, have 
the potential t o  create problems b u t ,  as yet ,  there have been no documented 
cases of their  doing so in the Pacific Northwest. 

Other types of  slash, 

In most cases, the best entomological practice appears to be t o  preserve 
beneficial insects whenever possible. Generally t h a t  would mean leaving slash 
untreated. 
selection o r  she1 terwood cutting t o  maintain moisture and reduce heat where 
populations l ive on the forest  f l o o r .  However, the best practice needs identi- 
fication by research. H u h t a  e t  a l .  (1967) found t h a t  soil fauna populations i n  
clearcuts were greater t h a n  in thinning areas. 
amount of  food and shel ter  derived from debris in th inning  soon disappeared 
and the climatic extremes a t  the forest  f l o o r  were accentuated by the lack of a 
closed canopy. 

I t  may also mean changing harvest methods from clearcutting t o  

They speculated t h a t  the small 

Clearly, much research i s  needed on the relationships' between insects and 
residues and the health of the forests .  
questions seem t o  be: 

At th is  time, the most important 

1. Can biological assessments f o r  the Douglas-fir beetle and pine engraver 
beetle be developed for  accurately predicting damage impact for  any given situa-  
tion? Spending time and  money f o r  crash residue removal programs when they are 
unneeded i s  a great waste. 

2.  Is  residue a refuge fo r  the significant number of parasites and predators 
which attack pest species, and are they important? 
eliminated from the decisionmaking process of what  t o  do with residues. 

I f  n o t ,  t h i s  factor can be 

3 .  Do the miscellaneous ba rk  beetles and borers found i n  residue s ignif i-  
cantly speed deterioration o f  l ogs ,  limbs, and bark? An answer will help decide 
the need for slash disposal and possibly suggest how deterioration might be 
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increased by manipulation of insect populations and forest  environment. 
research a t  the University of Washington suggests that  certain biochemical 
changes may be responsible for  a t t ract ing a wide range of insect consumers t o  
forest  debris of different  ages. Accordingly, i f  man could synthesize these 
chemicals, he could hasten deterioration by increasing the consumer population./ 

Current 

4. Does the fauna on the forest  floor play a significant role in mineral 
cycling; and i f  so, i s  i t  able to survive in clearcut areas; or i s  i t  bet ter  
adapted t o  selection or shelterwood cutting? Also, would soi l  fauna populations 
suffer greatly from a ser ies  of l igh t  underburnings to reduce residue accumula- 
tions in established stands? These seemingly insignificant animals should n o t  
be ignored in e i ther  the harvesting system or residue treatments i f  they are as 
important as some studies suggest. 

5. Is the fauna on the forest  floor displaced by slash burning or chipping 
Is rap id  reinvasion necessary? of residues and ,  i f  so, how rapid i s  reinvasion? 

We must be able t o  evaluate the consequences when forced to  take measures which 
may be undesirable from the standpoint of arthropod populations. 

Answers t o  most of these questions would involve research into both popula- 
tion dynamics and forest  energetics. 
research commitment in time, probably 5 to 10 years per study. Some work of 
th i s  type has already been in i t ia ted ,  b u t  a much greater commitment i s  needed t o  
make a significant impact on the research needs. 

That generally means a rather sizable 

Besides a greater commitment in time and money, insect research o f  th i s  
nature needs a revised concept of what  constitutes beneficial insects. 
tendency of foresters  and entomologists has long been t o  consider insects as 
e i ther  pests o r  enemies of pests. In this frame of reference, other insects 
become nonentities. I t  i s  increasingly apparent, though, t h a t  nature has use 
for a l l  insects. And often the connection of the "other insects' '  with the needs 
of man are n o t  a s  complicated as they are subtle. 
example, i f  twig borers were eliminated from the Douglas-fir? Would we s t i l l  
have the clean stems so typical of Douglas-fir? If we eliminated the miscel- 
laneous defoliators from the t ree  crowns, would the micro-organisms responsible 
fo r  mineral cycling miss the substrate provided in fecal pel le ts?  Would, 
then, rapid t ree  growth begin to slow a t  age 25 instead of ,  say, 50 years? 
Many cultural ac t iv i t i e s ,  such a s  residue treatments, a f fec t  such obscure 
insects. So then we come back to research needs. Since insect enemies are 
often rather apparent, the c r i t i ca l  question in residue research may be--which 
are our friends? 

The 

What would happen, for  
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DISEASES 

E . E .  Nelson and G J I .  Harvey 

ABSTRACT 

Forest  residues, produced i n  quantity by various disease 
agents, o f t en  are instrwnentaZ i n  continuation of disease. 
Bot r o t s  are especiaZZy t i ed  t o  saprophytic survivaZ in 
f o r e s t  residues, mainly stumps and root systems. 
diseases, though producing considerable residue, are Zess 
dependent upon it for  continued disease deve lopment. 

Other 

Three root pathogens, Armillaria mellea, Fomes annosus, 
and Poria weirii, are responsibZe for  the buZk of root r o t  
mortaZity i n  the Pacif ic Northwest. Where these fungi are 
estabZished.in stumps and root systems, damage W i Z Z  occur 
t o  surrounding t rees .  F. annosus can i n f ec t  stump surfaces 
as we22 and presents an additionaZ danger in managed stands. 
Where damage is heavy from any of these agents, considera- 
t i o n  shouZd be given t o  stump removaZ if practicaZ. 

Rhizina undulata damages seedlings p k n t e d  where Zogging 
sZash or other materiaZs t3ere previousZy burned. XsposaZ 
of residues by burning, then, can create disease problems, 
but i n  most instances there is no disease probZem. 

Other than root diseases, fores t  disease probZems are 
seZdom aggravated by f o re s t  residues. 

Keywords : Forest disease ( roo t  rots )--Poria we i r i i ,  
A k Z Z a r i a  meZZea, Fomes annosus, 
Rhizina undulata. 

INTRODUCTION 

Residues occur in natural forests (forests h o t  intended for  timber harvest) 
from a number of causes. Lit ter  accumulates constantly; branches and tops fa l l  
from wind o r  snow load;  whole trees die, f a l l ,  and ultimately rot on the forest 
floor. 
in Pacific Northwest forests because a t  some p o i n t  natural  residues are incor- 
porated into the soil a t  approximately the same rate as they are added. Before 
this  s ta te  of equilibrium i s  reached, an undesirable quantity of residue may 
accumulate where normal decay i s  retarded. 

The accumulation of  residues generally does n o t  increase indefinitely 
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Disease is one of several factors contributing t o  residue production, some- 
times in catastrophic proportions. In  the Pacific Northwest, cull and mortality 
losses from disease (nearly a l l  of which become forest residue) each year exceed 
240 million cubic feet  (6.8 million cubic meters) (Childs and Shea 1967). These 
residues are similar t o  those produced in most other ways. In natural forests ,  
a l l  trees eventually die and decay, so diseases of living trees are of conse- 
quence t o  man only insofar as they may cause inconvenience, f i r e  hazard, o r  
danger fo r  recreational use. In managed o r  unmanaged forests t h a t  will someday 
be harvested, disease i s  important primarily because many of i t s  residues could 
otherwise be used by man. In some cases these residues may serve t o  perpetuate 
the disease. In  addition, residues impede travel,  are safety and f i r e  hazards,  
and may lead t o  erosion, bark beetle infestations, and problems in regeneration. 
Hany ''diseased" areas are unsuitable for  recreational development and may be 
unattractive fo r  any recreational qse. Disease decimated areas can, however, 
provide suitable habitat for many kTnds o f  wildlife. 

Forest diseases can be divided conveniently into four categories: diseases 
o f  foliage, diseases o f  stems (exc1,uding heartrots) and branches, heartrots, and 
diseases of roots. 
Foliage, los t  prematurely, causes only a temporary buildup in flammable l i t t e r .  
Prolonged, severe disease condi.tions over several years, however, can cause 
mortali ty which results eventually in an accumulation of whole-tree residues. 

Ordinarily, foliage disease residues are no t  problems. 

Diseases of stems and branches are caused primarily by obligate parasites 
(e.g.,  dwarf mistletoe, rust f u n g i ,  and some canker f u n g i ) .  Many of these 
parasites cause growth abnormalities such as large "witches brooms" or galls in 
tops and branches which sometimes become so contorted and reach such massive 
proportions t h a t  when they reach the forest floor they remain for  years as 
obstructions t o  travel and as  f i r e  hazards. Dwarf mistletoe alone accounts fo r  
72 million cubic feet  ( 2  million cubic meters) of mortality annually i n  the 
Pacific Northwest (Childs and Shea 1967). 

Heart rots and most of the important roo t  diseases in the Pacific Northwest 
are caused by wood-destroying fungi (Ba,sidiomycetes). They produce whole o r  
nearly whole tree residues when trees are broken a t  rot-weakened areas of  the 
main stem o r  major roots below ground. 
cubic meters) of residues result  from heart rot cull and r o o t  r o t  mortality each 
year (Childs and Shea 1967). 
frequently jackstrawed in the woods and present problems in mobility; however, 
these trees o r  parts of them are already decayed and probably will return t o  
the soil faster  t h a n  residues of comparable size produced by other destructive 
agents. 

Over 150 million cubic feet  (4.25 million 

Windthrown, root- ,  o r  butt-rotted trees are 

Many diseases are cyclic in nature and result in periodic accumulation of 
forest residues. 
tions when new pathogens are introduced o r  unsuited species o r  seed sources are 
used i n  reforestation, b u t  many diseases remain a t  endemic levels throughout 
the history of the stand.  

A t  times, residues may be produced in abnormally large propor- 

Residues resulting from a disease often are important i n  continuation of 
t h a t  disease. 
and produce inoculum which infects developing foliage above. 
isms similarly produce spores from structures developing on fallen trees and 
slash. 
the so i l ,  o r  upon rotted butts lying in contact with the forest f loor,  as 
reservoirs of inoculum for renewed infection. 

Fruiting bodies of certain foliage diseases mature on the ground 
Wood decay organ- 

Root diseases are often strongly dependent upon stumps and roots l e f t  i n  
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Treatment of these residues could drastically change the development of  
diseases in areas o f  residue accumulation, especially from certain roo t  diseases. 
Finding the most beneficial treatment within the limits of practicality will 
challenge the researcher, engineer, and practicing forester alike. 

