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Preface to ”Carbon, Nitrogen and Phosphorus Cycling

in Forest Soils”

The majority of carbon stored in the soils of the world is stored in forests. The refractory nature of

some portions of forest soil organic matter also provides the slow, gradual release of organic nitrogen

and phosphorus to sustain long term forest productivity. Contemporary and future disturbances,

such as climatic warming, deforestation, short rotation sylviculture, the invasion of exotic species,

and fire, all place strains on the integrity of this homeostatic system of C, N, and P cycling. On the

other hand, the CO2 fertilization effect may partially offset losses of soil organic matter, but many

have questioned the ability of N and P stocks to sustain the CO2 fertilization effect.

Despite many advances in the understanding of C, N, and P cycling in forest soils, many

questions remain. For example, no complete inventory of the myriad structural formulae of soil

organic N and P has ever been made. The factors that cause the resistance of soil organic matter

to mineralization are still hotly debated. Is it possible to “engineer” forest soil organic matter so that

it sequesters even more C? The role of microbial species diversity in forest C, N, and P cycling is

poorly understood. The difficulty in measuring the contribution of roots to soil organic C, N, and P

makes its contribution uncertain. Finally, global differences in climate, soils, and species make the

extrapolation of any one important study difficult to extrapolate to forest soils worldwide.

In the emerging literature, topics of special current interest in the study of forest soil C, N, and P

cycling include subjects such as:

• forest soil C stocks and climate change,

• ability of soil N and P mineralization to sustain increased productivity due to CO2 fertilization,

• causes of recalcitrance in soil organic matter mineralization,

• contribution of roots to soil C and N,

• methane production and oxidation in forest soils,

• soil C, N, and P during forest succession,

• effects of invasive species, forest management practices, or fire on C, N, and P cycling,

• the effect of biochar (charcoal) in forest soils

• roles of microbes and soil fauna on C, N, and P cycling, e.g. mycorrhizal fungi

• stable isotope studies of C and N cycling,

• new methods for the study of C, N, and P cycling.

The 16 papers in this book cover a geographically diverse range of forest ecosystems on four

continents. The studies also cover a range of forest types: tropical rainforest, tropical savannah,

subtropical mixed deciduous and needleleaf forest, temperate broadleaf and needleleaf forests,

subalpine and alpine needleleaf forests, boreal needleleaf forest, as well as tropical and temperate

forest plantations. The chapters are arranged by subject in the following order, those concerned

largely with carbon cycling (including net primary productivity, soil organic matter, and greenhouse

gasses), microbial ecology (community composition and enzyme activity), and N or P cycling.

Robert G. Qualls

Special Issue Editor

ix





Article

Tropical Tree Species Effects on Soil pH and Biotic
Factors and the Consequences for
Macroaggregate Dynamics
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Abstract: Physicochemical and biotic factors influence the binding and dispersivity of soil particles,
and thus control soil macroaggregate formation and stability. Although soil pH influences dispersivity,
it is usually relatively constant within a site, and thus not considered a driver of aggregation dynamics.
However, land-use change that results in shifts in tree-species composition can result in alteration of
soil pH, owing to species-specific traits, e.g., support of nitrogen fixation and Al accumulation. In a
long-term, randomized complete block experiment in which climate, soil type, and previous land-use
history were similar, we evaluated effects of individual native tropical tree species on water-stable
macroaggregate size distributions in an Oxisol. We conducted this study at La Selva Biological
Station in Costa Rica, in six vegetation types: 25-year-old plantations of four tree species grown in
monodominant stands; an unplanted Control; and an adjacent mature forest. Tree species significantly
influenced aggregate proportions in smaller size classes (0.25–1.0 mm), which were correlated with
fine-root growth and litterfall. Tree species altered soil pH differentially. Across all vegetation types,
the proportion of smaller macroaggregates declined significantly as soil pH increased (p ≤ 0.0184).
This suggests that alteration of pH influences dispersivity, and thus macroaggregate dynamics,
thereby playing a role in soil C, N, and P cycling.

Keywords: soil structure; soil pH; Oxisol; variable-charge soils; aluminum accumulator

1. Introduction

Soil structure is a ‘master integrating variable’ that is often linked to nutrient cycling because it
is associated with so many soil properties, including water-holding capacity and stabilization of soil
organic C (SOC) [1]. Soil structure can be characterized by the relationships among soil aggregates,
which are defined as relatively discrete clusters of particles. Small aggregates may themselves be
clustered into larger aggregates [2,3]. Aggregates in soils range in size from microns to millimeters
in diameter, with macroaggregates generally defined as 0.25 to <8 mm. Aggregation dynamics are
controlled by factors that affect binding/cementation, flocculation/dispersion, and arrangement of
soil particles [4].

Cementing and binding agents can be of mineralogical or biotic origin. Highly weathered
soils that are rich in Fe and Al oxides, e.g., Oxisols, allophanic soils, and Ultisols have very stable
microaggregates [5–7]. Most interpret this as evidence that oxides and hydroxides of Al and Fe, as well
as amorphous aluminosilicates, are the dominant stabilizing agents in these soils. In soils derived from
volcanic mudflows, solid silt- to sand-size mineral grains appeared to provide the nuclei for aggregate

Forests 2018, 9, 184; doi:10.3390/f9040184 www.mdpi.com/journal/forests1
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development [8]. Biotic binding agents include fine roots, fungi, bacteria, and soil fauna. Microbial
polysaccharides were important in stabilizing microaggregates (1–20 μm), while plant detritus served
as nuclei for development of larger aggregates (20–300 μm), according to studies of a Mollisol and
an Alfisol [9]. Compared with temperate-zone soils, aggregation in highly weathered tropical soils is
expected to be controlled relatively more by mineralogical cementing [10].

Factors that disperse or flocculate soil clays, notably soil pH, also influence aggregate formation
and stabilization [11]. Most conceptual frameworks of aggregate dynamics do not explicitly include
this mechanism, however [1,10,12,13]. The inherent assumption is that site-level soil pH is relatively
constant, and thus alteration of soil pH is not included as a driver of aggregation within a site that
does not receive applications such as lime. This assumption of a relatively constant soil pH within
a site may not apply under land-use change, especially where shifts in species composition occur.
Given that plant species, especially trees, can alter soil pH [14–16], changes in species composition
could influence aggregation via alteration of soil pH. Thus, including the effect of plant species on soil
pH would improve our conceptual framework of aggregation dynamics.

The objectives of this study were to determine the extent to which vegetation type influenced
macroaggregate structure in an Oxisol, and to evaluate the influence of binding agents, both
mineralogical and biological, and alteration of pH on soil aggregation. In a unique tropical
experimental field setting in which soil type, climate, forest age and previous land-use history were
similar across plots [17], we assayed macroaggregate structure in six vegetation types. These included:
four tree species, each grown in 25-year-old monodominant plantations; an unplanted Control that
regenerated naturally; and a mature forest. All four of the tree species are broad-leaved, evergreen,
and native, but differ in multiple traits that influence detrital inputs and decomposition [18–20].
One species, Pentaclethra macroloba (Willd.) Kuntze, is a nodulated legume, known to acidify soil at
this site. Another species, Vochysia guatemalensis Donn. Smith, is an Al-accumulator, known to increase
the soil pH [16].

We evaluated three hypotheses:

1. Macroaggregate size distribution and chemistry differ among the six vegetation types. The four
species in plantations and the Control plots would have started with similar soil structure at the
beginning of this experiment, 25 years prior to our study. Thus, observed differences among
vegetation types in the chemistry and quantity of organic matter (OM) inputs [18,20] would
influence soil aggregation, depending on the relative importance of their binding material in
this soil. A lack of difference in macroaggregate structure would indicate over-riding control by
mineralogical interactions.

2. Macroaggregate structure is correlated with fine-root growth, litterfall, fungal, and microbial
effects on aggregation. Fine-root and litterfall additions are expected to bind aggregates and
thus contribute to their stabilization via multiple chemical and physical mechanisms [11].
Fungal hyphae can reorient clay particles, bind particles with extracellular polysaccharides, and
enmesh particles, thereby influencing soil aggregation [21] (Ternan et al., 1996). Mycorrhizal fungi
can act at multiple scales, from the plant community to the soil mycelium, to influence soil
aggregation [22]. In addition, microbial biomass C, rather than fungal hyphae alone, is often
associated with factors that stabilize soil organic C (SOC), and could thus affect soil structure [23].
Microbial activity, however, differs temporally, and with aggregate size, soil type, cropping
system and management [24,25].

3. Macroaggregate structure is correlated with soil pH. The tree species in this experiment have
altered soil pH [16,26] and this could alter aggregation processes. Previously, it was hypothesized
that in these variable-charge soils, changes in soil pH above or below the point of zero charge
(PZC) would disperse colloids [16]. This effect on colloidal stability could thus influence
macroaggregate stability.
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2. Materials and Methods

2.1. Study Site and Experimental Design

This study was conducted in a tropical rainforest at La Selva Biological Station (10◦26′ N, 83◦59′

W) in Costa Rica. The mean annual temperature is 25.8 ◦C, and the mean annual rainfall is 4000 mm,
with rainfall averaging >100 mm in any month [27]. The parent material is considered to be weathered
andesitic/basaltic Pleistocene lava flows [28]. These soils may have received more recent inputs,
ash or lahars, from nearby volcanoes [29]. The soil was classified as Mixed Haplic Haploperox [30].
Mean soil C and N concentrations in the surface (0–15 cm) layer range from 44 to 55 and 3.4 to 4.2 g/kg,
respectively [26]. The point of zero charge (PZC) in these variable-charge soils has not been measured,
but a reasonable assumption is that the PZC is ≤4, as it is in many comparable Oxisols [31,32].

The study site was deforested in ~1955 and pastured until abandonment in 1987 [20]. In 1988,
a randomized complete block experiment containing four blocks was initiated. The experiment
includes four species: Hieronyma alchorneoides L., Pentaclethra macroloba, a nodulated legume,
Virola koschnyi Warb., and Vochysia guatemalensis, an Al-accumulator (see Russell et al. [20] for a
more complete description). The site is hilly, with elevation ranging from 44 to 89 m. To ensure that
topographic effects did not create a bias, each block was centered on a hilltop, and randomization of
plot assignment to a species was stratified such that across the four blocks, each species was represented
in each topographic position (hilltop, slope and slope bottom). In Block 3 of Vochysia, a stand-level
lightning event killed nearly 75% of the trees in 2011, so that plot was not used for this study. Each plot
was 50 × 50 m (0.25 ha) and divided into four quadrants. Trees were planted at a spacing of 3 × 3 m.
For the first three years, understory vegetation was cleared manually. Trees were thinned by 50% at age
four in Hieronyma and Vochysia, the fast-growing species. There was no other management of the plots,
except for trail maintenance. For more information about the original design, see Russell et al. [20].

Two types of reference vegetation were also included to provide a basis of comparison for the
four planted tree species. (1) An unplanted Control was contained within the original experimental
design; (2) In the mature forest, we established a fifth block (150 × 200 m in size). Situated <150 m
from the experimental plots, soil, climate, and vegetation prior to 1955 were similar to the adjacent
experiment. We sampled four 50 m × 50 m plots randomly selected from within this block. Pentaclethra
is the dominant species in La Selva mature forest, accounting for 36–38% of the estimated aboveground
biomass of trees [33]. Thus, the complete study design included 23 plots (6 vegetation types x 4 blocks,
less 1 plot for Vochysia).

2.2. Field Methods

Soil was sampled for macroaggregate analysis once in late January 2013, as previous studies
indicated a lack of seasonal variation (data unpub.). Twenty subsamples were taken in the 0–15 cm
layer, using a 3.2-cm diameter push-tube soil sampler at randomly selected locations within three of
the four quadrants of each plot. The fourth quadrant was not sampled because soil compaction had
occurred during recent erection of a moveable 40-m tower for canopy sampling. The 60 subsamples
from each plot were composited into a single sample per plot and mixed well. A subsample of ~800 g
of field-moist soil was gently passed through an 8-mm sieve. Of that sample, 150 g was stored at field
moisture in the refrigerator at 3 ◦C for the macroaggregate analyses, while the remaining soil was
air-dried for other measurements. Both field-moist and air-dried soils were transported to Iowa State
University for subsequent analysis. Soil pH was determined on samples collected from the same depth
interval in 2011 when all four quadrants of each plot were sampled.

For assessments of fungal abundance and microbial biomass C, soils were collected at four dates
over two years: February 2012, September 2012, February 2013, and September 2013. At each date,
we collected five soil cores (10 cm deep × 2.5 cm diameter) in each plot, which were located as one
core randomly positioned in each of the four plot quadrants, plus a fifth core from a random position
in the full plot. The cores were combined to create a single plot-level sample and homogenized by

3
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sieving to 2 mm. There were 23 soil samples per date for a total of 76 samples over two years.
The homogenized soils were subsampled for quantification of fungal abundance and microbial
biomass C, described below. See Kivlin and Hawkes [34,35] for additional details.

Fine litter production (litterfall of leaves, flowers, fruits, branches ≤1 cm diameter, and frass) was
measured every two weeks for two years, 2011–2013, using four 1.3 × 0.4 m litter traps per plot as in
Raich et al. [18]. The samples were dried at 65 ◦C soon after collection, weighed and then ground as
described in Russell et al. [16].