INFLUENCE OF RESIDUES AND RESIDUE TREATMENTS 
ON SPREAD AND CONTROL OF DISEASE 

Though many diseases depend on forest residues, probably i n  no other 
forest disease category i s  th is  more important t h a n  i n  roo t  diseases. 
saprophytic phase as i t  exists in woody tissues o f  no longer living hosts i s  
essential t o  the completion of the disease cycle for  major roo t  rot fungi in 
the Pacific Northwest. 
numerous other ways rapidly intensifies root  disease hazard by greatly increasing 
possibilit ies of saprophytic colonization. 
are able t o  use bo th  cellulose and lignin and consequently can successfully 
compete w i t h  other organisms for  these available woody substrates. 

The 

In addition, the existence of residues produced in 

Most. important forest r o o t  pathogens 

No matter a t  what stage forest residues are colonized, such residues are 
potential roo t  disease problems only i f  the pathogen i s  able t o  survive in them 
and i f  susceptible hosts come within reach of the pathogen. Survival of the 
pathogen i t se l f  depends on many factors,  among which are size and position o r  
location of residues, various soil  factors,  and protective mechanisms of the 
particular fungus .  Again, chance of infection depends on a number of factors,  
such as tree species present, proximity t o  colonized residue, host vigor, adaptive 
mechanisms of the pathogen, and various soil factors. 
what differently from others. 
important roo t  pathogens will be discussed separately. 

Each pathogen reacts some- 
For a more indepth discussion, three of the most 

A RMILURIA MELLEA 

ArmiZZaria meZZea i s  known worldwide and i s  present  i n  a l l  major f o r e s t  
types in the Pacific Northwest. For successful pathogenesis, A. meZZea depends 
upon a substantial food base and trees under stress (Leaphart 1963). Living 
trees or forest residues may become food bases af ter  successful attack and 
colonization. Once colonized by the fungus, these food bases become centers of 
infection as specialized fungus strands (rhizomorphs) radiate outward in the 
soil and infect nearby trees ( f i g .  1 ) .  Younger trees are most susceptible; 
older trees of good v igo r  are seldom killed. 
2,400 seedlings (Pinus gZauca and several exotic species) killed by A. meZZea i n  
a 10-year-old plantation. He attributed the rapid killing t o  nutrient deficiency 
(a s t r e s s ) ,  l o w  vigor of exotics, and the large amount of inoculum in stumps 
l e f t  from the previous s t and .  Conifers are killed more easily t h a n  hardwoods, 
b u t  colonized hardwoods provide excellent food bases for infection of adjacent 
trees (Pa t ton  and Bravo 1967). 

Singh (1970) found about half of 

One can expect A .  meZZea t o  $e more of a problem in young stands subject t o  
silvicultural practices such as thinning, especially i f  hardwoods are present or 
trees t o  be l e f t  are o f  low vigor or subjected t o  environmental s tress .  
t o  the remaining stand is likely t o  be greatest soon af ter  thinning when numerous 

Damage 
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stumps are colonized b u t  declines with exhaustion of food base and increased 
v i g o r  o f  released uninfected trees.  Any wood residue buried o r  par t ia l ly  buried 
in the soil  may be colonized by A .  meZZea. The larger the residue, the more 
likely i t  will be an effective source of inoculum. 

F i g u r e  I.--Armillaria mellea 
i n  ponderosa p i n e  s tumps  
in fec ts  and kills young 
p i n e  trees i n  the v i c i n i t y .  

Gibson (1960) found t h a t  pine plantations following hardwood stands were 
much more susceptible to  A .  meZZea than  those following conifers. Thinning in 
pine or reforestation following pine was not considered a problem except immedi- 
ately a f te r  the operation since pine stump deterioration was rapid. 
has clear ly demonstrated the association of residual ponderosa pine stumps and 
A.  meZZea mortality in young ponderosa pine in central Oregon. 

Adams (1972) 

In  natural fores t s ,  one can expect increased damage from A .  meZZea when the 

Severe drought  
number of weakened and dead trees i s  greatly increased, e .g . ,  by extensive 
snowbreak, insect damage, and consecutive years of defol ia t ion.  
or other debi l i ta t ing factors might likewise benefit the pathogen (Leaphart 1963). 

A.  meZZea i s  a "pathogen of opportunity." When trees encounter consider- 
able s t ress  or where large amounts of food. are opened to colonization (as i n . a  
thinning), the fungus may become a problem, a t  l eas t  for  a short time. 
trees vigorous i s  the best insurance against losses by A .  meZZea. 

Keeping 

FOMES ANNOSUS 

Fornes annosus, l ike  A .  meZZea, i s  well known around the world in the 
temperate zone (Powers and Hodges 1970). 
conifers and hardwoods. 
i n  the Eastern and Southern United States,  especially on pine. In species other 
than pine, decay o f  heartwood i s  probably more serious a problem t h a n  mortality. 

I ts  host range i s  large-- i t  attacks both 
Fluch work has been done on the pathogen in Europe and 
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In the Pacific Northwest,F. annosus i s  found on many coniferous species b u t  has 
not  been considered a serious disease except on western hemlock. Old-growth 
hemlock i s  often butt-rotted with F .  annosus, and scars on young hemlock are often 
infected by this  fungus  ( H u n t  and Krueger 1962). 

Infection of stumps by basidiospores i s  a problem in forest management b o t h  
in Europe and in Eastern United States. 
rate of stump infection in western hemlock in western Washington (50-90 pe,rcent). 
Driver e t  a l .  (1970) further found t h a t  thinning hemlock w i t h  herbicides d’id not  
prevent infection by F .  annosus. 
f u n g u s  developing in inoculated stumps could grow into the roots and infect roots 
of living trees in contact. 
infection as  was hemlock. 

Driver and Wood (1968) found a high 

Wallis and Reynolds (1970) showed t h a t  the 

Douglas-fir was nearly as susceptible t o  spore 

Reynolds and Craig (1968) report an average high of 29-percent spore infec- 
tion of Douglas- fir stumps i n  British Columbia from March t o  September. Infection 
of stumps was less common d u r i n g  winter months, perhaps because of a greater 
abundance of  spores of Peniophora gigantea and Trechhpora brinkmanii, antagonists 
of F .  annosus, during this  period. 
opment in the somewhat more resistant Douglas-fir i s  not  known. 

How this may relate t o  further disease devel- 

Typically, F .  annosus, af ter  colonizing the stump surface, grows into the 

The wcelium growing i n  the r o o t  and on i t s  surface 
roots a t  a rate of 3.3 t o  6.6 feet  (1 t o  2 meters) a year depending largely 
upon species and climate. 
i s  able t o  penetrate roots of healthy trees when contact i s  made. 
manner, the disease may spread in the stand a t  rates of up t o  1 meter ( 3 . 3  fee t )  
per year (Hodges 1969). 
spread in western hemlock, there i s  no reason t o  believe t h a t  the fungus acts 
significantly different than  observed on other conifers. Wall i s  and Reynolds 
(1970) found growth of the fungus in stumps t o  be about  30 inches (76 centimeters) 
per year. 
foresters shoul d not  disregard the possi bi 1 i ty of damage t o  coniferous forests 
in any forest zone. Although much attention has been focused on disease develop- 
ment from infected stumps, other entry courts are available as well, especially 
in western hemlock. Hany residues are subject t o  colonization, b u t  only stumps 
and partially buried logs are likely t o  be of importance t o  disease continuation 
i n  e i ther  managed o r  n a t u r a l  f o r e s t s .  Again, the l a r g e r  the bur ied  r e s i d u e ,  the 
greater the chance for i t  t o  be effective as a source of inoculum. 

In this  

Although l i t t l e  information i s  available on made of 

Though western hemlock i s  probably our most vulnerable species, 

PORIA WEIR11 

Poria u e i r i i ,  probably the most destructive roo t  pathogen i n  the Pacific 
Poria ueirii i s  principally Northwest, attacks a l l  native conifers (fig. 2 ) .  

a problem in west-side forests,  especially where Douglas-fir predominates , b u t  
causes severe damage in some areas of high elevation mixed conifers as  well. 
association with forest residues i s  much like t h a t  of Fomes annosus. Although 
the role of spore infection i s  n o t  well known and certainly does not  approach 
the magnitude of F .  annosus, this pathogen seems t o  possess an amazing potential 
t o  surv-ive in forest residue: many instances have been reported of survival  for 
50 years o r  more in stumps and roo t  residues of old- rowth forests. One report 
estimates survival may continue more t h a n  a century QChilds 1955). The poten- 
t i a l  of P. weirii t o  colonize forest residues i s  open t o  question. The fungus 
lacks the abi l i ty  of  A. meZZea t o  grow t h r o u g h  the soil (no rhizomorphs produced) 

I t s  
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t o  encounter these residues; however, Wall i s  and Reynolds (1965) demonstrated 
t h a t  P. weirYii was able t o  invade stumps o f  trees felled a t  least  12  months 
earl ier  and Douglas- fir heartwood buried 12  months i n  the soil.  

Fi . gure  2.--Residues 
c r e a t e d  b y  Poria weirii 
i n  young D o u g l a s- f i r .  
T h e  pa thogen  s u r v i v i n g  
i n  the roots o f  f a l l e n  
trees w i l l  i n f e s t  re- 
main ing  trees or others 
e s t a b l i s h i n g  themselves 
i n  r e s u l  t i n g  o p e n i n g s .  

When roots of living trees encounter the fungus in dead o r  decaying roots  
and stumps, they become infected. Poria grows over the surface of the ' root ,  
penetrating the bark and colonizing the wood i n  much the same way as F. annosus. 
I t s  abi l i ty t o  decay heartwood often leaves a stricke-n tree symptomless until 
windthrown. In managed Poria-infected stands,  thinnings often leave apparently 
healthy trees--only t o  be los t  t o  windthrow when the canopy i s  opened in the 
thinning operation. 
becomes infected, and spread continues from tree t o  tree a t  roo t  contacts. 
Logging debris other than stumps i s  probably of minor importance in disease 
continuation unless i t  contains P .  weirii when cut and is buried or partially 
buried i n  the operation. 

When stands are clearcut, regeneration around decayed stumps 

Present residue disposal methods seem t o  have l i t t l e  effect on the major 
Very seldom are burns ho t  enough t o  destroy root  pathogens discussed here. 

appreciable amounts of buried inoculum in colonized roo t s ,  a t  leas t  a t  their  
greater depth in so i l .  