Fine-root growth, as an assay for fine-root detrital inputs to soil, was measured in 2012–2013
(0–15 cm depth) using 2-mm mesh ingrowth cores as described by Valverde et al. [36] and
Russell et al. [20]. Root ingrowth on a length basis was determined by elutriating the sample,
separating roots from detritus, and quantifying root length with a WinRHIZO image analysis system
(www.regentinstruments.com/products/rhizo/Rhizo.html).

2.3. Laboratory Analyses

Macroaggregate size distributions in the different vegetation types were evaluated by means of a
wet-slaking method that is based on the quantification of the size (diameter) class of macroaggregates
according to their ability to resist slaking in water [3]. Air-dried Oxisol samples are usually
resistant to wet-sieving [10], so we modified the method of Elliott [3] by using field-moist samples.
Before wet-sieving, the initial gravimetric soil moisture content of samples was determined to ensure
that the variability in soil moisture did not exceed 10%. The soil moisture content was determined by
drying 10-g subsamples at 105 ◦C for 48 h. The mean soil moisture content was 43% and ranged from
38 to 47% among the samples. Thus, we concluded that initial differences were small enough not to
require moisture adjustments prior to wet-slaking. For the procedure, we weighed approximately 100 g
of field-moist soil and recorded the mass of each sample to two decimal places. No additional water
was added to the samples before wet-sieving. The weighed field-moist sample was then transferred to
a Petri dish, 150 mm in diameter and 25 mm in height, that was lined with Whatman Number 1 filter
paper and covered while awaiting analysis. We transferred one sample at a time to the top of a set
of nested sieves with mesh sizes of 4, 2, 1, 0.5, and 0.25 mm. The nested sieves were held in place
by a frame consisting of a round base, two rods as long as the nested sieves, and a clamping device
at the top of the sieves that secured the rods. The nested sieves were attached to a lever that raised
and lowered the sieves into a 38-L cylinder that was 2/3 filled with water. The set of sieves was then
lowered into water just until all soil on all sieves was submerged at all points of lever movement.
The sample was wet-sieved by gentle mechanical action that moved the set of sieves 11 cm at a constant
rate of 118 cycles per minute in the water for 5 min.

The sample remaining on each sieve was then transferred to a separate aluminum pan.
Soil materials that were lodged in the sieve were not included in any of the aggregate size distributions.
Thus, the sum of the sample recovered in the 0.25–4.0 mm size distributions is a conservative measure
of the total within that size range. We dried samples in a forced-air oven for 48 h. A drying temperature
of 60 ◦C is often used in macroaggregate studies [3], but 55 ◦C was recommended to avoid N loss,
given that samples would be subsequently analyzed for N (C. Cambardella, pers. comm.). The dried
subsample within each size class was then weighed and finely ground to <0.25 mm in a mortar and
pestle for analysis of C and N.

Total C and N in macroaggregates were measured by dry combustion, using a ThermoFinnigan
Flash EA 1112 elemental analyzer (Thermo Fisher Scientific, Waltham, MA, USA). Total P was extracted
in aqua regia (HCl:HNO3 = 4:1 by volume) following the method of Crosland et al. [37]. Phosphorus in
the digests was determined by inductively coupled plasma atomic emission spectrometry (ICP-AES).
Total organic P was determined by the ignition method [38], in which organic P in the soil is converted
to inorganic P by oxidation at 550 ◦C. Phosphorus in ignited and unignited subsamples is then extracted
with 0.5 N H2SO4 for 16 h. Phosphorus in the extracts was determined via ICP-AES. Organic P in the
soil was calculated by subtracting P concentration in the unignited sample from P concentration in the
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ignited sample. Litterfall Al was measured by microwave-assisted acid digestion and analyzed using
inductively coupled plasma optical emission spectroscopy [39]. Soil pH was measured using a stirred
slurry of 10 mL sieved, air-dried soil in 25 mL deionized water [40,41].

To quantify fungal hyphae, soils were first air-dried for 24 h and ground with a mortar and pestle
to disrupt clay aggregates. Hyphae were extracted from soil using 3% sodium hexametaphosphate,
collected via vacuum filtration, stained with acid fuchsin, and quantified by microscopy at 160× with
at least 100 fields of view per sample [42,43]. Both septate (decomposers and pathogens) and aseptate
(arbuscular mycorrhizal fungi) hyphae, as well as all hyphae inside of soil aggregates, were recorded
and summed for total abundance, which is reported as length per g dry soil. Microbial biomass
C (MBC) was quantified as the difference between chloroform fumigated and unfumigated soils
extracted in a 1:5 ratio of 0.5M K2SO4 [44,45]. Microbial biomass data are reported as μg C per g
dry soil. Carbon was quantified by combustion (Apollo 9000 TOC Analyzer, Teledyne Tekmar, Mason,
OH, USA) [34,35].

2.4. Data Analysis

The experimental unit was the plot. For variables with multiple measurements per plot, the plot
mean was used in the analysis. Inclusion of the mature forest in analyses resulted in a randomized
incomplete block design. Blocks were treated as a random effect. We tested for homogeneity of
variances and normality of distributions. For Al in litterfall, the variances were heterogeneous, so tests
were performed on natural log-transformed data. Computations were done using a generalized linear
model with both random and fixed effects, the Statistical Analysis System (SAS) mixed model [46];
inclusion of the mature forest required use of the Satterthwaite adjustment for degrees of freedom.
Pairwise comparisons for significant overall F-tests were performed using p-values adjusted by Tukey’s
Honestly Significant Difference method.

To test for differences among the vegetation types in macroaggregate size distributions and
element (C, N, P) content (H1), we analyzed response variables for the five macroaggregate size classes
in the six vegetation types. This Analysis of Variance (ANOVA) model included terms for size class (S),
vegetation type (V) and S × V interaction. The response variables regarding macroaggregates were:
fraction of total sample; C, N, inorganic P and organic P content; and C:N. The S × V interactions were
significant; therefore, separate ANOVAs were conducted for each macroaggregate size class.

To evaluate the strength of the four hypothesized biotic effects on macroaggregate fractions (H2),
we tested the four factors simultaneously by conducting partial regression residual analysis.
This analysis quantifies the effect of a particular explanatory variable after the effects of all the
other explanatory variables in the model have been taken into consideration [47]. This multiple
regression model included one response variable, the fraction of macroaggregates within a size class.
The four predictor (=explanatory) variables tested were: (a) fungal hyphae in aggregates (mm g−1 dry
soil); (b) microbial biomass C (μg C g−1 dry soil); (c) fine-root growth (length basis, 0–15 cm depth,
cm m−2 yr−1); and (d) Al flux in fine litterfall (kg ha−1 yr−1). With n = 23 plots for these analyses,
it was not appropriate to include more explanatory variables in the model. For all explanatory
variables, we used the mean over all sample times in this analysis. Exploratory analyses of microbial
variables indicated that results were relatively invariable, regardless of whether we used the values
from one sample time that occurred <1 month after macroaggregate sampling or mean values over
the four sample times. Results were also similar between the variables of total hyphae and hyphae
within aggregates. Of these two variables, we report only the latter, with values based on the mean of
four sample times. Pearson correlational analyses were conducted to test for relationships between the
fraction of macroaggregates within the smallest size class and soil pH.
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3. Results

3.1. Macroaggregate Size Distribution and Element Concentrations under Different Vegetation (H1)

In the surface horizon, the largest three size classes of water-stable macroaggregates (4–8, 2–4,
and 1–2 mm) accounted for 72% of the total dry mass of aggregates, with no significant differences
among the vegetation types in any of these three size classes (Figure 1a). In the smallest size classes,
however, vegetation (V) had a significant impact on the fraction within the size class (S), with the
effect of vegetation differing by size class (p = 0.0012, S × V) (Table 1, Figure 1a). In the mature forest,
the fraction of macroaggregates in the 0.5–1.0-mm size class was significantly higher than in the other
vegetation types, with the exception of Pentaclethra, which is the dominant species in the mature forest.
In the 0.25–0.5-mm size, the vegetation types differed with: Mature forest > Pentaclethra > Vochysia >
Hieronyma, Virola and Control (Figure 1b).

Concentrations of N, organic P and inorganic P in aggregates differed significantly among
vegetation types (Table 1; Table A1). Nitrogen concentrations were higher in Vochysia than in Hieronyma,
Pentaclethra and Virola (Figure 2a). Hieronyma had the highest C:N values, whereas Pentaclethra,
the mature forest and Control had the lowest (Figure 2a). Both organic and inorganic P concentrations
were highest in Virola and lowest in the mature forest and Control (Figure 2b).

Figure 1. Effect of vegetation type on macroaggregate size distributions. (a) All size classes; (b) Detail
of smaller size classes with significant differences denoted by letters.

Figure 2. Effect of vegetation type on: (a) N concentrations (left y-axis) and C:N (right y-axis) and
(b) Organic P (left y-axis) and Inorganic P (right y-axis).
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Table 1. Statistical results (p values) for analysis of macroaggregates by size class.

Response Variable
Explanatory Variable

Size (S) Vegetation (V) S × V

Fraction (g g−1 dry soil) 1 <0.0001 0.8952 0.0012
C (g kg−1) 0.3155 0.0781 0.9935
N (g kg−1) 0.7791 0.0478 0.9984

C:N 0.0420 0.0024 0.9367
Inorganic P (mg kg−1) 2 0.7682 0.0008 0.9750

Organic P (mg kg−1) 0.9019 0.0006 0.9998
C Fraction (gC g−1 dry soil) <0.0001 0.5782 0.2863
N Fraction (gN g−1 dry soil) <0.0001 0.2100 0.3230

Inorganic P Fraction (gP kg−1 dry soil) <0.0001 0.0039 0.8511
Organic P Fraction (gP kg−1 dry soil) <0.0001 0.0003 0.7911

1 ‘Fraction’ refers to the proportion of the total dry soil contained with a given size class of macroaggregate. 2 For P,
only the three largest size categories (4–8, 2–4, and 1–2 mm) were included in the analysis due to insufficient material
in the two smallest size classes.

All values represent the mean across all size classes of macroaggregates, given no significant
differences among size classes for these variables. Small letters denote differences among vegetation
types in N and Organic P concentrations; capital letters signify differences for C:N and inorganic P.

Concentrations of C, N, organic P and inorganic P did not differ significantly among the
macroaggregate size classes (Table 1; Table A1). Thus, larger macroaggregates (>1 mm), which
accounted for the majority of the water-stable aggregates (72%), contained the largest fraction of
macroaggregate C, N and P, (Figures 3 and 4, calculated from Table A1, as the product of the element
concentration within a size class and the fraction of total soil within that size class, respectively).
These data are expressed as the fraction of total soil, with means across all vegetation types, given no
significant differences among vegetation types. The differences in elemental concentrations translated
into significant effects of the vegetation on the N and P (organic and inorganic) fractions, but not on C
fractions contained in macroaggregates (Table 1).

Figure 3. Fractions of C and N contained in macroaggregate size classes. Significant differences among
size classes for C (left) are denoted by small letters, for N (right) by capital letters.

7



Forests 2018, 9, 184

Figure 4. Fractions of organic and inorganic P contained in macroaggregate size classes. Significant
differences among size classes for organic P (left) are denoted by small letters, for inorganic P (right) by
capital letters.

3.2. Biotic Effects on Macroaggregate Size Distributions (H2, H3)

We evaluated several biotic factors that could potentially differ among the vegetation types and
thus influence macroaggregate formation differentially: fungal hyphae within aggregates; microbial
biomass C; fine-root growth; and flux of Al in litterfall (Table A2). These explanatory variables were
included in the multiple regression model for which the response variable was the fraction of total
macroaggregate dry mass contained within a size class (Table A1). Fine-root growth was significantly
correlated with the dry mass macroaggregate fraction in two size classes (4–8 and 1–2 mm) (Table 2).
The flux of Al in litterfall was significantly correlated with the dry mass macroaggregate fraction in the
smallest size classes (0.25–0.5 mm) (Table 2).

Table 2. Relationships between macroaggregate size fractions (g g-1 dry soil) and four biological factors.

Explanatory Variables 1 Macroaggregate Size Class (mm)

4–8 2–4 1–2 0.5–1.0 0.25–0.50

p-value 2

Hyphae in Aggregates 0.2185 0.9067 0.4062 0.6491 0.9383
Microbial Biomass C 0.7711 0.7080 0.2663 0.7559 0.2316

Fine Root Growth 0.0013 0.8827 0.0077 0.7732 0.5268
Al in Litterfall 0.7450 0.1382 0.4991 0.1079 0.0201

1 The variables included: fungal hyphae within macroaggregates (mm g−1 dry soil); microbial biomass
C (μg C g−1 dry soil); fine root growth (cm cm−2 yr−1); and Al flux in litterfall (kg Al ha−1 yr−1). All belowground
measurements are for the 0–15 cm depth interval. 2 The p values are results of partial regression analysis (n = 23 plots).

The effect of vegetation on soil pH influenced macroaggregate fractions in the smallest size classes
(Table 3; Table A2). Across all plots, macroaggregates <1 mm in diameter declined with increasing
soil pH (Figure 5a,b). These two macroaggregate size classes were the smallest measured in this study.
All data are for the 0–15 cm mineral soil layer. Results are based on Pearson’s analyses.

Table 3. Relationships between macroaggregate fractions (g g−1 dry soil) and soil pH.

Test Statistic Macroaggregate Size Class (mm)

4–8 2–4 1–2 0.5–1.0 0.25–0.50
p 0.5240 0.4122 0.5489 0.0563 0.0055
r 0.1400 0.1794 0.1319 0.4032 0.5595
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Figure 5. Correlations between soil pH and C contained in macroaggregates. (a) Data are for the
smallest size fractions, 0.25–0.50 mm and (b) Size fractions 0.5–1.0 mm.

4. Discussion

4.1. Cementing Effect of Soil Mineralogy

The similarly high proportion of larger macroaggregates (1–8 mm) across all vegetation types
indicated that mineral interactions were relatively more important than biotic factors in binding
soil particles in this Oxisol. This was expected under the current conceptual framework [10,13],
and given the presence of Fe and Al oxides in this soil. However, total Fe (hydr)oxide content does
not always correlate with aggregate stability. Duiker et al. [48] found that the crystallinity of the
Fe (hydr)oxides was important; poorly crystalline (hydr)oxides, with their larger and more reactive
surface area, had a higher degree of aggregation than crystalline Fe (hydr)oxides, even when present
in lower concentrations.

The similarities among the macroaggregate size classes in elemental concentrations and C:N
in this study indicated a lack of aggregate hierarchy resulting from the cementing effect of the
mineral interactions. These results were consistent with those from another Oxisol in which oxides
were the stabilizing agent [10]. Macroaggregate size in our study thus did not appear to represent
stages of formation or decomposition of aggregates as in conceptual models for temperate soils
(e.g., [1]).

4.2. Binding Effects of the Biota

Despite the strong potential for oxides to affect aggregation in this Oxisol, biotic factors exerted an
influence over the smaller macroaggregates (0.25–1 mm) in this experiment, as indicated by significant
differences among tree species in these size classes. These aggregates comprised the smallest proportion
of the total soil in the Vochysia treatment, and the largest fraction in the Pentaclethra treatment (Figure 1a).
Of the potential explanatory biotic factors that we evaluated, only fine-root growth and Al flux in
litterfall were significantly correlated with macroaggregate structure. The quantity and chemistry of
plant detritus have been shown to influence aggregation in numerous studies cited by Bronick and
Lal [11]. In addition, plant roots can perform multiple tasks that would bind soil particles, including
realigning and fastening them together and exuding chemical cementing agents [11]. Thus, it is
reasonable that differences among the tree species in fine-root growth [16] were correlated with
macroaggregate structure. Similarly, Rillig et al. [22] found that aggregation increased with root
length density.

Microbial factors (fungal abundance and microbial biomass C) were not correlated with
macroaggregate structure (Table 2). While soil microbial processes and their interactions with plants
can also influence binding, and thus aggregation, differences in microbial community composition
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and function were not strongly correlated with tree species at our study site [34,35]. Studies at
other sites have had similar results [49,50]. Thus, it is not surprising that these variables were not
correlated with macroaggregate structure. For fungal taxonomic richness and phylogenetic diversity,
the relationships with tree species composition were also not significant [34,35]. Similarly, microbial
community composition was poorly predicted by plant species composition and functional traits in a
study at Barro Colorado Island, Panama, [51].

4.3. Dispersivity (pH) Effects of Tree Species

Of the many factors that influence soil structure, soil pH has been noted, but is often
overlooked [11], and is not generally included in conceptual frameworks of controls over aggregation
(e.g., [1,13]. In previous studies at our site, we found that the planted tree species significantly altered
soil pH. At the start of this experiment in 1988, mean (±S.E.) soil pH across this site that had been
in pasture for >30 years was 4.52 (±0.02) [17]. After 25 years under the mono-dominant plantation
treatment of Pentaclethra, the nodulated legume, soil pH had declined to as low as 4.08 in one plot
(treatment mean ± S.E.: 4.14 ± 0.02), and under Vochysia, the Al-accumulating species, soil pH had
increased to as 4.85 in one plot (treatment mean: 4.71 ± 0.08) (Table A2; [16]. These pH changes over
time occurred without additions of lime or other chemicals. Other studies of nodulated legumes that
support microbial N2 fixation have demonstrated that ammonification and subsequent nitrification
are increased by these species, therefore releasing H+ and acidifying soil [52]. At the other end of the
spectrum of species effects on soil pH, species that accumulate Al could take up H+ as a consequence
of changing the equilibrium between Al minerals and soluble Al [53]:

Al(OH)3 + 3H+ � Al3+ + 3H2O (1)

In a previous study, we hypothesized that in these variable-charge soils, the observed range
of pH values under the different vegetation types—nearly one pH unit—would be sufficient to
create observable differences in aggregation and dispersion of soil colloids across vegetation types.
We predicted that aggregation would be greatest at the hypothesized PZC of ≤4 and would decrease
as pH increased [16]. In this study, the Pentaclethra treatment had the lowest soil pH and the highest
fraction of macroaggregates <1 mm, whereas Vochysia had the highest pH and lowest fraction of
macroaggregates in this smaller size range (Figure 1). The result that across all treatments the smallest
macroaggregate fractions declined with increasing pH (Figure 5) is consistent with the hypothesis that
aggregation would be negatively correlated with soil pH in this variable-charge soil.

5. Conclusions

This long-term tropical experimental setting allowed us to test whether biotic effects exerted
control over macroaggregate structure in an Oxisol in which Fe and Al oxides were expected to
be the major cementing agents. We found no significant differences among vegetation types in
water-stable macroaggregate fractions for aggregates >1 mm, but for aggregates ≤1 mm, differences
were significant. Biotic factors that could mediate these effects, e.g., fine-root growth and Al in litterfall,
were significantly correlated with several size classes of macroaggregate fractions, but microbial
and fungal abundance within macroaggregates had no significant correlation. After 25 years of
growth, the planted tree species had altered soil pH by a range across all plots of nearly one pH unit.
These differences in pH were correlated with smaller aggregate fractions (p = 0.0563, r = 0.40 for
0.5–1.0 mm size; p = 0.0055, r = 0.56 for 0.25–050 mm size), suggesting an important linkage between
these two master soil variables, pH and macroaggregate structure, such that both were influenced
by tree species. Increases or decreases in pH mediated by plant traits could release elements that are
physically protected within macroaggregates and thereby influence soil C, N and P cycling.
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Appendix A

Table A1. Macroaggregate dry mass and elemental concentration by diameter size class and vegetation
type in experimental site in Costa Rica. ‘Fraction’ refers to the proportion of the total dry soil mass
recovered after wet sieving. Means (±S.E.) are for n = 4 samples (3 in Vochysia) from the 0–15 cm depth.

Vegetation Size Class Fraction of Dry Mass C N C:N Organic P Inorganic P

mm g/g g/kg g/kg mg/kg mg/kg

Hieronyma 4–8 0.227 ± 0.012 48.85 ± 1.87 3.57 ± 0.09 13.71 ± 0.45 247.81 ± 36.39 110.97 ± 13.19
2–4 0.246 ± 0.014 48.85 ± 2.22 3.53 ± 0.13 13.85 ± 0.43 283.93 ± 19.23 113.16 ± 15.27
1–2 0.196 ± 0.009 50.78 ± 2.37 3.58 ± 0.13 14.17 ± 0.45 292.23 ± 10.48 119.34 ± 12.73

0.5–1 0.109 ± 0.008 52.51 ± 2.57 3.65 ± 0.16 14.44 ± 0.68 323.97 125.28
0.25–0.5 0.057 ± 0.009 54.93 ± 2.36 3.75 ± 0.12 14.68 ± 0.53 318.39 108.47

Pentaclethra 4–8 0.221 ± 0.029 48.20 ± 4.95 3.61 ± 0.37 13.35 ± 0.09 400.50 ± 103.38 175.37 ± 66.12
2–4 0.251 ± 0.010 46.08 ± 3.53 3.57 ± 0.24 12.87 ± 0.24 390.63 ± 101.75 160.37 ± 55.96

1–2 0.191 ± 0.010 46.94 ± 3.33 3.57 ± 0.27 13.17 ± 0.21 304.86 ± 142.77 258.00 ±
101.07

0.5–1 0.125 ± 0.007 46.94 ± 3.64 3.60 ± 0.26 13.64 ± 0.20 488.09 156.27
0.25–0.5 0.077 ± 0.005 49.16 ± 3.74 3.75 ± 0.24 13.51 ± 0.36 408.80 164.50

Virola 4–8 0.243 ± 0.015 49.76 ± 1.81 3.56 ± 0.09 13.98 ± 0.36 428.60 ± 12.71 139.40 ± 10.64
2–4 0.256 ± 0.008 50.14 ± 2.29 3.60 ± 0.08 13.90 ± 0.35 412.34 ± 162.27 240.51 ± 99.42
1–2 0.199 ± 0.007 50.31 ± 3.02 3.55 ± 0.14 14.16 ± 0.41 524.92 ± 96.56 232.16 ± 92.47

0.5–1 0.111 ± 0.007 51.79 ± 3.14 3.63 ± 0.15 14.24 ± 0.51 535.67 234.02
0.25–0.5 0.054 ± 0.002 52.00 ± 2.43 3.67 ± 0.08 14.15 ± 0.41 509.14 240.11

Vochysia 4–8 0.285 ± 0.021 52.50 ± 2.61 3.92 ± 0.22 13.41 ± 0.31 233.30 ± 8.44 100.00 ± 5.52
2–4 0.270 ± 0.010 53.10 ± 2.02 3.82 ± 0.18 13.91 ± 0.22 232.07 ± 15.32 102.48 ± 5.44
1–2 0.171 ± 0.009 53.19 ± 2.16 3.87 ± 0.18 13.77 ± 0.27 290.10 ± 24.19 99.88 ± 6.75

0.5–1 0.099 ± 0.003 57.76 ± 2.01 4.17 ± 0.19 13.85 ± 0.15 293.99 102.09
0.25–0.5 0.050 ±0.009 57.10 ± 1.98 4.10 ± 0.26 13.98 ± 0.41 356.02 100.18

Control 4–8 0.244 ± 0.008 47.45 ± 2.51 3.58 ± 0.13 13.23 ± 0.33 242.59 ± 48.55 103.52 ± 18.15
2–4 0.262 ± 0.014 47.22 ± 1.69 3.62 ± 0.14 13.05 ± 0.21 228.57 ± 47.77 104.40 ± 23.58
1–2 0.202 ± 0.006 48.63 ± 2.60 3.65 ± 0.16 13.30 ± 0.22 207.83 ± 43.05 95.42 ± 22.29

0.5–1 0.111 ± 0.002 49.56 ± 2.95 3.66 ± 0.17 13.53 ± 0.34 166.38 81.69
0.25–0.5 0.053 ± 0.004 50.96 ± 2.60 3.72 ± 0.14 13.70 ± 0.28 260.81 60.83

Mature
Forest 4–8 0.219 ± 0.021 50.85 ± 2.97 3.94 ± 0.17 12.88 ± 0.29 221.43 ± 26.57 72.51 ± 5.47

2–4 0.224 ± 0.014 50.43 ± 2.76 4.00 ± 0.13 12.59 ± 0.31 214.55 ± 34.30 76.75 ± 9.96
1–2 0.190 ± 0.007 47.54 ± 2.79 3.74 ± 0.16 12.71 ± 257.37 ± 18.74 69.18 ± 8.14

0.5–1 0.142 ± 0.012 46.87 ± 3.18 3.67 ± 0.14 12.74 ± 158.26 68.30
0.25–0.5 0.096 ± 0.007 47.04 ± 2.76 3.74 ±0.12 12.57 ± 251.20 78.68

Notes. Sample mass in the two smallest size classes was insufficient for analyses of P in all blocks. Values represent
the composited samples across blocks of a given species and size class.

Table A2. Four biological factors and soil pH data used in evaluating relationships with
macroaggregate structure.

Vegetation Hyphae in Aggregates Microbial Biomass C Fine-Root Growth Al in Litterfall Soil pH

mm g−1 Dry Soil μg C g−1 Dry Soil cm cm−2 yr−1 kg Al ha−1 yr−1

Hieronyma 16,588 ± 1150 1022 ± 108 99 ± 8 10 ± 2 4.43 ± 0.05
Pentaclethra 19,201 ± 818 933 ± 49 70 ± 9 8 ± 1 4.14 ± 0.02

Virola 17,438 ± 1853 781 ± 180 91 ± 9 14 ± 1 4.40 ± 0.06
Vochysia 12,021 ± 1818 1171 ± 33 181 ± 15 180 ± 17 4.71 ± 0.08
Control 15,420 ± 1543 949 ± 139 106 ± 10 83 ± 14 4.53 ± 0.03

Mature Forest 16,548 ± 721 1033 ± 89 94 ± 11 2 ± 1 4.34 ± 0.01

Notes. Values represent means (±S.E.) over all sample times. Data were published previously [16,34]. Data are for
the 0–15-cm interval.
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Abstract: The nature and extent of climate and soil nutrient controls in Chinese forests remain poorly
resolved. Here, we synthesized the data on carbon–climate–soil in eastern China, and litter N was
firstly taken into consideration, to examine the variation of net primary productivity (NPP) and its
driving forces. Results showed that NPP had significant latitude pattern and varied substantially
across climate zones. Bivariate analyses indicated that mean annual temperature (MAT), mean annual
precipitation (MAP), soil N content (Nsoil), and annual litter N (Nre) were the main controlling factors
in spatial pattern of forest NPP. Notably, partial general linear model analysis revealed that MAT,
MAP, and Nre jointly explained 84.8% of the spatial variation of NPP. Among the three major factors,
Nre explained more variation of forest NPP than the other two factors, and MAT and MAP affected
NPP mainly through the change of litter N rather than via themselves, highlighting the importance of
litter N in estimating forest NPP. However, to accurately describe the pattern of forest NPP in China,
more detailed field measurements and methodologies on NPP and relevant confounding factors
should be addressed in future studies.