RHIZINA UNDULA TA 

When residues are burned t o  eliminate large amounts o f  wood fiber from the 

Although no t  presently 
s i t e  o r  t o  eradicate brush Competition, another roo t  disease caused by Rhizina 
unduZata may cause concern in regeneration o f  the s i t e .  
a major problem, i t  i s  important on certain s i tes  i n  the Douglas-fir region and ,  
because i t  k i l l s  very young trees, may be more important than  i s  apparent. 
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Morgan and Driver (1972) have repeatedly found the disease i n  western Washington, 
b u t  a survey of rlational Forests in Washington and Oregon showed negligible 
damage (Thies 1973). 
plantations on burned areas and i s  considered a serious forest disease (Laine 
1968). High soil temperatures are necessary t o  germinate ascospores of  this  
fungus which proceed t o  colonize woody materials saprophytically and t o  attack 
seedlings on the s i t e .  
cant only for about  4 years af ter  burning (Jalaluddin 1967). Ginns (19683, 
however, t h i n k s  t h a t  environmental conditions i n  British Columbia may be more 
favorable t o  disease development. The disease is only of recent concern in 
the Pacific Northwest, and i ts  ful l  potential i s  not  yet known. Thus f a r ,  only 
coastal areas of the region are involved. Obviously, other less important roo t  
diseases play similar b u t  lesser roles involving forest residues. 
importance as recognized presently i s  not great enough to merit discussion here. 

In Finland, R i z i n a  sometimes causes very heavy damage i n  

In Great Britain, the disease i s  t h o u g h t  t o  be si nif i-  

Their t o t a l  

I n  a l l  the vegetation zones of the Pacific Northwest, ubiquitous b u t  usually 
unimportant foliage diseases exist which are normally of s l ight  economic impor- 
tance t o  their  native coniferous hosts. 
cyclic, usually w i t h  weather, their relative importance changes from year t o  
year. Causal fungi include Lophodemiwn spp.  causing needle casts of Abies, 
L o i s ,  Libocedrus, Pinus, and Tsuga; and Herpotrichiwn spp. or Neopeckia sp. 
causing brown f e l t  bl ights of Abies, Junipems, Picea, Pinus, Pseudotsuga, Taxus, 
Thuja, and Tmga. 
fallen t o  the ground and thereby n o t  only continue o r  intensify a flam ble 

(Hepting 1971 , Boyce 1961 ). 

Since foliage diseases tend t o  be 

They are capable of sporulating on infected foliage which has 
residue buildup b u t  reinfect and cause growth loss of conifers as well- v 

DISCUSSION, NEEDS, AND RECOMMENDATIONS 

No one can doubt the importance of forest disease as a producer of residues. 
These residues in t u r n  suppor t  the disease agent during the absence of a suscept- 
ible host and are, indeed, necessary for  continued disease development. 
special abi l i ty of wood-rotting fungi t o  digest cellulose and often lignin as 
well and their  capability t o  penetrate thick layers o f  corky bark keep them 
secure from the intense competition found on simpler substrates i n  the soil and 
allow these pathogenic organisms t o  do remarkably well i n  the saprophytic phase 
(Garrett 1970). 

The 

Without the abil i ty t o  survive for many years in forest residues, such 
destructive pathogens as  Poria w e i r i i ,  F a e s  mraosus, and ArmiZZaria meZZea 
would drop  from the l i s t  o f  important disease problems t o  mere annoyances. 
fungal  adap t a t i on  and some substrate factors are important  i n  determining how 
long a fungus might survive in woody residues. Hany root  rot fungi are capable 
of forming black psuedosclerotial barriers (zone l ines)  which support  favorable 
conditions for the fungus within and keep antagonists out .  
selves vary in s ize,  condition of bark and wood, and location in the soi l .  One 
m i g h t  expect longer survival i f  bark were intact ,  residue large, resin pockets 
common, and wood not  i n  a highly advanced stage o f  decay. All these things are 
important i n  root  pathogen survival, and most can be altered by the action of 
man. 

Some 

The substrates them- 

1' J.M. Staley. Personal communication t o  Earl E .  Nelson, 1972. 
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Forest tree pathogens which attack foliage and sporulate on the fallen 
needles are likewise vulnerable t o  regulation th rough  forest practice. Though 
these fungi are normally of questionable importance, they may become serious 
when climatic conditions are favorable. Residues caused by ob1 igate parasites 
such as rusts or dwarf mistletoe do not  contribute t o  disease bu i ldup .  Heart 
rotting fungi may sporulate on forest residues b u t  probably no more so than  i f  
these trees were 1 e f t  standing. 

The dilemma of the forest pathologist is often t h a t  he, a f ter  careful 
study and diagnosis of a disease problem, must t e l l  the forest manager t h a t  
there is no economically feasible solution. Often the only advice i s  " d o n ' t  
do anything, save your money," o r  "ignore i t ,  go ahead with your plan." 
Although better than no advice a t  a l l ,  i t  f a l l s  short of solving the problem. 

Regarding roo t  disease in general, thinning in roo t  rot areas i s  not  
desirable unless damage i s  a t  a low level,  volume of salvage warrants the 
operation, or young stands are so stagnated t h a t  future r o o t  rot losses are 
likely t o  be dwarfed by -increased growth of more vigorous re'leased trees. 
the major roo t  rot fungi survive in infested residues and i n  some cases are 
likely t o  invade logging residues, some consideration should be given t o  their  
removal o r  destruction o r  bo th .  Stumps are by far  the greatest threat. When 
prac t i ca l ,  infested s tumps can be removed and p i l e d ,  p i l e d  and burned ,  o r  
chipped. This in effect removes the inoculum from the s i t e ,  destroys the 
inoculum, o r  converts i t  t o  a s ta te  much more susceptible t o  competition from 
soil microbes. When species highly susceptible t o  Fomes annosus, such as 
western hemlock, are thinned, consideration should be given t o  treating stump 
surfaces and avoiding injury t o  residual trees even i f  F. mnosus i s  no t  
present on the s i t e .  

Since 

Residue treatment recommendations after  final harvest are similar t o  those 
for t h i n n i n g .  Where possible, infected residues (principally stumps) should be 
removed as above. Care should be taken t o  avoid burial of infected long-butts 
o r  other material during logging o r  slash disposal. These recommendations will 
probably greatly reduce disease problems, b u t  their  cost may prohibit 
imp1 emen t a t i  on. 

Elimination of brush on a harvested area not  only reduces competition 
between the brush and young trees bu t  reduces cool, moist microsites provided 
by dense brush cover which are conducive t o  foliage diseases. In areas where 
foliage problems exis t ,  this factor should be considered. Controlled burn ing  
in established stands t o  reduce inoculum of certain needle fungi may be desir- 
able under some conditions b u t ,  in most instances, will not be warranted and 
probably could be used only on a small proportion of problem s i tes .  

Limited knowledge of roo t  disease-forest residue interrelationships makes 
i t  d i f f icul t  t o  provide adequate recommendations t o  the practicing forester. 
Studies now ,underway will provide some answers, b u t  s t i l l  more work will be 
required and new methods and equipment will have. t o  be devised. Studies presently 
underway in the Pacific Northwest dealing w i t h  residues o r  their treatment as 
disease factors include: 

1 .  Effect of stump removal and soil scarification on Por ia  t r e i r i i  disease 
development i n  regeneration--Pacific Forest Research Centre , Canadian Forestry 
Service, Department of the Environment, 506 West Burnside Road, Victoria, B . C . ,  
Canada 
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2. Effect of f e r t i l i za t ion  and timber type on survival of Poria we ir i i  i n  
buried wood--Forestry Sciences laboratory, Pacific Northwest Forest and Range 
Experiment Station, 3200 Jefferson Way, Corvall i s  , Oregon 97331 . 

3. Infection potential of Poria we ir i i  basidiospores on stumps and t ree  
wounds--Forestry Sciences Laboratory, Pacific Northwest Forest and Range Experi- 
ment Station, 3200 Jefferson Way, Corvallis, Oregon 97331. 

4. Potential of Fomes annosm to infect hemlock roots from invaded stumps-- 
Pacific Forest Research Centre, Canadian Forestry Service, Department of the 
Environment, 506 West Burnside Road, Victoria, B.C.  Canada. 

5. 
in ponderosa pi ne--P1 a n t  Pathology Department, Oregon State Universi ty , Corvall i s  , , 

Oregon 97331. 

* 

Food base requirements for  ArmiZZaria meZZea root disease development 

6. Occurrence, diagnosis, and management a1 ternatives concerning Rhizina 
root ro t  of planted Douglas-fir--College o f  Forest Resources, University of 
Washington, Seat t le ,  Washington 98195. 

Additional studies could t e l l  us: 

1 .  Root rot hazard from cull logs l e f t  or buried on the s i t e .  

2. 
regeneration. 

Effects of severe f i r e s  on root pathogen survival and infection i n  

3 .  Potential for  residue colonization by basidiospores of P. weifti, A .  
me Z Zea, and F .  annosus. 

4. Effects of chipped slash (incorporated into soil  or layered on the soi l  
surface) on development of disease in regeneration. 

5. Effects of thinning in ponderosa pine on r o o t  disease caused by F. 
annosus and A .  mellea. 

Stump removal holds promise in reducing P. w e i r i i  damage in regeneration 
(Weir and Johnson 1970).. 
effective and economical methods of accomplishing th i s  j ob  will be necessary, 
especially on steep slopes. 
will also call  for  more e f f ic ien t  and less costly machinery for  operation on 
vari ed topography. 

If time proves th i s  method of control successful, more 

Chipping of residues t o  reduce disease development 
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APPENDIX 



GLOSSARY 

adsorption complex--The group of substances in soil capable of adsorbing other 
materials. Organic and inorganic colloidal substances form the greater part 
of the adsorption complex; the noncolloidal materials, such as silt and sand, 
exhibit adsorption but to a much lesser extent than the colloidal materials. 

advance reproduction--Young trees that have become established naturally in a 
forest before cutting or regeneration operations. 

aerial fuel--All burnable material more than 6 feet (1 .83  m) above the ground. 
"his includes the upper portions of trees, large shrubs, snags, and all the 
foliage and epiphytes on them. Compare ground fue1.L- 

aerial logging--Yarding methods in which logs are suspended above ground from a 
helicopter, o r  from skyline or balloon cable systems. 
skyline logging, tractor logging. 