Keywords: net primary productivity; climate zone; climate; soil N; litter N

1. Introduction

Net primary productivity (NPP) is a key ecosystem variable and a critical component
of the regional and global carbon cycle [1,2]. However, the spatial distribution of forest
NPP is still uncertain, due to complicated impacts from various environmental and biological
factors, e.g., vegetation distribution, climatic variables, and land use change [3–5]. Therefore,
accurate estimation of NPP and its driving forces is essential to understanding terrestrial carbon
pools and responses of forest functions to future climate change [6,7].

At a regional scale, NPP is strongly correlated with climatic factors [8–11]. Based on global NPP
data, Lieth (1975) [8] developed the climate-driven theory, and described the relationship between
climatic factors (annual mean temperature, annual precipitation, and annual evapotranspiration) and
NPP in logistic functions. However, it is still unclear whether regional NPP across biomes follows the
same pattern [12,13], since the driving factors vary among regions [14–16]. Further, an international
coordination for compilation of global NPP data for model validation and development, the Global
Primary Productivity Data Initiative (GPPDI), has worked successfully since 1995. However,
inadequate observational NPP data seriously inhibit the estimation and modeling of the global carbon
cycle and the validation and evaluation of the global carbon models [17].

Globally, forests represent 80% of plant biomass, and 50–60% of annual NPP in terrestrial
ecosystems [5,18]. Chinese forests, which cover about half the total land area of China, contain perhaps
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the widest range of forest types in the world, ranging from boreal forest and mixed coniferous
broad-leaved forest in the north, to subtropical evergreen broad-leaved forest, warm temperate
coniferous forest, tropical rainforest, and seasonal forest in the south [19,20]. It is regarded that these
forests have a significant influence on carbon budget both regionally and globally [21]. A lot of
field measurements of forest biomass and NPP estimations are available from multiple sites for the
past two decades. However, these data were mostly published in Chinese journals and reports and
not accessible to Western scientists. Also, site-based data of forest NPP in China has not yet been
synthesized in a consistent manner.

Located in heavily forested area, the North–South Transect of Eastern China (NSTEC) features a
high variation in plant composition, climate, and soil substrate materials [22]. It thus provides wide
biome heterogeneity to examine spatial pattern of forest NPP. We synthesized the data in the primary
literature on NPP in forests within the NSTEC to produce a consistent dataset on NPP, and amassed
the data on mean annual temperature (MAT), mean annual precipitation (MAP), soil N content (Nsoil),
and annual litter N (Nre). Hobbie (2015) [23] proposed the plant litter feedback paradigm that changes
in plant litter traits reinforce patterns of soil fertility and NPP. Thus, we first introduced litter N
as available N for plants, which was an improvement over the past studies. Based on these data,
we aim to investigate whether temperature and precipitation characterize the pattern of NPP within
the transect, to explore whether soil N is a limiting factor for large-scale distribution of NPP, and to
test the applicability of the climate-driven theory in eastern China. Besides understanding the causes
of variability in ecosystem productivity, the findings are crucial for assessing the potential responses to
global climatic change, and are thus incorporated into statistical and simulation models.

2. Materials and Methods

2.1. Study Area

NSTEC provides an ideal platform for exploring the growth of forest in East Asia’s monsoon
region [22]. NSTEC has a spatial distance of more than 3700.0 km in length, ranging from 108.0◦ E to
118.0◦ E for latitude below 40.0◦ N and from 118.0◦ E to 128.0◦ E for latitude above 40.0◦ N (Figure 1).
From north to south, MAP increases from 500.0 mm to about 1800.0 mm, and MAT changes from
1.0 to 22.0 ◦C, correspondingly. Due to the obvious latitudinal gradients for climate, zonal forest
ecosystems occur within the NSTEC, which include cold-temperate coniferous forest, temperate mixed
forest, warm-temperate deciduous broadleaved forest, subtropical evergreen broad-leaved forest,
and tropical monsoon rainforest. Within NSTEC, 87 observations in 34 plots were included in this
study, and geographical distribution of the sites was mapped in Figure 1.

2.2. Datasets

Data on the forest ecosystems within the transect were obtained from published literature (Figure 1,
Table S1). The sampling years were not mentioned in most of the original literature, and only the
publication years of the literature could be obtained, which varied from 1983 to 2010. The information
about the publication time could be seen in Table S1. The times were classified into three groups
according to the publication year, and they were 1980s (1983–1989), 1990s (1991–1999), and 2000s
(2001–2010). Based on the classification, the temporal variations were analyzed, and there were no
significances among climatic factor, soil N, and also NPP for different times (Table S2). Therefore,
we take no account of temporal variations of forest NPP, and only spatial pattern of forest NPP was
involved. To be clear, “major forest biome” was used to represent a higher-level classification of the
“ecological zone”, which included boreal, temperate, subtropical, and tropical forests [24]. Each site
included site name, latitude, longitude, tree species, MAT, MAP, Nsoil, Nre, and NPP estimations
(Table S1). We retrieved missing latitude or longitude information for sites without such data from
Google Earth according to site names. Meanwhile, missing MAT and MAP were extracted from the
Chinese climate data based on site locations. NPP was expressed, herein, in per unit of oven-dry
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matter (t ha−1 a−1). In order to compare with other studies, NPP may be expressed in g C m−2 a−1,
where 1.0 g carbon is equivalent to 2.2 g oven-dry matter.

 

Figure 1. Locations of research plots in this synthesis in eastern China (black dots). The region between
the two lines represents the area of the North–South Transect of Eastern China (NSTEC).

2.2.1. Estimation of NPP

Forest NPP was estimated as the sum of increase in the standing crop of vegetation based on
the data for biomass, which included net increments of trees, shrubs, and herbs. Biomass data in
our study were all from field survey, and data from modeling and regional average were excluded.
The sampling methods for measuring forest biomass used by Chinese scientists, however, were quite
different. General methods of biomass estimates were given below. Firstly, diameter at breast height
(DBH) and the height (H) of each tree in the plot were measured, and then one of the three methods
was used: (1) mean tree biomass was measured, and then multiplied by tree density of each plot;
(2) allometric equations were used to calculate the biomass of each tree; and (3) allometric equations
were used to calculate the mean tree biomass, and multiplied by tree density of each plot [25,26].
Secondly, dead biomass of each tree was the sum of standing dead stem and coarse woody debris [27].
Thirdly, biomass of shrubs and herbs was measured by harvest method within large tree samples.
Aboveground tissues were clipped, and the weight of these tissues and the aboveground biomass
were calculated based on the plot area. Finally, the biomass of litterfall was determined by monthly
collection in three or more 1.0 m × 1.0 m plots, laid out inside a single tree plot. Litterfall components,
such as leaf, branch, flower, and fruit, were dried and weighed to estimated total litterfall biomass.
After one year, the sampling and the analysis for trees and understory vegetation were repeated,
and the increases in biomass were taken as forest NPP.

2.2.2. Measurements of Soil N

Soil sampling depths varied from a few centimeters to several meters in different studies.
Considering data availability and distribution of plant roots in the soil, in our study, only the data
from the depths of 0–60.0 cm in soil were used. Generally, the soil was sampled from the soil pits
selected randomly in each forest ecosystem, and soil bulk density was determined by collecting
samples in volumetric rings. In preparation for analysis, soil samples were air-dried and then passed
through the mesh sieve for measurement of N concentration. Nsoil was calculated by multiplying the
mean concentration of N in each layer with the corresponding mean soil bulk density Equation (1).
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Annual litter N (Nre) was calculated as litter biomass multiplied by the respective N concentration,
and finally, the contents of the individual fractions were summed in Equation (2).

Nsoil = ∑(mean concentration of N in each layer × corresponding mean soil bulk density) (1)

Nre = ∑(annual litter biomass of each component× litter N concentration in each component) (2)

where, Nsoil is soil N content (kg ha−1), Nre is annual litter N (kg N ha−1 a−1).

2.2.3. Climate Data

When investigating the relationship between climate and forest productivity, it would be better to
employ climate data for particular sampling years. Hence, synchronous climate data for particular
sampling years were collected. However, most sampling sites were far away from weather stations,
and thus, climate data were missing. Therefore, the meteorological data from the Meteorological
Database of the Chinese Ecological Research Network (CERN) Synthesis Research Center were
extracted. Climate data in a grid cell where the sampling site was located was extracted as the
climate data of the sampling site. MAP and MAT were the average values of 1980–2000 with a
10-day-0.1◦ spatial–temporal resolution [28].

2.3. Statistical Analysis

One-way analysis of variance (ANOVA) was adopted to test the differences in forest NPP among
different climate zones, and was followed by Fisher’s least significant difference (LSD) comparisons
when the differences were significant. Linear regression analysis or dynamic curve fit was used to
analyze the relationships between forest NPP and the driving forces. Considering the differences
in sample size, we compared R2 and root mean squared error (RMSE), and selected the better-fit
functions that had a higher R2 and lower RMSE. The stepwise regression was used to analyze the
linear regression on forest NPP with climate and soil N. In the stepwise regression, the minimum
p-value for a variable to be recommended for adding to and removing from the model was 0.05.
Considering the results of stepwise regression, only MAT, MAP, and Nre were analyzed in the ensuing
analysis. To identify the relative effects and interactive effects of the above three factors on forest NPP,
we conducted a partial general linear model (GLM) using NPP as dependent variable, and MAT, MAP,
and Nre as predictors. The partial regression divides the variation in response variable explained by
several predictor variables into independent components (representing the independent effects of an
individual explanatory variable when controlling effects of the other explanatory variables) and joint
components (usually representing the collinearities between explanatory variables). The variation
partitioning with three explanatory matrices leads to the identification of seven fractions in this study,
i.e., independent effects of MAT, MAP, and Nre; interactive effects of MAT and MAP, MAT and Nre,
MAP and Nre, and the interactive effect of all variables. Further details about the method were given
in Heikkinen et al. (2005) [29].

Figure 1 was plotted with ArcGIS 10.1 software (Esri, Realands, CA, USA), and other graphs were
performed by Sigma Plot 13.0 software (Systat Software Inc., San Jose, CA, USA). The partial GLM was
performed with SAS statistical software and other analyses were conducted by SPSS 16.0 statistical
software (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Latitudinal Pattern and Statistics of NPP

Forest NPP across eastern China exhibited significantly obvious latitudinal patterns (p < 0.001),
but no clear longitudinal trend (p = 0.20) (Figure 2). Therefore, we did not elaborate on the longitudinal
pattern of forest NPP. Generally, NPP decreased with increasing latitude when latitude was below
35.0◦ N, but increased when the latitude was higher than the threshold level (Figure 2). As a whole,
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mean total NPP was 9.5 ± 0.7 t ha−1 a−1 (mean ± SE), ranging from 0.8 to 29.6 t ha−1 a−1, with the
variability (coefficient of variation, CV) up to 64.0% (Table 1). In terms of different climate zones,
tropical forests below 23.0◦ N had the highest forest productivity with an average NPP of 15.3 ± 1.3 t
ha−1 a−1, but the smallest spatial variability (CV = 31.6%). NPP of temperate forests was, on average,
5.5 ± 0.8 t ha−1 a−1, which tended to be the lowest among the four climate zones. The other climate
zones (subtropical forests and boreal forests) were not different from each other, and were intermediate
to the others. Specifically, the average NPP of subtropical forests was 10.1 ± 0.9 t ha−1 a−1, which was
close to the value of boreal forests (12.1 ± 4.7 t ha−1 a−1), but the latter forests exhibited a higher
spatial variability in NPP from available data (CV = 78.4%) (Table 1).

 

Figure 2. Trends of net primary productivity (NPP) along latitude for forest ecosystems in eastern
China. N, number of observations; F, F Values.

Table 1. Comparisons of net primary productivity (NPP) of forest ecosystems in different climate zones.
Tropical zone: <23.0◦ N; Subtropical zone: 23.0–33.0◦ N; Temperate zone: 33.0–45.0◦ N; and Boreal zone:
>45.0◦ N. Number of observations (N), mean value (Mean), maximum value (Max), minimum value
(Min), standard error (SE), and coefficient of variation (CV) were reported. Differences among climate
zones were tested using one-way ANOVA with Fisher’s LSD comparisons; differences at p < 0.05 were
indicated with different letters.

Climate Zone N
NPP (t ha−1 a−1)

Mean Max Min SE CV (%)

Boreal 4 12.1 ab 24.6 1.9 4.7 78.4
Temperate 28 5.5 c 14.1 0.8 0.8 73.2
Subtropical 42 10.1 b 29.6 1.2 0.9 54.7

Tropical 13 15.3 a 24.2 8.6 1.3 31.6
Overall 87 9.5 29.6 0.8 0.7 64.0

3.2. The Impact of Climatic Factors on the Spatial Pattern of NPP

Temperature is an important driving factor for the ecosystem carbon budget, and water is the basic
material for maintaining ecosystem structure and functions. As was clearly shown in Figure 3, the plot
based forest NPP grew linearly with increasing MAT, MAP, and the combinations, although variation
occurred within the climate band and few sites fell out of 95.0% prediction band. On average, MAT and
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MAP contributed 16.6% and 21.8% of the spatial variation of NPP, respectively (Figure 3, Table 2).
We then analyzed the combined contribution of MAT and MAP to the spatial variation of NPP,
and found that MAT and MAP jointly explained 24.3% of the spatial variation of NPP, which was only
just 2.5% higher in the prediction of NPP than single climatic factor (MAP) alone (Figure 3, Table 2).
As for different climate zones, climatic factors were also closely related to the occurrence of NPP.
Generally, there was a consistent and significant shift from species with high NPP in warm climate with
high MAT and MAP toward species with low NPP in low MAT and MAP conditions, while the trend
in boreal forest ecosystems differed (Figure S1). Specifically, for boreal forest, higher NPP occurred
with lower MAT and MAP. More speculatively, soil nutrients or other environmental factors might
contribute to the variation of forest NPP in this region, and this should be taken into consideration
in the ensuing analyses. It is worth noting that the number of boreal forests was quite low, hence,
the reliability of the results should be considered carefully.

 

Figure 3. Relationships between net primary productivity (NPP) and mean annual temperature (MAT),
mean annual precipitation (MAP), and combinations of MAT and MAP. N, number of observations;
F, F Values.

Table 2. Bivariate and multivariate regression models of net primary productivity (NPP) on climatic
factors and soil N. MAP, mean annual precipitation; MAT, mean annual temperature; Nsoil, soil N
content; Nre, annual litter N; N, number of observations; F, F Values; RMSE, root mean square error.

Variables Model Type N R2 F RMSE p

MAT linear 87 0.166 16.9 5.6 <0.001
exponential 87 0.202 22.0 5.6 <0.001

MAP linear 87 0.218 21.5 5.4 <0.001
exponential 87 0.237 23.2 5.3 <0.001

MAT+MAP linear 87 0.243 23.8 4.2 <0.001
Nsoil linear 42 0.106 4.7 7.0 <0.05

exponential 42 0.148 4.5 6.7 <0.05
Nre linear 86 0.284 30.1 3.4 <0.001

Nsoil + Nre linear 42 0.382 32.7 2.2 <0.001
MAT + MAP + Nsoil + Nre linear 42 0.543 10.6 1.6 <0.001

3.3. The Impact of Soil N on the Spatial Pattern of NPP

Similar to climatic factors, our data illustrated that soil N was also closely related to forest NPP
(Figure 4). Generally, positive linear function fitted well the relationship between forest NPP and soil
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N, and namely, Nsoil and Nre accounted for 10.6% and 28.4% of variation of NPP (Figure 4, Table 2).
When examining the combined effect of Nsoil and Nre, we found that Nsoil and Nre in the model jointly
explained 38.2% of variation in NPP, a marked improvement over Nsoil or Nre alone. (Figure 4, Table 2).
Although forest NPP covaried spatially with soil N, it should be noted that a statistically significant
relationship did not necessarily imply causality. Moreover, the occurrence of high Nsoil and Nre rather
than MAT and MAP favored the increase of NPP in boreal forest ecosystems (Figure S2). Additionally,
across all bivariate analyses above, R2-value and F-value of Nre for NPP were almost always higher
than those of NPP versus other factors involved in this study, illustrating that plant litter N played a
more important role in determining forest NPP than other environmental factors.
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Figure 4. Relationships between net primary productivity (NPP) and soil N content (Nsoil), annual litter
N (Nre), and combinations of Nsoil and Nre. N, number of observations; F, F Values.

3.4. The Combined Impact of Climate and Soil on the Spatial Pattern of NPP

Even though the climate-NPP and soil-NPP relationships analyzed above were statistically
significant, many points were still scattered around the fitted lines, and a great deal of variability for
NPP was not captured (Figures 3 and 4). Subsequently, we conducted a stepwise multiple regression
to identify the effects of climatic factors and soil N on forest NPP. The results showed that Nsoil was
excluded from the linear regression model, and the explanatory power of these three factors (MAT,
MAP, and Nre) for NPP was just 49.2%, a marginal decline over four factors together, in Equation (3).

NPP = −0.3387 − 0.033 MAT + 0.004 MAP + 0.073Nre

R2 = 0.492, N = 42, F = 10.2, p < 0.001 (3)

However, there were significant collinearities between these environmental factors. Table 3
summarized correlation coefficients among these variables. Climatic factors for MAT and MAP were
highly correlated, and both of them had marked correlations with Nre, but had non-robust correlation
with Nsoil, and mutually, Nre had a marginal relationship with Nsoil (Table 3).
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Table 3. Correlation matrix of independent variables. MAT, mean annual temperature; MAP,
mean annual precipitation; Nsoil, soil N content; Nre, annual litter N; **, p < 0.01.

Variables Data Range MAT MAP Nsoil

MAT (◦C) 0–23.5 1
MAP (mm) 500.0–2000.0 0.670 **

Nsoil (kg ha−1) 115.6–163.5 0.213 0.365
Nre (kg ha−1 a−1) 1.9–172.2 0.288 ** 0.242 ** 0.161

Considering the results of stepwise multiple regression analysis and correlation coefficients above,
only MAT, MAP, and Nre were referred to when identifying the combined effects of the drivers on NPP
in ensuing analysis. Given the significant collinearities among the three factors, their true roles for NPP
could be obscured. Therefore, we used partial GLM to examine their relative causality in the control of
spatial pattern of NPP. General linear model involving MAT, MAP and Nre could account for 84.8%
of the variation in NPP, and MAT, MAP, and Nre explained 9.8%, 12.7%, and 35.3% of the variation
in NPP, respectively; the interactive effects of MAT and MAP (ab), MAT and Nre (ac), MAP and Nre

(bc), and MAT, MAP, and Nre (abc) represented 10.9%, 4.6%, 4.0%, and 7.5%, respectively (Figure 5).
The results indicated that Nre was much more important in shaping forest NPP than the climatic factors.

 

Figure 5. Summary of the partial general linear model (partial GLM) for the effects of mean annual
temperature (MAT), mean annual precipitation (MAP), and annual litter N (Nre) on net primary
productivity (NPP). In the partial GLM, a, b, and c denoted the independent effects of MAT, MAP and
Nre, respectively; ab, ac, and bc indicated respectively the interactive effects between MAT and MAP,
MAT, and Nre, MAP and Nre; and abc represented the interactive effects of the three different factors.

4. Discussion

4.1. Carbon Budget

NPP in forests in eastern China in our study were, on average, 4.3 t C ha−1 a−1, which was
similar to that in boreal forest ecosystems (4.2 t C ha−1 a−1) [30], but lower than that in European
Forest Ecosystems (6.5 t ha−1 a−1) [31]. Actually, considering the number and spatial representation
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of observation sites in different regions, our results need to be further validated with more data.
Based on the 7th national forest inventory data and biomass–volume relationship, we estimated that
forest biomass carbon in China was approximately 840.3 Tg C a−1 (forest area was 195.0 × 106 ha),
assuming that forests represented potential vegetation in forest regions, and the impact of human
disturbance was negligible. Our findings were similar to the result reported by Ni et al. (2003) [20]
(738.9 Tg C a−1), but was about two times that estimated by Fang et al. (2001) [19] (461.0 Tg C a−1),
and the results might be ascribed to the differences in NPP estimate methods and forest area
calculations. As a large country in the world, China contributes much to regional and global carbon
budget. Therefore, determining distribution pattern of carbon budget of the forest ecosystems in
China will be helpful for exploring the carbon cycle of the terrestrial ecosystem and addressing global
warming [32].

4.2. Explanations for the Distribution Pattern of NPP

4.2.1. Climate Control

Temperature is an important factor for regulating potential photosynthetic activity of vegetation,
as well as the length of the growing season [33,34], both of which jointly determine ecosystem
productivity [35]. In addition to temperature, precipitation is another determinant of the spatial
variation of NPP [36,37]. Numerous studies have indicated that NPP increased with both increasing
temperature and precipitation, but the response rates and patterns varied in different regions [9,10,36].
Our study found that NPP in the forest ecosystems of China increased linearly at a rate of
0.38 t ha−1 a−1 for a 1.0 ◦C increase in MAT, and 1 t ha−1 a−1 for a 1.0 mm increase in MAP (Figure 3).
Our results were similar to that of Ni et al. (2001) [38], who noted that NPP in the forest ecosystems
of China increased by 0.48 kg ha−1 a−1 for 1.0 ◦C increase in MAT and 0.1 kg ha−1 a−1 for 1.0 mm
increase in MAP. Luo et al. (2004) [10] found that NPP increased exponentially, rather than linearly,
with an increase in MAT, whereas NPP increased with increasing MAP when MAP was lower than
the threshold level of 1490.0 mm, then decreased when MAP was higher than the threshold level.
Luyssaert et al. (2007) [36] illustrated that in a global forest study, NPP increased with increasing
MAT from 5.0 to 10.0 ◦C, but appeared to be saturated beyond 10.0 ◦C. Similarly, NPP increased with
increasing MAP until leveling off at 1500.0 mm. Although the responses of NPP to climatic factors were
different in a certain extent, the decisive effects of temperature and precipitation on spatial variation of
NPP were established in most studies.

4.2.2. N Control

Soil N is a primary factor that limits plant growth owing to the large discrepancy between demand
and supply, and its vital role in plant carbon assimilation [39,40]. Significant advances have been
made in the past decades toward understanding the relationship between soil N and NPP in terrestrial
ecosystems, whereas substantial uncertainties persist, and discrepancies between studies remain
unresolved [40–42]. Yuan et al. (2006) [43] found a significant positive linear correlation between NPP
and soil inorganic N for grassland ecosystems in Mongolia, whereas Luo et al. (2004) [10] found a
curved relationship between NPP and total soil N. Our field data indicated that Nsoil alone explained
nearly 10.6% of the NPP variation within the transect (Figure 4, Table 2). Hobbie (2015) [23] focused
on feedback to NPP operating through litter decomposition, and reported that positive or negative
effects of litter N on the later stages of litter decomposition could strengthen or weaken the positive
loop of NPP. Therefore, beside Nsoil, we introduced Nre to estimate the effect of soil N on forest NPP,
and found that Nre alone accounted for 28.4% of the variation, which had higher explanation for NPP
than Nsoil, and the positive effects of Nre on forest NPP were confirmed (Figure 4, Table 2). The role
of soil N in shaping forest NPP, in our study, was imperative for models based on mechanism and
ecological process, such as CEVSA model, and BIOME-BGC model for NPP estimation. Generally,
the plant growth module in CEVSA model described photosynthesis, carbon allocation, leaf area index,
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and litter production; the biogeochemical module simulated the transformation and decomposition of
organic materials, and nitrogen inputs and outputs in soil. BIOME-BGC model was described as the
function of temperature, leaf area, water, and soil nitrogen.

Soil N and litter N were involved in the key process of these models. Thus, future efforts should
be focused on identifying the role of soil N, litter N, litter nutrient limiting decomposition, and litter
nutrient release versus NPP.

4.2.3. Joint Control

The present study identified one geographical trend in forest productivity, and found that MAT
and MAP, alone or in combination, explained 16.6–24.3% of the NPP variation within the transect,
while Nsoil and Nre explained 10.6–38.2% of the variation (Figures 3 and 4, Table 2). Although forest
NPP covaried spatially with climatic factors and soil N, it should be noted that a statistically
significant relationship did not necessarily imply causality. Importantly, we found that the trends
of the relationships of NPP to soil N were more similar than that of NPP versus climatic factors,
especially for boreal forests, indicating that rich soil N, rather than warm climate, stimulated the
increase in productivity in this region (Figures 3 and 4). To confirm the effects of climate and soil
on NPP, partial GLM was conducted, and the results showed that the overall model including MAT,
MAP, and Nre, could account for 84.8% of the spatial variation in NPP (Figure 5). The findings suggest
that the combination of temperature and precipitation-related physiology and soil substrate-related N
is responsible for the observed pattern of forest productivity, and also reflects pervasive geographic
pattern in the structure and function of forest ecosystems [42]. It was worth noting that in the overall
model, Nre explained independently more than 35.0% of the total variation for NPP, while MAT and
MAP explained independently less than 15.0% (Figure 5). The results above suggest that the geography
of NPP was largely controlled by Nre rather than climate, highlighting the role of litter N in shaping the
spatial pattern of forest NPP. The finding is valuable for planners and decision-makers in their attempts
to evaluate the effects of nutrient status on forest ecosystems and to develop suitable strategies for
forest management.