Compare cable logging, 

aerosol--A colloidal system in which the dispersed phase' is composed of  either 
solid o r  liquid particles of no greater than 1-micron diameter, and in which 
the dispersion medium is some gas, usually air. Haze, most smokes, and some 
fogs and clouds may be regarded as aerosols. 

agglomeration--The growth of an airborne particle by collision and assimilation 
of other particles. 

aggregation--The binding together of individual soil particles into larger, 
compound ones as by organic  matter, i r o n  hydroxides, o r  funga l  hyphae. 

albedo--The fraction of incident light o r  electromagnetic radiation reflected by 
a body. 
specific wavelength. 

The albedo is distinguished from reflectivity, which refers to one 

allelopathy--Repressive effect of plants upon each other, exclusive of micro- 
organisms, by metabolic products, exudates, and leachates. 

amenity--The attractiveness and esthetic or nonmonetary value of real estate. 
(Applied to qualities of the forest and landscape that appeal t o  the 
recreationist.) 

ammonification--Decomposition of nitrogen-containing organic compounds t o  produce 
ammonia o r  ammonium compounds. Compare nitrification. 

area burning--See broadcast burning. 

area ignition--For prescribed burning, fire sets in many places throughout an 
area either simultaneously or in quick succession and so spaced that the 
entire area is rapidly covered with fire. Compare strie burning. 

artificial regeneration--The renewal of a tree crop by direct seeding or planting. 
Compare natural regeneration. 

L' Underlined terms are defined elsewhere in this glossary. 
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autotrophic--Organisms t h a t  manufacture t h e i r  own food exclus ive ly  from inorganic 
substances occurring i n  s o i l ,  a i r ,  o r  water .  

ava i l ab le  fuel--The po r t ion  of  t he  t o t a l  combustible mater ia l  t h a t  f i r e  would 
a c t u a l l y  consume under given condi t ions .  

ava i l ab le  moisture--The water i n  t h e  s o i l  t h a t  can be r e a d i l y  absorbed by p l a n t  
roo t s .  

ava i l ab le  nut r ien t- -That  po r t ion  o f  any n u t r i e n t  i n  the  s o i l  t h a t  can be r e a d i l y  
absorbed and ass imi la ted  by growing p l a n t s .  

backingjf ire--A prescr ibed  f i r e  o r  w i l d f i r e  burning i n t o  o r  aga ins t  t h e  wind o r  
down t h e  s lope  without a i d  of  wind. Compare head f i r e ,  running f i r e .  

bal loon logging--An aerial  cable  yarding system i n  which t h e  logs are suspended 
beneath a bal loon.  Compare cable logging, aerial logging. 

basal  area--The area of t h e  cross  s ec t ion  of a t ree a t  b r e a s t  he ight ;  f o r  a 
s tand ,  t h e  t o t a l  basa l  area p e r  u n i t  of  area, w u a l l y  p e r  ac re .  

below-cloud scavenging--See washout. 

biomass--Total quan t i t y  of  l i v i n g  organisms pe r  u n i t  a r ea  including s t o r e d  food. 

broadcast  burning- - In tent ional  burning i n  which f i r e  is s e t  t o  spread over a l l  
of a spec i f i ed  area, usual ly  i n  nonpiled f u e l s .  
usua l ly  confined t o  t h e  area burning of  logging s l a s h  following c l e a r c u t t i n g .  

In  t h e  Pacific Northwest, 

brown rot--Any wood r o t  t h a t  a t t a c k s  t h e  ce l lu lose  and associa ted  carbohydrates 
leaving t h e  l i g n i n ,  producing a l i g h t  t o  dark brown f r i a b l e  res idue ,  hence, 
loose ly  termed dry r o t .  

browsing--Feeding on t h e  buds, shoots ,  and leaves of woody growth by l i ves tock  
o r  wild animals. 

brush blade (also, brush rake) --A bul ldozer  b l ade l ike  attachment with long t e e t h  
s p e c i a l l y  s u i t e d  t o  r ipping  out  and p i l i n g  brush with minimum inc lus ion  of  
s o i l .  

brushfield--A more o r  less temporary vegeta t ive  type, p r imar i ly  of  shrub spec ies ,  
t h a t  occupies p o t e n t i a l  f o r e s t  o r  grass  s i te . '  

buildup index--A measure of  t h e  cumulative drying of  f u e l s  as t h e  f i r e  season 
progresses.  

burying--A res idue  d isposa l  t reatment  i n  which res idue  i s  co l l ec t ed ,  placed i n  
a l a rge  p i t  o r  t rench ,  and covered with s o i l ;  usua l ly  done with a t r a c t o r .  

cable- di rec ted  fel l ing--A method o f  d i r e c t i o n a l  f e l l i n g  wherein a cable  i s  
a t tached t o  t h e  t r e e  and t ightened t o  cont ro l  d i r e c t i o n  o f  f e l l i n g ,  prevent 
runaway logs on s t eep  s lopes ,  and increase  cont ro l  over t h e  f e l l i n g  o f  leaning  
trees. Also c a l l e d  t ree pu l l i ng .  
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cable logging--Yarding of logs from stump to loading area by any of various 
cable systems that may or may not lift any o r  all of the l og  from the surface. 
Compare aerial logging, tractor logging, high-lead logging. 

carbon cycle--The sequence of transformations whereby carbon dioxide is fixed 
in living organisms by photosynthesis o r  by chemosynthesis, liberated by 
respiration and by the death and decomposition o f  the fixing organisms, used 
by heterotrophs, and ultimately returned to its original state. 

carbon-nitrogen ratio--The ratio of the weight of organic carbon to the weight 
of total nitrogen in a soil o r  in organic material. 
soil processes- and fertility. 

It is an indicator of 

casehardening--A condition in which the surface layer of  a log is harder than 
the interior. 

cation exchange--The interchange o f  cations between a solution and the active 
soil material such as clay. Common soil cations are calcium, magnesium, 
sodium, potassium, and hydrogen. 

chipping--1) In residue treatment, the reduction of woody residue by a portable 
2)  In utiliza- chipper to chips that are left to decay on the forest floor. 

tion, the conversion of usable wood to chips, often at the logging site, for 
use in manufacture of pulp, hardboard, energy, etc. 

clearcutting--A harvest and regeneration system, normally applied to an even-aged 
forest, whereby all trees are cut. Regeneration may be artificial o r  natural, 
logging methods may vary, and clearcut-areas may be of any size. 

climax community--The final stage of  a vegetative succession through seral stages 
to the most stable, moisture- and shade-loving association the site can 
support. 

coarse-textured soil--Includes sands, loamy sands, and sandy loams except the 
very fine sandy loam textured classes. 
te)ttured soil. 

Compare fine-textured soil, medium- 

commercial forest land---Land capable of  o r  producing crops of industrial wood 
and not withdrawn from timber utilization. 
20 ftZ/acre/yr (1 .4  m3/ha/yr) of  industrial wood, 

Productivity in excess of  
Compare forest land. 

conflagration--A raging, destructive fire. Often used to connote such a fire 
with a moving front as distinguished from a fire storm. 

controlled burning--See prescribed burning. 

convection--The transmission of heat by the mass movement of heated particles', 
as circulation in air, gas, o r  liquid currents. In meteorology, convection 
refers to the thermally .induced, vertical motion of  air. 

convective smoke column--The thermally produced ascending column of hot gases 
and smoke over a fire. 

cover type--The designation of a vegetation complex described by dominant species, 
age, and form. Compare forest type, brushfield. 
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crop tree--Any tree forming o r  selected to be a component of the final crop. 

crown cover--The ground area delineated by the vertical projection of branches 
and foliage. 

crown fire--A fire that advances from top to top of trees or shrubs more o r  less 
independently of the surface fire. Compare running fire. 

crushing--Breaking and mashing of residue in place with heavy equipment including 
tractors and weighted rollers with cutting devices. Usually limited to brush, 
thinnings, and small slash. Serves to lower height of fuel and enhance its 
decay by increasing contact with the soil. 

cull--A tree o r  log of merchantable size but classified as unmerchantable because 
of poor form, rot, o r  other defect. 

damping off--The rotting of seedlings before or soon after emergence, by 
fungi attacking at soil level, 

/ 

debris dam--A blockage, usually by forest residue, in the stream channel 
along its side likely to be formed during high water. See flushout. 

soil 

o r  

deflocculate--To separate or break up soil aggregates into the individual 
particles; to disperse the particles of a granulated clay t o  form a clay 
that runs together o r  puddles, 

denitrification--The biochemical reduction of nitrate o r  nitrite to gaseous 
nitrogen either as molecular nitrogen or as an oxide of nitrogen. 

desiccant--A drying agent o r  herbicide that kills tissues of living plants and 
causes them to lose moisture and dry out. 

diurnal--Daily; pertains to daily cycles of  temperature, relative humidity, 
wind, and stability. 

duff--Forest litter and other organic debris in various stages of decomposition, 
on top of the mineral soil, typical of coniferous forests in cool climates 
where rate of decomposition is slow and litter accumulation exceeds decay. 
Compare F layer, humus, mor, mull. --- 

dwarf mistletoe--Relatively inconspicuous flowering plants, parasitic on conifers, 
belonging to the genus Arceuthobiwn as opposed t o  the more conspicuous 
mistletoes in the genus Phoradendron. 

ecesis--Establishment of an immigrant plant on a new site by germination, growth, 
and reproduction. 

ecosystem--A community of plants, animals, other living organisms, and the non- 
living factors of their environment, whose interactions result in an exchange 
of materials and energy between the living and nonliving components of the 
system. 

endemic--The normal population level of a potentially injurious plant, pathogen, 
parasite, o r  insect. 
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epidemic--Highly abnormal and generally injurious level of population of a 
potentially injurious plant, pathogen, parasite, or insect. 

equilibrium moisture content--The proportion of moisture in a fuel particle 
attained when no further change occurs after exposure to constant conditions 
of relative humidity and temperature. 

essential oils--Volatile substances found in different parts of many plants, 
including trees, which are separated by steam distillation and generally 
consist of mixtures of hydrocarbons, alcohols, esters, aldehydes, and ketones. 
Compare terpenes. 

evapotranspiration--The combined l o s s  of water from a given area due to evapo- 
ration from the soil surface and transpiration from plants. 

even aged--Describes a forest stand composed of trees of about the same age, 
usually within a range of 20 years. 

extra-period fire--A fire not controlled within a prescribed time limit; e.g., 
by 1O:OO a.m. of the day following discovery. 

fine fuels--The complex of living and dead herbaceous plants and dead woody plant 
materials less than one-fourth inch (0.6 cm) in diameter; fuels with a 
timelae of 1 hour or less. 