4.3. Uncertainty Analysis

In this study, we synthesized the data in the primary literature on NPP in the forest ecosystems in
eastern China to produce a consistent dataset on NPP. With a wide coverage and a reasonable range,
the results of this study provide a robust estimate of NPP in this region. However, there was still a great
deal of variability in NPP, which might be ascribed to limitations of data and methodology. Firstly,
new methods of data collection are still urgently required. Data collection should come directly from
the ecologists who measure forest NPP, rather than indirectly from publications. Standard methods
in measuring biomass, standard measure time, and suitable methods in estimating NPP are strongly
encouraged. Secondly, uneven site distribution could be an important factor contributing to the
uncertainty. In this study, the sites tended to be more concentrated in the temperate and subtropical
than boreal zone; therefore, limitations in the results of the analysis were introduced by this uneven
site distribution. Additionally, when analyzing the spatial variation of NPP at an annual scale,
errors were likely to be produced due to different time spans of data collection. Moreover, available field
measurements of NPP depend largely on the sum of the positive increments of biomass, since root
production was rarely estimated. As a result, existing field-based estimates of forest NPP in our study
were likely to be significant underestimates. Furthermore, it is worth noting that although MAT, MAP,
and Nre were important factors in the spatial variation of NPP in the forests of eastern China, the total
variability that was not captured was 15.2% for NPP (Figure 5). We inferred that NPP showed high
spatial variability due to impacts from various environmental factors, and biological factors, such as
stand age, vegetation distribution, nitrogen deposition, and disturbance (i.e., thinning harvesting
irrigation, and drainage) [44–46], could weaken the climate and soil regulation on forest productivity
to a certain extent. An intensive study on this aspect is expected to be carried out in the future,
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which is critical for expanding current analysis and including other carbon cycles related to more
environmental factors.

5. Conclusions

Based on published data from Chinese literature and reports, we concluded that NPP increased
from north to south within the NSTEC, and high spatial variation of NPP was found among climate
zones. Spatially, climate and soil were both significantly linearly correlated to NPP, and the combined
effect of MAT, MAP, and Nre accounted for 84.8% of the spatial variation of NPP. Considering the
true roles of the controlling factors in NPP, Nre was the most important, followed by MAP and
MAT in succession. The findings demonstrate that forest productivity was determined by climate,
mainly via the status of soil N, highlighting the role of litter N in shaping the spatial pattern of
forest NPP. The results are helpful for elucidating spatial variation of NPP and evaluating potential
responses of forest ecosystems to global climatic change. However, further studies need to be carried
out to fully understand and verify the causes of variability of NPP in forest ecosystems across wider
geographical sites.

Supplementary Materials: The following materials are available online at http://www.mdpi.com/1999-4907/
9/6/322/s1. Table S1: Location, mean annual temperature (MAT), mean annual precipitation (MAP), soil N
content (Nsoil), annual litter N (Nre) and net primary productivity (NPP) in this study. NOTES: Table S1 is a
long table, and we put it in a separate file; Table S2: Summary of analysis of variance (ANOVA) of mean annual
temperature (MAT), mean annual precipitation (MAP), soil N content (Nsoil), annual litter N (Nre) and net primary
productivity (NPP) among three classification of publication year (1980s (1983–1989), 1990s (1991–1999) and
2000s (2001–2010)). Figure S1: Comparisons of mean annual temperature (MAT), mean annual precipitation
(MAP), and net primary productivity (NPP) of forest ecosystems in different climate zones. Different letters above
bars indicated significant differences among climate zones, which were determined by Fisher′s least significant
difference (LSD) comparisons (p < 0.05). Figure S2: Comparisons of soil N content (Nsoil), annual litter N (Nre),
and net primary productivity (NPP) of forest ecosystems in different climate zones. Different letters above
bars indicated significant differences among climate zones, which were determined by Fisher′s least significant
difference (LSD) comparisons (p < 0.05).
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Abstract: Fire is an important component of forests in the western United States. Not only are
forests subjected to wildfires, but fire is also an important management tool to reduce fuels loads.
Charcoal, a product of fire, can have major impacts on carbon (C) and nitrogen (N) cycling in forest
soils, but it is unclear how these effects vary by dominant vegetation. In this study, soils collected
from Jeffrey pine (JP) or lodgepole pine (LP) dominated areas and amended with charcoal derived
from JP or LP were incubated to assess the importance of charcoal on microbial respiration
and potential nitrification. In addition, polyphenol sorption was measured in unamended and
charcoal-amended soils. In general, microbial respiration was highest at the 1% and 2.5% charcoal
additions, but charcoal amendment had limited effects on potential nitrification rates throughout the
incubation. Microbial respiration rates decreased but potential nitrification rates increased over time
across most treatments. Increased microbial respiration may have been caused by priming of native
organic matter rather than the decomposition of charcoal itself. Charcoal had a larger stimulatory
effect on microbial respiration in LP soils than JP soils. Charcoal type had little effect on microbial
processes, but polyphenol sorption was higher on LP-derived than JP-derived charcoal at higher
amendment levels despite surface area being similar for both charcoal types. The results from our
study suggest that the presence of charcoal can increase microbial activity in soils, but the exact
mechanisms are still unclear.

Keywords: charcoal; forest soil; carbon mineralization; microbial activity; nitrification; polyphenols

1. Introduction

Wildfire is an important component of semi-arid forests of the western United States.
Fire suppression and prevention during the last century have, however, contributed to increases in
stand density, the number of small trees, the amount of understory shrub vegetation, and accumulation
of forest floor, thereby increasing the risk of severe, stand-replacing wildfires [1]. Fire is also employed
to reduce the risk of wildfire through broadcast burning or disposal of fuels following mechanical
thinning through pile burning [2,3]. Fire typically reduces soil organic carbon (C) and nitrogen (N)
pools due to volatilization of organic matter [4], thereby decreasing available substrate for primary
decomposers. Bioavailable forms of soil N, including ammonium (NH4

+) and nitrate (NO3
−), can,

however, increase due to chemical mineralization of organic material, deposition of ash, and lysis of
soil microorganisms [5]. Elevated NH4

+ levels can be sustained through subsequent mineralization
of N. Following increases in NH4

+, nitrification can be stimulated, resulting in an increase in soil
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NO3
− [6]. Microbial biomass typically decreases after a fire because the transfer of heat into soils is

large enough to kill most organisms in the top 5 to 10 cm [3,7]. The direct effects of fire on soil chemical
and microbial processes depend on fire severity, with impacts being large in high-severity wildfires
or pile burns and much less pronounced in low-severity broadcast burns [8,9]. Indirect effects of fire
on microbial communities can be mediated through vegetation recovery following fire, with plant
colonization being important in shaping post-fire microbial community structure in high-severity fires
compared to low-severity fires [10].

In addition to vegetation affecting post-fire microbial processes, the presence of charcoal formed
due to the incomplete combustion of woody materials may affect microbial processes following
a fire [11–14]. Charcoal is highly resistant to decay and remains chemically active for up to a
century [14,15]. Charcoal may affect microbial processes through (1) an increase in soil pH affecting
microbial community structure; (2) adsorption of C compounds such as polyphenols that can inhibit
mineralization and nitrification; (3) adsorption of labile C compounds that can act as substrate for
microbial communities; and (4) an increase in water and nutrient availability [12,13,16–18]. In addition,
microorganisms may enter pore spaces smaller than 20 μm in charcoal, thus avoiding predation by
larger micro-arthropods [11,13,14,17].

The biochemical composition of the vegetation from which charcoal is derived constrains its final
physical and chemical properties and thus the ability of charcoal to affect microbial processes [19,20].
Previous studies used a range of pyrogenic materials including field-collected charcoal [21], activated
carbon [22], grasses [12], or biochar feedstock [11]. We are aware of only one study that compared
charcoal derived from different tree species. This study found that charcoal derived from ponderosa
pine (Pinus ponderosa Lawson & C. Lawson) had a higher sorption capacity for allelopathic substances
than charcoal derived from Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) due to a smaller tracheid
diameter of the wood in ponderosa pine [23]. Despite these differences in chemistry, net nitrification
rates were similar between charcoal types [23]. Other studies have shown, however, that chemical
composition of charcoal can affect enzyme activity [15], thereby potentially affecting C and N fluxes
in soils.

The objective of our study was to assess the response of soil microbes to charcoal that formed
during wood combustion in semi-arid forests. We hypothesized that (1) microbial respiration and
nitrification increases with increasing amounts of charcoal due to the increased sorption of labile C
and nitrification-inhibiting compounds including polyphenols to the surface of charcoal particles,
and (2) the effects of charcoal amendment on microbial activity depend on the source of charcoal,
with microbial activity being greater in soils amended with charcoal that has greater surface area,
porosity, and adsorption capacity.

To test our hypotheses, charcoal was derived from Jeffrey pine (Pinus jeffreyi Balf.) and lodgepole
pine (Pinus contorta Douglas ex Loudon var. murrayana (Balf.) Engelm.), two tree species commonly
found in semi-arid western forests. Charcoal was added to unburned soils collected from a site
dominated by these two tree species and we measured physical and chemical properties of soils and
charcoal, adsorption of polyphenolic substances, and microbial activity in amended and unamended
soils. While our approach ignores the direct effects of fire on soils, this approach allowed us to separate
effects of charcoal from other effects of fire on soil. In addition, our incubation conditions may represent
low severity burns where direct impacts of fire on soils are small.

2. Materials and Methods

2.1. Field Site

Unburned soil and wood samples were collected from Little Valley, Nevada, approximately
30 km south of Reno, Nevada (39◦14′23.76′ ′ N, 119◦52′54.62′ ′ W). Little Valley is located in the Carson
Range and the elevation ranges from 1900 to 2500 m. The overstory vegetation is dominated by
Jeffrey pine and lodgepole pine. Two sites differing in overstory vegetation were selected adjacent
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to each other. Soils with a Jeffrey pine overstory were located on areas with a 10–15% slope and
that had a sparse understory consisting of bitterbrush (Purshia tridentata (Pursh) DC.) and manzanita
(Arctostaphylos patula Greene). Soils with a lodgepole pine overstory were located in an adjacent
meadow on slopes of less than 5% and with an understory of mixed herbaceous species. Soils at both
sites belonged to the Marla series (sandy, mixed, frigid Aquic Dystroxerepts; [24]). The climate at both
sites is characterized by dry, warm summers and cold, wet winters. The mean annual air temperature
is 5 ◦C and the mean annual precipitation is 87.5 cm with approximately half of the precipitation
occurring as snow [25].

2.2. Soil Collection and Charcoal Production

We collected soil from the 0–10 cm mineral soil layer in ten locations at each site dominated by
either Jeffrey pine (referred to as ‘JP soil’) or lodgepole pine (referred to as ‘LP soil’). Each sample
contained approximately 1 kg of soil. All samples were composited by vegetation type. Prior to
sampling, forest floor material was removed. After sampling, we air-dried, sieved (2 mm mesh size),
and homogenized the samples. Root materials present in the mineral soil were discarded.

Branch material for charcoal production was collected from multiple slash piles present at the
JP and LP sites. The branches were up to 2.5 cm in diameter. We produced charcoal following the
procedure of Zackrisson et al. [14]. Branch material from JP and LP was allowed to oxidize at 450 ◦C
for 15 min in a muffle furnace. Following this treatment, all material was charred. The charcoal was
then gently crushed with a mortar and pestle and sieved using a 2 mm mesh sieve. Charcoal was
mixed in with the soil.

We amended unburned JP and LP soils with charcoal using four amendment levels (0.5%, 1%,
2.5%, and 5% charcoal by weight), and two charcoal sources (JP and LP). In addition, we included
unamended control soils resulting in a total of 20 soil/amendment combinations. The amendment
levels were based on charcoal quantification in burn scars following pile burns. These analyses revealed
that mineral soils in burn scars contained approximately 2.5% charcoal (Z. Carter, unpublished data).
Unburned JP soils contained 0.03% charcoal while unburned LP soils contained 0.01% charcoal
(Z. Carter, unpublished data).

2.3. Soil and Charcoal Characterization

Total %C and %N of soils and charcoal were quantified in triplicate using a Leco TruSpec CN
analyzer after soil and charcoal types were ground for 48 h using a Mavco vial rotator. Soil pH of
unamended and amended soils was determined in triplicate using a 1:2 soil to water (g g−1) ratio.
Cation exchange capacity (CEC) was measured using the ammonium saturation method [26] at the
Waters Agricultural Laboratories Inc., Camilla, GA, USA using a single CEC measurement for each soil
and charcoal type. Surface area of charcoal was quantified using N2 adsorption isotherms at −196 ◦C at
the United States Department of Agriculture-Agricultural Research Service Southern Regional Research
Center using a Nova 2000 Surface Area Analyzer (Quantachrome Corp., Boynton Beach, FL, USA).
Specific surface area, which included micropores >2 nm, was calculated from the adsorption isotherms
using the Brunner-Emmett-Teller (BET) equation. Surface area was measured on crushed samples
similar to what was added to the soil. Surface area measurements were performed in duplicate.

2.4. Polyphenol Adsorption

To determine the effects of charcoal on polyphenol adsorption, we extracted unamended JP and
LP soils, JP soils amended with JP-derived charcoal, and LP soils amended with LP-derived charcoal
with deionized water. We used the same treatment combinations used for the potential nitrification
measurements (see below). Three replicates were used for each treatment (n = 3), resulting in a total of
30 samples. Ten grams of soil and 30 mL of deionized water were added to 50 mL centrifuge tubes,
shaken for 24 h using an overhead shaker, centrifuged at 2500 rpm, decanted, and filtered using
a 0.45 μm nylon fiber filter. Polyphenol concentration in the aqueous extract was measured using
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the Folin-Ciocalteu reagent [27]. Absorbance was measured using a Shimadzu spectrophotometer
(Shimadzu, Columbia, MD, USA) at 760 nm wavelength in quartz cuvettes and compared to tannic
acid standards.

2.5. Microbial Respiration

To quantify microbial respiration, 250 mL Pyrex media storage bottles were filled with 25 g of
unamended or charcoal-amended soils and deionized water was added until the soil moisture level was
at 60% of field capacity by weight similar to Kolb et al. [11] and DeLuca et al. [21]. For the incubation,
JP and LP soils were amended with both JP and LP charcoal, resulting in a total of 20 treatment
combinations. Soil moisture at field capacity was determined by saturating the unamended and
amended soils and letting water drain for 24–48 h. Moist samples were weighed prior to and after
oven-drying at 105 ◦C until a constant mass was reached. At the start of the incubation, we weighed
and capped the incubation bottles, and bottles were stored in a dark incubator at 25 ◦C throughout the
incubation. Samples were pre-incubated for one week before any measurements were taken to minimize
artifacts in response to rewetting the soil. Microbial CO2 production was measured in all samples once
a week throughout the 8-week incubation. Before each measurement, the incubation bottles were briefly
opened to allow the headspace to equilibrate with atmospheric conditions. Subsequently, the bottles
were closed and one headspace sample was taken at time 0 (baseline) and again after 24 h with a
250 μL syringe through a septum in the lid. The CO2 concentration was measured using a LI-COR
LI-8100A infrared gas analyzer (LI-COR Biosciences, Lincoln, NE, USA) configured for bench top
measurements. Microbial respiration rates were calculated as the increase in CO2 concentration during
the 24 h measurement period. Following each respiration measurement, we weighed the bottles and
re-established the target moisture content if needed. Except during the 24 h CO2 measurement period,
lids were put on the jars loosely to allow for CO2/O2 exchange, thus preventing the headspace and
soils from becoming anoxic while minimizing water loss. Three replicate samples were used for each
soil-charcoal mixture (n = 3), resulting in a total of 60 samples.

2.6. Potential Nitrification Rate

Potential nitrification rates were determined for unamended JP and LP soils, JP soils amended
with JP-derived charcoal, and LP soils amended with LP-derived charcoal. Nitrification potential
was measured using a shaken soil slurry method [28] as modified by Hart et al. [29]. We mixed 15 g
of soil in a 250 mL Erlenmeyer flask with 100 mL of deionized water, 1.5 mM NH4

+, and 1 mM
PO4

3− solution to ensure that nitrifiers were not limited by NH4
+ and P availability. The slurries

were shaken in an orbital shaker at 180 rpm to maintain aerobic conditions for a 24 h period at room
temperature (21 ◦C). Subsamples (10 mL) were taken at 2, 4, 22, and 24 h from each slurry, which
included both soil and solution in order to keep the ratio of soil to solution constant. The subsamples
were centrifuged at 2500 rpm, decanted, filtered using a 1.5 μm glass fiber filter, and analyzed for NO3

−

concentration using a Lachat Autoanalyzer (Hach Company, Loveland, CO, USA). The nitrification
rate was determined by obtaining the slope of the regression line between the NO3

− concentration
and time. The slope was subsequently corrected for temperature, water content, and soil mass in
the sample. The 24-h potential nitrification was measured at the beginning of the incubation and
after 4 and 8 weeks on different sets of samples. In between samplings, samples were incubated
at 25 ◦C and maintained for water content as described for the microbial respiration measurements
above. Three replicates were used for each treatment (n = 3), resulting in a total of 30 samples per time
period. We did not include all possible treatment combinations because we were not able to extract
all samples in the 24 h period without compromising the data quality. Because of the relatively slow
growth of the nitrifying microbial community, and because the nitrifying community is dependent on
substrate supply for maintenance and growth, the potential nitrification assay can be used to indicate
relative differences in the size of the nitrifying community that are integrated over the relevant periods
of the incubation (initial, 4 weeks, 8 weeks; [28–30]).
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2.7. Data Analysis

Soil pH data were analyzed using Analysis of Variance (ANOVA) with soil type (JP and
LP), charcoal type (JP and LP), and charcoal amendment level (0%, 0.5%, 1%, 2.5%, and 5%) as
discrete independent variables. Polyphenol data were analyzed using ANOVA with soil type and
charcoal amendment level as discrete independent variables. Microbial respiration was expressed
as CO2 production per gram of soil C or total C (soil C plus charcoal C). Respiration data was
analyzed using repeated-measures ANOVA with soil type, charcoal type, and amendment level
as discrete independent variables. Potential nitrification rate data expressed as mg N kg−1 soil
day−1 were analyzed separately within each time period using ANOVA with soil type and charcoal
amendment level as discrete independent variables. We tested for differences in potential nitrification
between time periods using student’s t-tests. Potential nitrification data were log-transformed for the
ANOVA analyses to ensure normal distribution of the data, but untransformed data are presented
for ease of interpretation. Following all ANOVA analyses, we conducted post-hoc tests to determine
significant differences between treatments using a Tukey’s approach. For the respiration and potential
nitrification measurements, post-hoc tests were performed for each measurement time separately.
All statistical analyses were conducted with JMP® 13 (Version 13, SAS Institute Inc., Cary, NC, USA).
Probability levels ≤ 0.05 were considered to be significant.

3. Results

3.1. Soil and Charcoal Characteristics

Total C, N, and pH were significantly higher in LP than in JP soils (Tables 1 and 2; Figure 1).
The addition of charcoal significantly increased the pH of both soils (Table 2). In LP soils, pH increased
at all amendment levels, but in JP soils, pH was similar at the 0.5% and 1% amendment level.
In addition, the effect of amendment level was strongest in soils amended with JP charcoal.
Overall, pH was higher in soils amended with JP charcoal than in soils amended with LP charcoal.
However, in JP soils, charcoal type did not affect pH, but in LP soils, pH was higher when amended
with JP compared to LP charcoal. It should be noted though that differences in pH between soil and
charcoal types were typically small (<0.1 unit; Figure 1). Surface area and CEC were similar in JP and
LP-derived charcoal (Table 1).

Table 1. Physical and chemical properties of Jeffrey pine (JP) and lodgepole pine (LP) soils and charcoal
used in this study. The pH, total C, and total N measurements were done in triplicate, surface area was
measured in duplicate, and no replicates were used for cation exchange capacity (CEC) measurements.

Site pH Total C Total N CEC Surface Area

(%) (%) meq 100 g−1 m2 g−1

JP Soil 6.02 ± 0.02 1.59 ± 0.02 0.06 ± 0.002 9.8 -
LP Soil 6.13 ± 0.01 2.24 ± 0.21 0.08 ± 0.006 11.2 -

JP charcoal - 93.0 ± 0.2 - 26.5 468.5 ± 14.5
LP charcoal - 92.9 ± 5.7 - 27.7 449.1 ± 7.0
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Figure 1. Soil pH as a function of charcoal type and amendment level in Jeffrey pine (JP) and lodgepole
pine (LP) soils. Error bars represent standard error of the mean pH (n = 3). Different letters indicate
significant differences (p < 0.05) across soil types, charcoal types, and amendment levels.

3.2. Polyphenol Adsorption

Average polyphenol concentrations in the soil extracts decreased with increasing charcoal
amendment level in both JP and LP soils (Figure 2; Table 2). The post-hoc tests showed that polyphenol
concentrations were similar at the 0%, 0.5%, and 1% amendment levels but consistently higher than
at the 2.5% and 5% levels. The effect of amendment level varied by soil type; in LP soils, polyphenol
concentrations were similar at the 0% and 0.5% amendment levels and significantly lower at the 1%,
2.5%, and 5% levels. In JP soils, polyphenol concentrations were similar at the 0%, 0.5%, and 1% levels
and significantly lower at the 2.5% and 5% levels. The polyphenol concentrations were significantly
higher in unamended and amended LP than in JP soils (Figure 2).
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Figure 2. Polyphenol concentration in soil extracts as a function of charcoal amendment level (% by
mass) in Jeffrey pine and lodgepole pine soils. Error bars represent standard error of the mean
polyphenol concentration (n = 3). Different letters indicate significant differences (p < 0.05) across soil
types and amendment levels.
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3.3. Microbial Respiration

Overall, respiration expressed per gram of soil C was significantly higher in amended than in
unamended soils (Figures 3 and 4; Tables 2 and 3), but respiration rates in the amended soils were
consistently and significantly higher than in the unamended soils only at the 1% and 2.5% amendment
levels (Figure 3; Tables 2 and 3). The effect of charcoal amendment level on respiration depended on
the soil type. In JP soils, respiration was stimulated most at the 2.5% amendment level, whereas in LP
soils, respiration was highest at the 1% level. The effect of amendment on respiration varied with time.
During the first three weeks, respiration was generally similar between unamended and amended soils
(Figure 3; Table 3). After three weeks, respiration was generally higher in amended than in unamended
soils but was similar among amendment levels. At the 5% amendment level, respiration was only
significantly higher after 7 weeks. The temporal effects of amendment also varied with soil type.
When all amendment levels were combined, respiration was significantly higher in amended than
in unamended soils after day 14 in LP soils (Figure 4). In JP soils, amendment only had a significant
effect on respiration on the last measurement day. Respiration rates in all treatments decreased during
the incubation, but temporal patterns in respiration depended on soil type, with respiration declining
more rapidly with time in LP than in JP soils. Overall, respiration rates were higher in LP soils than in
JP soils.
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Figure 3. Microbial respiration expressed per g soil C (A) or total C (soil C plus charcoal C); (B) during
a two-month long incubation. Data are pooled by soil type and charcoal type to emphasize the effect of
amendment level. Day 0 represents the first measurement day following a one-week pre-incubation
period. Error bars represent standard errors of the mean (n = 12). Results of post-hoc tests assessing
differences between amendment levels for each measurement time are shown in Table 3.
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Table 3. Results from post-hoc tests assessing differences in microbial respiration between amendment
levels at each measurement time. Day 0 represents the first measurement day following a one-week
pre-incubation period. Different letters indicate significant (p < 0.05) differences between amendment
levels for each measurement day.

Amendment Day

0 7 14 21 29 35 42 49 56

0% A A A A A A A A A
0.5% AB AB AB B AB AB B B B

Per g soil C 1% B B B B B B B B B
2.5% AB AB AB B B B B B B
5% A A AB B AB AB AB B B

0% A A A AB AB AB AB AB CD
0.5% A A A A A A A A AB

Per g total C 1% A A A A A A AB A A
2.5% B B B BC B BC B BC BC
5% B C B C C C C C D
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Figure 4. Microbial respiration expressed per gram of soil C in unamended and amended Jeffrey and
lodgepole pine soils. Values for amended soils were pooled by amendment level and charcoal type
to emphasize how soil type affects the response to charcoal amendment. Day 0 represents the first
measurement day following a one-week pre-incubation period. Error bars represent standard errors of
the mean (n = 6 for unamended soils, n = 24 for amended soils). The letters at different measurement
times indicate significant (p < 0.05) differences between unamended and amended Jeffrey pine soils (J)
or unamended and amended lodgepole pine soils (L) for that particular measurement time.

When respiration rates were expressed per gram of total C, respiration was similar between the
0%, 0.5%, and 1% charcoal addition levels, but respiration rates declined with increasing charcoal
amendment level (Figure 3; Tables 2 and 3). Similar as when expressed per gram of soil C, the effect of
amendment level on respiration varied by soil type. In JP soils, respiration was lowest at the 2.5% and
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5% amendment levels. In LP soils, respiration was lowest at the 5% level, while respiration rates were
similar at all other amendment levels.

Regardless of how respiration was expressed, respiration rates were not significantly affected
by charcoal type. The ANOVA, however, showed significant 3- and 4-way interactions that included
charcoal type when respiration was expressed per gram of soil C indicating that charcoal type affected
respiration depending on measurement time and soil type (Table 2). In JP soils, charcoal type had no
effect on respiration. In LP soils, average respiration was higher in soils amended with LP-derived
charcoal during the first two weeks, but in the following period, respiration was higher in soils
amended with JP-derived charcoal. It should be noted though that post-hoc tests conducted for
each individual time period did not indicate significant differences in respiration between LP soils
amended with LP- or JP-derived charcoal. None of these interactions were present when respiration
was expressed per gram of total C.

3.4. Potential Nitrification

The potential nitrification rate was similar for day 0 and day 30 (p = 0.84) but significantly higher
at day 64 compared to day 0 (p < 0.001) and day 30 (p < 0.001). Effects of amendment level and
soil type depended on the measurement period. At day 0, potential nitrification was similar in the
unamended soil and soils amended with 0.5%, 1%, and 2.5% charcoal, but it was significantly lower at
the 5% amendment level (Figure 5; Table 4). The effects of amendment varied by soil type; in JP soils,
nitrification was similar regardless of amendment level, but in LP soils, nitrification was significantly
lower at the 2.5% and 5% amendment levels compared to the unamended soils (Figure 5; Table 4).
Overall, potential nitrification rates were similar for JP and LP soils.