fine-textured soil--Predominating in fine fractions, as fine clay. Includes all 
clay loams and clays. Compare coarse-textured soil, medium-textured soil. 

fire behavior--The response of fire to its environment of fuel, weather, and 
terrain including its ignition, spread, and development of other phenomena 
such as turbulent and convective winds and mass gas combustion. 

firebrand--Any source of heat, natural or manmade, that could start a forest 
fire, including burning material such as leaves, charcoal, sparks, or 
lightning. 

firebreak--A natural or constructed strip o r  zone from which all fuels have been 
removed for the  purpose of stopping the spread of  fire o r  providing a control 
line from which to attack a fire. 

fire climax--A plant association, forest type, or cover type held at a seral 
stage by periodic fires, therefore differing from the true climax community'; 
e.g., a Douglas-fir forest in the western hemlock zone. 

fire damage--Monetary and other losses including damage to standing trees, 
forest soil, wildlife, watershed values, productivity, and recreational 
values. 

fire danger--Resultant of  both constant and variable factors--weather, slope, 
fuel, and risk--that affect the inception, spread, and difficulty of control 
of fires and the damage they cause. 

fire hazard--A fuel complex defined by kind, arrangement, volume, condition, and 
location that forms a special threat of ignition, spread, and difficulty of 
suppression. Compare #uel type, risk. 
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f i r e  hazard reduction--Any res idue  treatment  t h a t  reduces t h r e a t  o f  i g n i t i o n ,  
spread o f  f i r e ,  and i t s  r e s i s t a n c e  t o  con t ro l .  
burning, rearrangement, burying, o r  modif icat ion such as by crushing o r  
chipping. Compare f o r e s t  res idue ,  fue l  type. 

This may involve removal, 

f i re l ine- -A t r a i l  o r  s t r i p  c leared  around a f i r e  o r  area t o  be burned from which 
a l l  flammable materials have been removed o r  t r e a t e d  t o  s t o p  spread of  t h e  
f i r e .  Compare f i r eb reak  and f u e l  break. 

f i r e  retardant--Any substance t h a t  reduces flammability by chemical o r  phys ica l  
ac t ion .  

f i r e  risk--The chance o f  a f i r e  s t a r t i n g  as determined by t h e  presence and 
a c t i v i t y  of causa t ive  agents;  u sua l ly  divided i n t o  man-caused r i s k  and 
l i gh tn ing  r i s k .  

f i r e  season--The po r t ion  of  t h e  year  during which f i res  are l i k e l y  t o  occur, 
spread, and do s u f f i c i e n t  damage t o  warrant organized f i r e  con t ro l ;  s t rong ly  
dependent on c l imate .  

f i re- size class--Class A spot  t o  1/4 acre (1/10 ha) 
Class B 1/4 t o  10 acres (1/10 t o  4 ha) 
Class C 10  t o  100 acres  (4 t o  40.5 ha) 
Class D 100 t o  300 acres (40.5 t o  121 .4  ha) 
Class E 300 t o  1,000 acres (121.4 t o  404 .7  ha) 
Class F 1,000 t o  5,000 acres  (404.7 t o  2 ,023 .4  ha) 
Class G 5,000+ acres  ( 2 , 0 2 3 . 4 +  ha) 

f i r e  storm--Fire-induced, v i o l e n t ,  convective wind system wi th in ,  around, and 
above a l a r g e  continuous area of i n t ense  f i r e ;  o f t en  charac ter ized  by 
des t ruc t ive  fo rce ,  su r f ace  i n d r a f t s ,  powerful updraf t s ,  a towering 
convective smoke column, long d is tance  spo t t i ng ,  and sometimes l a r g e  f i r e  
whir l s .  Compare conf lagra t ion .  

f i r e  whirl--A spinning,  vor tex  column of  ascending hot  a i r  and gases r i s i n g  from 

They may, 
a f i r e  and car ry ing  a l o f t  smoke, debr is ,  and flame. F i re  wh i r l s  range from 
a foot  o r  two i n  diameter t o  small tornadoes i n  s i z e  and i n t e n s i t y .  
involve only a hot  spot  wi th in  t h e  f i r e  area o r  t h e  e n t i r e  f i r e .  

f l a s h  fuels--Fuels  such as d r i e d  grass ,  leaves,  draped p ine  needles,  dead fern, 
t r e e  moss, and some kinds of s l a s h  which i g n i t e  r e a d i l y  and a r e  consumed 
r ap id ly  when dry.  Compare heavy f u e l s .  

F l aye r  (fermentat ion layer)--An upper s o i l  l aye r  of p a r t i a l l y  decomposed 
l i t t e r  with po r t ions  of  p l a n t  s t r u c t u r e s  s t i l l  recognizable.  Occurs below 
the  L l aye r  < l i t t e r  l aye r )  on t h e  f o r e s t  f l o o r .  Compare humus. 

flushout--A fast-moving wave of  water, mud, rock, .  and deb r i s  i n  a stream channel, 
caused by t h e  breaking of  a debr is  dam during a per iod  of  high water; a 
phenomenon o f  s t e e p  stream channels with heavy accumulations o f  deb r i s  i n  t h e  
channel and along i t s  s i d e s .  

f o r e s t  f loor--All  dead vegetable o r  organic matter, including l i t t e r  and unincor- 
porated humus, on t h e  mineral s o i l  sur face  under f o r e s t  vegeta t ion .  
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f o r e s t  land--Land a t  least  10 percent  occupied by f o r e s t  trees of  any s ize ,  o r  
formerly having had such t ree  cover, and not  cu r ren t ly  developed f o r  nonforest  
use. Compare commercial f o r e s t  land.  

f o r e s t  protect ion--Prevention and cont ro l  o f  any cause of p o t e n t i a l  f o r e s t  damage. 

f o r e s t  residue--The unwanted accumulation i n  t h e  f o r e s t  o f  l i v i n g  o r  dead, mostly 
woody material t h a t  is added t o  and rearranged by man's a c t i v i t i e s  such as 
f o r e s t  harves t ,  c u l t u r a l  opera t ions ,  and land c l ea r ing .  Forest  res idue  
includes s l a s h  materials, excessive l i t t e r  on t h e  f o r e s t  f l o o r ,  unwanted 
l i v i n g  brush and weed trees, and standing dead trees and snags.  

f o r e s t  type--A c l a s s i f i c a t i o n  of  f o r e s t  based upon t h e  spec ies  forming a 
p l u r a l i t y  o f  l i v e  t r e e  s tocking.  Compare cover type. 

f u e l  break--A s t r a t e g i c a l l y  loca ted  s t r i p  o r  block of land of varying width, 
depending on f u e l  and t e r r a i n ,  i n  which fue l  dens i ty  has been so  reduced as 
t o  provide an acces s ib l e  l oca t ion  from which f i r e s  burning i n t o  it may be 
more r e a d i l y  stopped. The stand is thinned and remaining t r e e s  are pruned 
t o  remove ladder  f u e l s ;  most brush, heavy ground f u e l s ,  snags, and dead 
t r e e s  are  removed, and an open park l ike  appearance es tab l i shed  i n  con t r a s t  
t o  a f i r eb reak  from which a l l  vegeta t ion  i s  removed. Compare with f i r e l i n e .  

f u e l  loading--The amount of f u e l  present  expressed q u a n t i t a t i v e l y  i n  terms of 
weight of f u e l  p e r  u n i t  a r ea .  
i s  usua l ly  dry weight.  

This may be ava i l ab le  f u e l  o r  t o t a l  f u e l  and 

fue l  type--An i d e n t i f i a b l e  a s soc ia t ion  of  f u e l  elements of d i s t i n c t i v e  spec ie s ,  
form, s i z e ,  arrangement, o r  o the r  c h a r a c t e r i s t i c s  t h a t  w i l l  cause a p red ic t ab le  
rate  of  f i r e  spread and d i f f i c u l t y  of cont ro l  under spec i f i ed  weather 
condi t ions .  

glowing combustion--Oxidation of  a s o l i d  surface accompanied by incandescence, 
sometimes evolving flame above i t .  

ground f i re- -Fire  l imi t ed  t o  t h e  mantle of organic material, such as duff  o r  
pea t ,  t h a t  accumulates-on top of t h e  mineral s o i l .  
combustion and l i t t l e  smoke. Compare ground f u e l .  

Characterized by glowing 

ground fue l- -Al l  combustible ma te r i a l s  below t h e  sur face  l i t t e r ,  including du f f ,  
t ree roo t s ,  punky wood, pea t ,  and sawdust, t h a t  normally support a glowing 
combustion without flame. Compare aerial f u e l .  

harves t  cut--The f e l l i n g  of t h e  f i n a l  crop i n  e i t h e r  a s i n g l e  c u t t i n g  o r  a 
series of  regenera t ion  c u t t i n g s .  

head fire--A f i r e  spreading o r  set  t o  spread with t h e  wind. Compare backing 
f i r e ,  crown f i r e ,  running f i r e .  

head of a f i re--The most r ap id ly  spreading por t ion  of a f i r e ' s  perimeter ,  usua l ly  
t o  t h e  leeward o r  upslope. 

hea r t  rot--Any r o t  c h a r a c t e r i s t i c a l l y  confined t o  the  heartwood, as  with many 
Fomes and PoZypoms spec ies .  I t  genera l ly  o r ig ina t e s  i n  t h e  l i v i n g  t ree.  
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heav f u e l s  Fuels o f  l a r g e  diameter such as  snags, logs ,  and l a r g e  limbwood &-- t a t  i g n i t e  and a r e  consumed more slowly than f l a s h  f u e l s .  Also c a l l e d  
coarse f u e l s .  

he l i cop te r  logging--An a e r i a l  logging system whereby logs a r e  t ranspor ted  from 
the  c u t t i n g  a rea  by h e l i c o p t e r .  

herb--A flowering p l a n t  which does not  develop a woody p e r s i s t a n t  stem but 
annually d i e s  t o  t h e  ground. Includes grasses  and fo rbs .  

heterotroph--An organism t h a t  cannot l i v e  without an externa l  source of  organic 
food. 

high- lead logging--A method of yarding i n  which logs a r e  dragged t o  t h e  loading 
a rea  by cable ,  u sua l ly  i n  contac t  with t h e  ground. Compare cable logging. 

H layer--Layer occurring i n  mor humus cons i s t i ng  of well-decomposed organic 
matter  of unrecognizable o r i g i n .  Compare F l a y e r .  

holdover f i re--A f i r e  t h a t  remains dormant and undetected f o r  a considerable 
time. 

humification--The processes involved i n  t h e  decomposition o f  
leading t o  t h e  formation of  humus. 

humus--That more o r  less s t a b l e  f r a c t i o n  of  t he  s o i l  organic 
a f t e r  t h e  major po r t ion  of p l a n t  and animal res idues  have 
dark colored.  Includes t h e  - F and H l aye r s  i n  undisturbed 
Compare l i t t e r  (L l a y e r ) .  

organic matter  

matter remaining 
decomposed; u sua l ly  
f o r e s t  s o i l s .  

hydrocarbon--The simplest  organic compounds composed of hydrogen and carbon. 
Hydrocarbons inc lude  gases, l i q u i d s ,  and s o l i d s  and vary from simple t o  
complex molecules. 
cycloalkanes, alkenes o r  o l e f i n s ,  alkynes o r  ace ty lenes ,  and aromatic 
hydrocarbons. 

They a r e  divided i n t o  alkanes o r  s a t u r a t e d  hydrocarbons, 

hypha--The u n i t  of  s t r u c t u r e  of t he  fungi;  a fungal f i lament .  

i c e  nuclei--Any p a r t i c l e s  which serve  as nuc le i  f o r  t h e  formation o f  i ce  
c r y s t a l s  i n  t h e  atmosphere. 

i g n i t i o n  index--A number r e l a t e d  t o  t h e  p r o b a b i l i t y  of  a f i r eb rand  
f i r e .  

improvement cu t t ing- -Cut t ing  i n  young s tands  t o  e l iminate  t r e e s  of  
spec ies ,  form, and crown condi t ion .  

incinerator--An engineered apparatus used t o  burn waste substances 

s t a r t i n g  a 

less d e s i r a b l e  

and i n  which - * *  

a l l  t h e  f a c t o r s  of  combustion--temperature, r e t e n t i o n  time, turbulence,  'and 
combustion a i r- - can  be con t ro l l ed .  V a r i e t i e s :  open pi t- -open top  with a 
system f o r  p lac ing  a stream of  hi,gh ve loc i ty  a i r  over  t h e  burning zone; and 
d i r e c t  fed--accepts s o l i d  waste d i r e c t l y  i n t o  i t s  combustion chamber. 

in-cloud scavenging--See r a inou t .  
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inoculum--Spores, mycelial fragments, and infected o r  infested material which 
can give rise to a new infection o r  infestation in previously uncolonized 
material. 

intermediate cut--Any removal of trees prior to harvest cut. 

inversion (temperature inversion)--A layer through which temperature increases 
with altitude; e.&., nighttime inversion above the ground. Aloft, an inver- 
sion layer separates warmer air above from cooler air below. 
condition inhibits vertical motion of  air. 

This most stable 
Compare unstable air. 

ion transport mechanism--See cation exchange. 

ladder fuels--Provide vertical fuel continuity between strata as between surface 
fuels and crowns. 

landing--Anyplace on o r  adjacent to the logging site where logs are assembled 
for further transport. See yarding. 

latent heat--Energy absorbed o r  emitted in the state changes of water between 
liquid, vapor, and solid. 

light burn--Degree of burn which leaves the soil covered with partially charred 
organic material; large fuels are not deeply charred. 
severe burn. 

Compare moderate burn, 

light burning--Periodic broadcast burning to prevent accumulation of fuels in 
quantities that would cause excessive damage o r  difficult suppression in 
event of accidental fire. "Underburning" when done below an overstory. 

lipin--One of the principal constituents of woody cell walls. It is considered 
to be responsible for the hardness and strength of cell walls in formation 
of wood. 

litter (L layer)--The surface layer of the forest floor consisting of freshly 
fallen leaves, needles, twigs, stems, bark, and fruits. This layer. may be 
very thin o r  absent during the growing season.. Compare F 1ayer;H layer. 

littoral--Growing on o r  near a shore, especially of the sea. Compare riparian 
vegetation. 

longwave (heat) radiation--Infrared radiation from warm objects, in contrast to 
shortwave (visible) radiation from the sun or other very hot objects. 

lopping (also, lop and scatter)--Cutting branches, tops, and small trees after 
felling, so that the resultant slash will lie close to the ground. To cut 
limbs from felled trees. 

macroclimate--The overall climate of a region, generally of a large geographic 
area. Compare microclimate. 

medium-textured soil--Intermediate between fine-textured and coarse-textured 
soils. Includes very fine sandy loams, loam, silt loam, and silt-textured 
classes. 
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microclimate--The detailed climate of a very small site o r  habitat. Compare 
macroclimate. 

micro-organism--Any organism of microscopic size, including bacteria, 
actinomycetes, fungi, algae, and protozoa. Also called microbes. 

mineralization--Breakdown of organic compounds in soil; e.g., nitrogenous 
compounds such as proteins releasing inorganic constituents (in this case 
NH4-, or M NO^) that can be taken up by plant roots. 

mineral soil--Term used in fire management to denote soil layers below the 
predominantly organic horizons; a so i l  that has little combustible material. 

moderate burn--Degree of burn in which all organic material is burned away from 
the surface of the soil which is not discolored by heat. Any remaining fuel 
is deeply charred. Organic matter remains in the soil immediately below the 
surface. Compare light burn, severe burn. 

moisture tension--The tension force with which.water is held in the soil. It 
increases with dryness. 

mopup, mopping up--Making a fire safe after it is controlled, such as by 
extinguishing o r  removing burning material along or near the fireline, 
felling snags, trenching logs to prevent rolling of embers, etc. 

mor--In a forest soil, a layer of raw humus on top of the mineral soil with - 
which it does not mix resulting in an abrupt demarcation between organic and 
mineral horizons. Compare mull. 

mulch--Any loose covering on the surface of the soil whether natural (as litter) 
or deliberately applied organic materials (e.g., straw, foliage, chips). 

- mull--A humus-rich layer of forest soil consisting of mixed organic and mineral 
matter. Mull blends into the upper mineral layers without an abrupt change 
in soil characteristics. Compare mor. - 

mycelium--Mass of hyphae constituting the body of a fungus. 

natural regeneration--The renewal of a tree crop by self-sown seeds or sprouts. 
Compare artificial regeneration. 

natural resins--Secretions of certain trees, often exuding from wounds; obtained 
commercially by tapping the tree or by extracting with solvents. 
oleoresin. 

Compare 

nitrification--The biochemical oxidation of ammonium to nitrite, as in soils 
by soil organisms. Compare ammonification. 

nitrogen cycle--The sequence of biochemical changes undergone by nitrogen where- 
in it is used by a living organism, liberated upon the death and decomposition 
of the organism, and converted to its original state. 

nitrogen fixation--The conversion of elemental nitrogen (Nz) to organic combina- 
tions o r  to forms readily utilizable in biological processes, as by soil 
organisms. 
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nurse crop--A crop o f  t r e e s ,  shrubs (brush),  o r  o the r  p l a n t s  introduced t o  
s h e l t e r  o r  n a t u r a l l y  s h e l t e r i n g  another  and genera l ly  more important crop 
during i t s  youth, by p ro t ec t ing  it from f r o s t ,  inso la t ion , ,  o r  wind. 

ob l iga t e  parasite--An organism which can obta in  food only from l i v i n g  t i s s u e ;  
cannot be grown i n  c u l t u r e  on nonliving media. 

old-growth stand--Loosely defined as a condit ion i n  which rate  of  t ree  growth 
has passed i t s  peak and normal processes of de t e r io ra t ion  approach o r  exceed 
s tand  growth. In  t h e  Pac i f i c  Northwest, old-growth con i f e r  f o r e s t s  a r e  
genera l ly  150 t o  300 o r  more years  o ld  and o f t en  contain l a rge ,  dead, s tanding  
o r  down t rees  and p a r t i a l l y  decayed but s t i l l  l i v i n g  trees. 
n a t u r a l  res idue  and timber harves t  s l a s h  a r e  consequently o f t en  g rea t .  

Accumulated 

oleoresin--A group o f  s o f t  na tu ra l  r e s i n s ,  cons is t ing  of a viscous mixture of  
e s s e n t i a l  o i l s  (e .g. ,  tu rpent ine)  and nonvola t i le  s o l i d s ,  s ec re t ed  by t h e  
resin- forming cel ls  of  t h e  p ines  and c e r t a i n  o the r  coniferous and broad- 
leaved trees.  

overstory--The t rees ,  i n  a f o r e s t  of  varying he ights ,  t h a t  form t h e  uppermost 
canopy. 

parent  material--The mineral o r  organic mass from which the  upper s o i l  horizons 
develop. 

p a r t i a l  cutting--Any f o r e s t  harves t  method t h a t  removes only p a r t  o f  t h e  s tand  
at  any one en t ry  as d i f f e r e n t i a t e d  from c l ea rcu t t i ng .  Compare s e l e c t i o n  
system, shelterwood system, th inning .  

par t icu la tes- - A component of  po l lu t ed  a i r  cons is t ing  of any l i q u i d  o r  s o l i d  
p a r t i c l e s  suspended i n  o r  f a l l i n g  through the  atmosphere. 
are respons ib le  f o r  t h e  v i s i b l e  forms of  a i r  po l lu t ion .  

P a r t i c u l a t e s  

patch cutting--A type o f  c l e a r c u t t i n g  i n  which the  c u t t i n g  areas  are o f  l imi t ed  
s i z e  ( e . ~ . ,  2 t o  200 acres  (1 t o  80 ha) )  and are surrounded by f o r e s t ,  - - -  
e i t h e r  uncut o r  young growth from an earl ier  c u t .  
or patchwork appearance, with s i z e  and shape of  harvest area dependent upon 
t e r r a i n ,  f o r e s t  condit ion,  and logging method. 

This gives- a checkerboard 

perception--The f o r e s t  viewer 's  impression of what he sees, hears ,  o r  otherwise 
phys ica l ly  senses,  as influenced by h i s  experience, t r a i n i n g ,  and b e l i e f s .  

pesticides--Chemical and b io log ica l  agents used t o  cont ro l  pests. Includes 
i n s e c t i c i d e s ,  herb ic ides ,  fungicides,  rodent ic ides ,  and o the r  b ioc ides .  

pheromones--Substances sec re t ed  by an animal t o  inf luence  t h e  behavior of  o the r  
For example, a chemical produced by an a d u l t  animals of  t he  same spec ie s .  

female moth t o  a t t rac t  a male. 

p i l i n g  and burning--A f o r e s t  res idue  treatment  i n  which res idue  is gathered i n  
p i l e s  and subsequently burned. 
ing  on res idue  s ize ,  amount, t e r r a i n ,  and environmental l i m i t a t i o n s .  

P i l i n g  may be done by hand o r  machine depend- 

pioneer--A p l a n t  capable of  invading bare  s i tes ,  such as a newly exposed s o i l  
sur face ,  and p e r s i s t i n g  the re  u n t i l  supplanted by successor  spec ies .  See 
e c e s i s ,  succession. 
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plastic limit--The minimum moisture percentage by weight at which a small sample 
of soil material can be deformed without rupture. 

pole--A young tree of d.b.h. between 4 and 12 inches (10 and 30 cm). 

preattack--A planned, systematic procedure for gathering, evaluating, and 
recording of intelligence, and constructing fire control facilities, to 
insure the rapid and efficient suppression of fire. 

preattack--A planned, systematic procedure for gathering, evaluating, and 
recording of intelligence, and constructing fire control facilities, to 
insure the rapid and efficient suppression of fire. 

preattack block--A unit of forest land delineated by logical and strategic 
topographic features for preattack planning. 

precommercial thinning--Removal of immature trees to increase growing space and 
thereby growth rate of remaining trees. 
large enough to have commercial value. 

Done before the removed trees are 

prescribed burning--Controlled application of fire to wild land fuels in either 
their natural or modified state, under such conditions of weather, fuel 
moisture, soil moisture, etc., as allow the fire to be confined to a prede- 
termined area while producing the intensity of heat and rate of spread 
required to achieve certain planned objectives of silviculture, wildlife 
management, grazing, fire hazard reduction, etc. Compare broadcast burning, 
piling and burning, light burning. 

prevention--Activities directed at reducing the number of fires. Includes 
public education, law enforcement, personal contact, and reduction of fire 
hazards. 

progressive burning--Slash disposal by burning the slash as it is piled, usually 
as harvested trees are limbed and topped. Also called swamper burning. 

progressive strip cutting--Clearcutting progressing against the prevailing wind 
in strips that are generally not wider than the height of the adjacent stand. 
Compare strip cutting. 

pyrolysis--The breakdown of chemicals at high temperatures. Hydrocarbons 
pyrolyze in the absence of oxygen to simpler hydrocarbons, hydrogen, and 
carbon. 

rainout--The removal of airborne particulates and gases by within-cloud 
processes followed by precipitation from the cloud. 
of droplets or ice crystals on the particulate acting as precipitation 
nuclei, dissolving of soluble gases into cloud and precipitation particles, 
and adhesion following collision with cloud particles. Different from 
washout below the cloud. 

These include formation 

rate-of-spread--The relative activity of a fire in extending its horizontal 
dimensions. It may be expressed as rate of increase of the perimeter, as a 
rate of forward spread of the fire front, or as a rate of increase in area. 

regeneration cutting--Any cutting intended to encourage o r  facilitate tree 
regeneration. 
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release--Freeing a tree or group of trees from competition by cutting or other- 
wise eliminating growth that is overtopping o r  closely surrounding. 

residence time--The time an emission component is in the air between emission 
and removal from the air o r  change into another chemical configuration. 

residue--See forest residue. 

residue treatment--Manner of managing, mani 
forest residue. Treatments may involve 
burying, lopping, herbicide spraying of 
deterioration, or a combination of these. 

resin--See natural resins. 

.pulating, removing, or modifying 
piling, chipping, crushing, burning, 
live residues, leaving for natural 

resistance to control--The relative difficulty of constructing and holding a 
control line as affected by fire behavior and difficulty of line construction. 

rhizomo h A thick strand of fungal hyphae in which the individual hyphae have +-- lost t eir identity, the whole mass behaving as an organized entity. The 
structure of the growing tip resembles that of a root tip; thus the name. 

rhizosphere--The microenvironment of  roots. Also called rooting zone. 

riparian vegetation--Growing in close proximity to a watercourse, lake, swamp, 
or spring, and often dependent on its roots reaching the water table. 

risk--The chance of a fire starting as determined by the presence and activity 
of causative agents. 

rotation--The planned number of years between the formation or regeneration of 
a crop or stand and its final cutting at a specified stage of maturity. 

Y I 

backing fire, head fire, 
runnine fire--A fire smeading rapidly, with a well-defined head. Compare 

crown fire. 

salvage logging--Removal of 
becomes worthless. 

sanitation cutting--Removal 
the spread of insects or 

sapling--A loose term f o r  a 
Live trees 1 to 5 inches 

~~~ ~ 

dead, dying, or deteriorating timber before it 

of dead, damaged, or susceptible trees to prevent 
disease. 

young tree no longer a seedling but not yet a pole. 
(2.54 t o  12.7 cm) d.b.h. 

saprophyte--A plant which utilizes dead organic material as food. 

sap rot--Any rot characteristically confined t o  the sapwood. 

sapwood--The outer layers of wood which, in the growing tree, contain living 
cells and stored food such as starch. 

scalping--In tree planting, removal of sod or other vegetation to reduce 
competition with the seedling. 
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scarification--Loosening the top soil of open areas, o r  breaking up the forest 
floor, in preparation for regenerating by direct seeding o r  natural seedfall. 
Done to reduce vegetative competition and to expose mineral soil. 

sclerophyll--Plant with thick, hard, heavily cutinized, evergreen leaves. 

scorchline--Average height o f  foliage browning caused by a fire. 

secondary succession--A successional stage of a plant community after the whole 
Compare succession. or part of the original vegetation has been supplanted. 

seed tree cutting method--The mature timber is removed in one cut except for a 
small number of trees left singly or in small groups for the purpose of 
reseeding the cut area. 

selection system (also, selection cutting)--1) Ind-ividuaZ (single) tree 
selection - An uneven-aged silvicultural system in which trees are removed 
singly and periodically throughout the stand, leading t o  the formation of  a 
mixture of age and size classes by individual trees. 2) Group selection - A 
modification of the selection system in which trees are removed periodically 
in small groups resulting in openings that do not exceed an acre or two 
( k  to 1 ha) in size. This leads t o  the formation of a mosaic of age class 
groups in the same forest. 

sensible heat--Thermal energy resulting in a change of temperature. 

seral--Relating to a successional stage in a plant community. Compare 
succession. 

severe burn--Degree of burn in which all organic material is burned from the 
soil surface which is discolored by heat, usually to red. Organic matter 
below the surface is consumed or charred. Compare light burn, moderate burn. 

shelterwood system--An even-aged harvest and regeneration system in which a new 
stand is established under a partial canopy of trees. 
removed in a series o f  two or more harvest cuts, the last of  which removes 
the shelterwood when the new even-aged stand is well established. 
under this system are designated: 
prepare seed bed, and encourage seed production. 
provide light and heat for seedlings. 
remaining mature stand. 

The old stand is 

Cuttings 
Preparatory - to remove undesirable trees, 

Seed - t o  open stand to 
RemovaZ - to gradually remove the 

silting--Deposition of waterborne sediments in stream channels, lakes, reser- 
voirs, or on flood plains. 

silvicide--Herbicide used to kill or inhibit growth of woody plants, especially 
trees. 

silvicultural system--A series of operations whereby a forest i s  tended, 
harvested, and regenerated. The actual procedures vary with forest type, 
species characteristics, product needs, environmental requirements, and 
uses of the forest. 
clearcutting, seed tree cutting method, selection system, shelterwood 
system. 

Classification is by type of harvest cutting. Compare 
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sink--In atmospheric chemistry, the receptor for material when it disappears or 
is removed from the atmosphere. 

site--An area considered in terms of the type and quality of the vegetation the 
area can carry as indicated by its biotic, climatic, and soil conditions. 

site index (also, site class)--A measure of site quality based on the height of 
the dominant trees at an arbitrarily chosen age. 

site preparation--Removal or killing of unwanted vegetation, residue, etc., by 
use of fire, herbicides, or mechanical treatments in preparation for reforest- 
ation and future management. Compare type conversion. 

site quality--A term denoting the relative productivity of a site for a 
particular tree species. 

skidding--Moving logs by dragging or sliding, from stump to roadside, deck, 
or landing; similar to yarding in which logs may or may not be in contact 
with the ground. 

skid trail--Any road or trail formed by the process of skidding logs from stump 
to landing. 

skyline logging--A cable aerial logging system with which logs are suspended 
free of the ground from a carriage that rides on an overhead cable. 
cable logging, balloon logging, high-lead logging. 

Compare 

slash--A complex of woody forest debris left on the ground after logging, land 
clearing, thinning, pruning, brush removal, or natural processes such as ice 
or snow breakage, wind, and fire. Slash includes logs, chunks, bark, 
branches, tops, uprooted stumps and trees, intermixed understory vegetation, 
and other fuels. 

slash disposal--Treatment of slash to reduce the fire hazard or for other 
purposes. Compare residue treatment. 

smoke episode--A period when smoke is dense enough to be an unmistakable 
nuisance. 

smoke management--A system whereby current and predicted weather information 
pertinent to fire behavior, smoke convection, and smoke plume movement and 
dispersal is used as a basis for scheduling the location, amount, and timing 
of burning operations so as to minimize total smoke production and assure 
that smoke does not contribute significantly to air pollution. 

smoke-sensitive area--An area in which smoke from outside sources is intolerable, 
owing to heavy population, existing air pollution,or intensive recreation or 
tourist use. 

smoldering combustion--Combustion of a solid fuel, generally with incandescence 
and smoke but without flame. Compare glowing combustion. 

snag--A standing dead tree or standing portion from which at least the leaves 
and smaller branches have fallen. Often called a stub if less than 20 feet 
tall (6.1 m). 
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soil bulk density--The mass of dry soil per unit bulk volume. 
is determined before drying to constant weight at 105" C (221" F ) .  

The bulk volume 

soil compaction--The packing together of soil particles by surface pressure 
exerted by heavy equipment, tree felling, yarding, etc., resulting in an 
increase in soil density through a decrease in pore space. 

soil-formation factors--The variable, usually interrelated natural factors that 
are active in and responsible for the formation of soil including parent 
rock, climate, organisms, topography, and time. 

soil horizon--A layer of soil o r  soil material approximately parallel to the 
land surface, with well-defined physical, chemical, and biological properties 
or characteristics such as color, structure, texture, consistency, kinds and 
numbers of organisms present, degree of acidity or alkalinity, etc. 

soil organic matter--The organic fraction of the soil; includes plant and animal 
residues at various stages of decomposition, cells and tissues of soil 
organisms, and substances synthesized by the soil population. 

soil permeability--The ease with which gases, liquid, or plant roots penetrate 
or pass through a bulk mass or layer of s o i l .  

soil porosity--The volume percentage of the total bulk not occupied by solid 
particles. 

soil water tension--See moisture tension. 

sporophore--Any fungal structure which bears spores. May range from the incon- 
spicuous black structures of a foliage disease to an edible mushroom o r  a 
conk on the side of a tree. 

spotting--Behavior of a fire producing sparks o r  embers that are carried by the 
wind and start new fires beyond the zone of direct ignition by the main fire. 
Compare head fire. 

stagnation--Condition of  a forest stand wherein an overstocked stand ceases to 
grow, becomes weakened and susceptible to insect attack, and begins to 
generally deteriorate. Compare suppressed. 

stand density--Density of stocking expressed in number of trees, basal area, 
volume, o r  other criteria on a per-acre basis. 

stocking--The degree of occupancy of land by trees, measured by basal area 
-and/or number of trees by size o r  age and spacing, compared to a similar 

measure of a stand fully utilizing the land's growth potential. 

burning Burning by means of strip firing, or burning narrow strips of %-- fuel an leaving the rest of an area untreated by fire. 

strip cutting--Removal of  trees in strips. May be applied to clearcutting o r  
partial cutting such as shelterwood or thinning. 

subclimax--The seral stage in plant succession immediately preceding climax. 
Compare succession. 
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subsidence--Descending motion of air in the atmosphere taking place over an 
extensive area; characterized by comparatively warm temperature and low 
humidity due to warming by compression. 

substrate--The substance, base, or nutrient on which an organism grows. A l s o  
compounds or substances that are acted upon by enzymes or catalysts and 
changed to other compounds in the chemical reaction. 

succession--The gradual supplanting of one community of plants by another, the 
sequence of communities being termed a sere and each stage seral or 
successional. 

suppressed--Crown class of trees that have been completely overtopped by the 
general crown cover and are in a weakened condition. Compare stagnation. 

surface fire--Fire that burns surface litter, other loose debris of the forest 
floor, and small vegetation. 

swamper burning--See progressive burning. 

synergism--cooperative action of two or more chemicals so that their total 
effect is greater than the sum of their individual effects on the same 
organism. 

terpenes--A group of hydrocarbons found in essential oils of many wood species 
and generally having a fragrent odor. 

thermal admittance--A measure of the sensitivity of materials to temperature 
Equal to the square root of the product of density, specific heat, change. 

and thermal conductivity. 

thinning--Cutting in an immature stand to increase rate of growth, improve stand 

Compare release, precommercial thinning, partial cutting. 
composition, achieve broader spacing, and so recover material that would 
otherwise be lost. 

thinning slash--See slash and forest residue. 

timelag--The time interval in which a particular kind and size of dead fuel loses 
approximately two-thirds (63 percent) of the difference between its initial 
moisture content and its equilibriun moisture content under standard drying 
conditions of 20-percent relative humidity and 80' F (26.67' C). 
ponderosa pine sapwood dowels are: 

Timelags for 

less than 1/4-inch diameter 1 hour 
1/4- to 1-inch diameter (0.6- to 2.5-cm) 10 hours 
1- to 3-inch diameter (2.5- to 7.6-cm) 100 hours 
6-inch diameter (15.2-cm) 1,000 hours 

tractor logging--Yardin of logs from stump to loading point by wheeled or 
crawler tractor -9 as ifferentiated from horse logging, cable logging, and 
helicopter logging. Compare aerial logging , skidding. 

transpiration--The process by which water vapor passes from the foliage or other 
parts of a living plant to the atmosphere. 
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troposphere--That portion of the atmosphere from the earth's surface to the 
tropopause; that is, the lowest 10 to 20 km (33,000 to 66,000 ft) of the 
atmosphere. 
height, appreciable vertical wind motion, appreciable water vapor content, 
and weather. 

The troposphere is characterized by decreasing temperature with 

type conversion--The conversion from a less desirable vegetative type to a more 
desirable type; e.g., from brush to coniferous forest, or from a decadent old 
forest to a managed plantation. Compare site preparation. 

understory--Generally, those trees and woody species growing below an overstory. 

uneven-aged--A class of forest or stand in which trees or groups of trees that 
differ markedly in age are intermingled. 

unstable air--Air in which vertical currents, when started, will continue and 
intensify. Evidenced by cumulus clouds, turbulence, gusty winds, and dust 
devils. 
adiabatic; i.e., greater than 5.4" F per 1,000-foot elevation (9.8" C per 
km) in dry air. Compare inversion. 

Caused by a decrease of temperature with height greater than 

vector--An organism, usually an insect, which carries and transmits disease or 
decay-causing micro-organisms. 

- view--Relative proportion of earth and sky seen from a point. Important in 
determining the radiational temperature characteristics of the point. 

washout--The sweeping out of airborne particulates by collision with precipita- 
tion, predominantly below the cloud base. Compare rainout. 

water bar--A shallow channel, o r  raised barrier; e.g., a ridge of packed earth 
or a thin pole laid diagonally across the surface of  a road or trail so as to 
lead off water, particularly storm water. 

weed tree--Any tree of a species having little value and occupying space needed 
for more desirable species. 

white rot--Any wood rot that attacks both the cellulose and lignin, producing a 
generally whitish residue that may be spongy or stringy, o r  occur in pockets; 
e.g., Fomes anylosus. Compare brown rot. 

whole tree logging--Felling and transporting the whole tree without the stump, 
but with its crown, for trimming and bucking at a landing or mill. 

wildfire--An unplanned fire that is not being used as a tool in forest protec- 
tion o r  management in accordance with an authorized permit or plan and which 
requires suppression. 

witches' broom--An abnormal, proliferated, compacted, brushlike growth often 
found in forest trees as caused by dwarf mistletoe. 

yarding-rMoving of logs from stump to roadside deck or landing. Compare 
skidding. 

YUM (yarding unutilized material) --Logging requirement whereby woody material of 
a specified minimum size is removed from a, cutting area and piled. 
piling it is available f o r  salvage or burning. 

After 
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METRIC CONVERSION FACTORS 

U.S. t o  Metric Metric t o  U.S. 

Distance 

1 i n  = 2.54 cm 
1 f t  = 0.304 8 m 
1 m i  = 1.609 344 km 

Area 

7 f t 2  = 0.092 9 m2 
1 acre  = 0.404 685 6 ha 

- 

1 cm = 0.3937 i n  
1 m = 39.37 i n  
1 m = 3.28084 f t  
7 km = 0.6214 m i  

1 m2 = 10.76 f t 2  
1 ha = 2.4710538 acres 

Weight 

1 l b  = 0.453 592 kg 7 kg = 2.2046226 l b  
1 shor t  ton (2,000 l b )  = 0.907 2 metric ton 1 metric ton (1 000 kg) = 2,204.6226 l b  

1 metric ton = 1 .lo23 ton 

Vol ume 

1 f t 3  = 28.316 8 dm3 = 28.316 8 l i t e r s  
1 f t 3  = 0.028 316 8 m3 

Liquid 

1 q t  = 0.946 352 9 l i t e r  
7 gal = 0.003 785 m3 = 3.785 l i t e r s  

Dens i t y  

1 l b / f t 3  = 0.016 018 5 g/crn3 

Temperature 

1"  Fahrenheit = 5/9" Celsius 

100567 j t  7 l i t e r  = 
1 m3 = 35.3147 f t  

1 l ' t e r  = 1.0567 q t  = 0.2642 gal 
7 m3 = 264.2 gal 

1 g/cm3 = 62.428 l b / f t 3  

l o  C = 1.8' F 

COMB I NATIONS : 

Speed 

1 m i / h  = 1.609 344 km/h = 0.447 04 m/sec 1 m/sec = 2.23694 m i / h  

Vol ume/area 

1 f t3 /acre  = 0.069 97 m3/ha 1 m3/ha = 14.29 ft3/acre 

1/ Robert J .  List. Smithsonian meteorological tables .  Smithsonian Miscellaneous 
Collections,  Volume 114, 527 p .  Smithsonian I n s t i t u t e ,  Washington, D.C.  1951. 

Robert C. Weast. Handbook of chemistry and physics. The Chemical Rubber Co., 
Cleve and, Ohio. 1972. 
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Wei g h t f  area 

1 l b / ac re  = 1.120 85 kg/ha 
1 ton/acre = 2.241 7 metr ic  tons/ha 

Liauid/area 

1 g a l / f t 2  = 40.744 7 l i te rs /m2 

Energylwei g h t  

1 B t u / l b  = 0.555 555 ca l /g  

Pressure - standard atmosphere 

14.696 lb / in2  = 1.013 25 bar 
29.29 i n  mercury = 760 mm mercury 

1 kg/ha = 0.89218 lb /acre  
1 metr ic  ton /ha  = 0.4460896 ton/acre 

1 liter/m2 = 0.02454 g a l / f t 2  

1 ca l /g  = 1 .8  Btu/lb 

*GPO # 697452 
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The mission o f  the PACIFIC NORTHWEST FOREST 
AND RANGE EXPERIMENT STATION is to provide the 
knowledge, technology, and alternatives for present and 
future protection, management, and use of forest, range, and 
related environments. 

Within this overall mission, the Station conducts and 
stimulates research to facilitate and t o  accelerate progress 
toward the following goals: 

1. Providing safe and efficient technology for inventory, 
protection, and use o f  resources. 

2. Development and evaluation of alternative methods 
and levels of resource management. 

3. Achievement of optimum sustained resource produc- 
t iv i ty  consistent w i th  maintaining a high.quality forest 
environment. 

The area of research encompasses Oregon, Washington, 
Alaska, and, in some cases, California, Hawaii, the Western 
States, and the Nation. Results of the research will be made 
available promptly. Project headquarters are at: 

Fairbanks, Alaska Portland, Oregon 
Juneau, Alaska Olympia, Washington 
Bend, Oregon Seattle, Washington 
Corvallis, Oregon Wenatchee, Washington 
La  Grande, Oregon 

Mailing address: Pacific Northwest Forest and Range 
Experiment Stat ion 

P.O. Box 3141 
Portland, Oregon 97208 
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