At day 30, potential nitrification rates were significantly higher in amended than the unamended
soils, but rates were similar for the 0.5%, 1%, 2.5%, and 5% amendment levels (Figure 5; Table 4).
The potential nitrification rate for the unamended LP soils appeared to be anomalously low,
however, given that rates for unamended soils at day 0 and day 64 were much higher than for
day 30. Similar to the observed patterns at day 0, the effect of charcoal addition at day 30 varied
by soil type, with potential nitrification being similar for unamended and amended JP soils, but the
anomalously low value for the unamended LP soils at day 30 caused the amended LP soils to have a
significantly higher nitrification rate. Overall, potential nitrification was significantly higher in JP than
LP soils, but when the low value for the LP soils was removed, no significant differences between soil
types were observed.

At day 64, potential nitrification rates in the 2.5% charcoal amendment treatments exceeded
the unamended treatment, but this was mainly caused by patterns observed in LP soils;
potential nitrification rates were similar in unamended and amended JP soils, but in LP soils rates
were higher in the 2.5% amendment treatment compared to the unamended soils. At day 64,
potential nitrification rates were significantly higher in LP than in JP soils.

Table 4. Results from ANOVA (degrees of freedom, df; F-values, F; and probabilities, p) for potential
nitrification for each measurement period. Day 0 represents the first measurement day following a
one-week pre-incubation period. Significant F and p values are given in bold.

Day 0 Day 30 Day 60

df F p df F p df F p

Amendment Level 4 5.941 0.026 4 7.569 0.001 4 3.444 0.028
Soil Type 1 0.177 0.679 1 8.414 0.010 1 8.478 0.009

Amend. Level × Soil Type 4 3.224 0.034 4 7.230 0.002 4 0.838 0.518
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Figure 5. Potential nitrification rate as a function of the charcoal amendment level for both Jeffrey pine
and lodgepole pine soil treatments at day 0 (A), day 30 (B), and day 64 (C). Day 0 represents the first
measurement day following a one-week pre-incubation period. Error bars represent standard error
of the mean (n = 3). Different letters indicate significant differences (p < 0.05) across soil types and
amendment levels.

38



Forests 2018, 9, 93

4. Discussion

Our study showed that the addition of charcoal to soils with low background levels of
charcoal had mixed effects on microbial processes. Microbial respiration generally increased at
intermediate amendment levels, but potential nitrification rates showed few effects of charcoal addition.
Several mechanisms may explain our observed patterns. First, any increases in respiration upon
addition of charcoal could have been caused by priming of native organic matter. This priming could
be due to charcoal providing a refuge for microbes, thereby allowing them to avoid predation by
larger soil fauna [14]. Previous studies have shown mixed effects of charcoal on priming and noted
that conflicting reports regarding effects of priming may be due to soil types used, length of the
incubation, and pre-incubation conditions, but no specifics were given how these factors may have
affected priming [31]. Whether or not priming was important in our study could have been addressed
by using isotopically labeled charcoal and measuring the isotopic signature of the respired CO2.
However, creating uniformly labeled charcoal would require a very lengthy continuous exposure to
13C-enriched or depleted CO2, which would be challenging. In addition, we could have used a soil
that contained organic matter derived from C4 vegetation to create a differential C signature between
SOM and charcoal. We chose to use native soils originating from areas associated with the vegetation
used to produce charcoal in order to include native microbial populations.

Second, decomposition of charcoal itself may have contributed to the increase in microbial
respiration [12,32]. If this were the case, respiration expressed per gram of total C should have
increased with increasing amounts of charcoal. Instead, respiration per gram of total C decreased
with increasing charcoal amendment level, indicating that, even if charcoal itself decomposed, it had a
lower quality of C than the native organic matter in the soil [18] and was not the main reason why
respiration increased at intermediate amendment levels. Similar to priming, previous studies have
shown inconsistent results with regard to the decomposability of charcoal. For instance, one study
showed that charcoal derived from ponderosa pine was very resistant against decomposition by
fungi [15], but a second study showed that the same charcoal type can decompose especially when
charcoal had not been exposed to light or ultraviolet radiation [31]. The interaction between charcoal
amendment level and soil type (Figure 3; Table 3) showed that charcoal had a larger stimulatory effect
in LP than in JP soils, further indicating that other mechanisms than decomposition of charcoal itself
were responsible for the observed patterns of respiration.

Third, charcoal may have adsorbed labile C compounds that were subsequently used as a substrate
by microorganisms [14,17,22,33,34], thereby causing an increase in respiration. Our polyphenol
data showed that polyphenol concentrations were lower in charcoal-amended than in unamended
soils (Figure 2). Sorption of polyphenols was higher in JP soils at the higher amendment levels,
but respiration did not increase at these higher levels, thus indicating that sorption of C compounds by
itself may not explain patterns in respiration. Despite increased sorption of polyphenols, the effects
of charcoal amendments on potential nitrification were small. When in solution, polyphenols can
either immobilize N through complexation or cause enzymatic inhibition of nitrification, but when
removed from solution, nitrification can be stimulated [17,21,35]; however, our data did not show
consistent increases in nitrification potential at higher amendment levels. In addition, overall potential
nitrification rates were higher in LP soils despite polyphenol sorption being lower, suggesting that the
relationship between polyphenols and potential nitrification was tenuous at best.

Finally, the addition of charcoal caused an increase in soil pH (Figure 1), potentially making
conditions more favorable for the microbial community and/or shifting the microbial community
structure. Still, the changes in pH upon charcoal addition were relatively modest (around 0.1 unit)
and unlikely to be ecologically significant. Other studies have shown, however, that the presence of
charcoal can directly affect the composition of the microbial community. For instance, a recent study
showed that the presence of activated charcoal increased the relative abundance of an unidentified
bacterium and an Actinomycetales and decreased the relative abundance of a Flavobacterium, suggesting
that charcoal can have an important impact on microbial community structure [36]. Still, overall,
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no single mechanism appeared to explain the observed patterns in respiration and potential nitrification
in our study. We conducted a multiple regression analysis and the only significant correlation we
observed was between polyphenol concentration and pH (r2 = 0.52; p < 0.001). We did not find
significant correlations between pH and/or polyphenol concentration and potential nitrification rates
or microbial respiration.

In general, charcoal type did not differentially affect microbial respiration in the amended soils,
but the ANOVA showed that for LP soils, charcoal type affected respiration depending on the time
period. It appeared that LP soils amended with LP-derived charcoal initially had higher respiration
rates than soils amended with JP-derived charcoal, but this pattern was reversed in the later stages of
the incubation. It is not entirely clear what mechanisms were responsible for these patterns, given that
chemical and physical properties of JP- and LP-derived charcoal were very similar and this effect was
only present in LP soils. Still, the different charcoal types differentially affected soil pH and polyphenol
sorption, suggesting that other properties besides surface area and CEC may affect charcoal behavior
in soils. The interaction between charcoal type, soil type, and time was not present when respiration
was expressed per gram of total (soil C plus charcoal C), potentially because differences between soil
types became smaller as relative differences in total C decreased with increasing charcoal content.
Our results support previous studies showing that charcoal type does not have a major impact on
microbial processes. A study comparing microbial activity in soils amended with charcoal originating
from Empetrum nigrum twigs and forest humus material and activated C mixed with pumice found
that both charcoal types stimulated basal respiration similarly [17]. In addition, another study found
that net nitrification rates were similar in charcoal derived from ponderosa pine bark compared to
other charcoal types despite physico-chemical characteristics being different [23]. This last study
suggested that the temperature at which charcoal is produced is more important in determining
microbial responses than source material. The lack of response of microbial processes to differences in
charcoal composition in our study and other studies is somewhat surprising given that recent studies
have shown that changes in chemical composition of charcoal can affect enzyme activity [15,31]. It is
important to note that we did not cross all soil and charcoal type treatments for the polyphenol
and potential nitrification measurements, as soils were amended with their respective charcoal
types. As a result, it is difficult to separate the effects of soil type versus charcoal type on potential
nitrification and/or polyphenol sorption. Particularly the polyphenol data showed differential
behavior of charcoal/soil type that can most likely be ascribed to charcoal type rather than soil
type. Polyphenol sorption was much higher at the higher amendment levels in JP soils than in LP soils
despite surface area being similar between charcoal types, suggesting differences in reactivity between
the charcoal types.

Charcoal appeared to have a larger stimulatory effect on microbial respiration in LP than in JP
soils (Figure 3), which may be related to the type of organic matter present in the soil. Both under- and
overstory vegetation differed between soil types, so it is likely that, in addition to differences in %C
and %N, the organic matter chemistry was different between vegetation types as well. Despite these
potential differences, respiration in unamended soils expressed per gram of soil C was similar in
unamended JP and LP soils (Figure 4). Potential nitrification rates at the end of the incubation were
higher in LP than in JP soils, however, (Figure 5; Table 4) indicating a higher capacity of LP soils
to support nitrifying microorganisms. The higher nitrification rate in LP soils was not due to lower
concentrations of potentially inhibitory compounds, since polyphenol concentrations were higher in
LP than in JP unamended soils (Figure 5), again suggesting that relationships between polyphenol
concentrations and nitrification are weak. The higher potential nitrification rates may have been related
to potentially higher rates of N mineralization and thus increased NH4

+ availability in LP soils.
The results from our study are different from previous studies that showed that respiration,

NO3
− concentrations, and net nitrification rates increase with increasing charcoal concentration even

when higher amendment levels were used [11,21,22]. In some studies, lower levels of charcoal addition
were used of up to 1% [21,22], but Kolb et al. [11] used amendment levels up to 10% and observed

40



Forests 2018, 9, 93

the largest stimulation of microbial respiration at the 5% and 10% amendment levels. The reasons for
the discrepancies between our study and previous studies are not entirely clear. Potentially, the type
of charcoal used varied between studies. Previous studies used activated C [20] or charcoal derived
from mixtures of manure and woody materials [11] although our study and other studies suggest that
charcoal type may not have a large effect on microbial processes. Potentially, particle size distribution
of the charcoal and associated surface area may have varied between studies. Some studies used a
mixture of course (>2mm) and fine (<2 mm) charcoal [11], fine (<2 mm) charcoal only [21], or unknown
particle size [22]. Finally, incubation times varied between studies ranging from 21 days [32] to about
100 days [11] and several studies, including ours, show that effects of amendments can change over
time. Particularly our potential nitrification data showed temporal effects and results could have
changed had we extended the incubation period.

5. Conclusions

In our study, charcoal was added to soils that had not recently been subjected to fire, similar to the
approach taken in other studies [11,21,22]. By amending unburned soils with charcoal, we were able
to separate the effects of charcoal from effects of fire on soils, but one potential drawback is that the
results of this study may not easily apply to field conditions. However, our incubation conditions may
be representative for low-severity burns where direct impacts of fire on soils are typically small [8].
Overall, the presence of charcoal appeared to stimulate microbial respiration and may benefit the
recovery of microbial populations following fire events. The degree of stimulation depended on the
amendment level and at high levels of charcoal (>2.5%) presence of charcoal did not affect microbial
respiration. Presence of charcoal had limited effects on potential nitrification rates. Charcoal had a
larger stimulatory effect on microbial respiration in LP soils than JP soils. Charcoal type had little effect
on microbial processes, but polyphenol sorption was higher on LP-derived than JP-derived charcoal at
higher amendment levels despite surface area being similar for both charcoal types. In addition to the
direct effects of charcoal on microbial processes, charcoal may indirectly affect microbial activity by
increasing the water holding capacity and nutrient availability of the soil [34,37]. These indirect effects
are likely to have a positive impact on microbial processes, but these aspects were not included in our
study. Despite our results showing generally positive effects of charcoal on microbial activity, the exact
mechanisms responsible for these effects are still somewhat poorly understood.
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Abstract: The aim of the study was to present effects of soil properties, especially moisture,
on the quantity and quality of soil organic matter. The investigation was performed in the Czarna
Rózga Reserve in Central Poland. Forty circular test areas were located in a regular grid of points
(100 × 300 m). Each plot was represented by one soil profile located at the plot’s center. Sample plots
were located in the area with Gleysols, Cambisols and Podzols with the water table from 0 to 100 cm.
In each soil sample, particle size, total carbon and nitrogen content, acidity, base cations content and
fractions of soil organic matter were determined. The organic carbon stock (SOCs) was calculated
based on its total content at particular genetic soil horizons. A Carbon Distribution Index (CDI) was
calculated from the ratio of the carbon accumulation in organic horizons and the amount of organic
carbon accumulation in the mineral horizons, up to 60 cm. In the soils under study, in the temperate
zone, moisture is an important factor in the accumulation of organic carbon in the soil. The highest
accumulation of carbon was observed in soils of swampy variant, while the lowest was in the soils of
moist variant. Large accumulation of C in the soils with water table 80–100 cm results from the thick
organic horizons that are characterized by lower organic matter decomposition and higher acidity.
The proportion of carbon accumulation in the organic horizons to the total accumulation in the
mineral horizons expresses the distribution of carbon accumulated in the soil profile, and is a measure
of quality of the organic matter accumulated. Studies have confirmed the importance of moisture
content in the formation of the fractional organic matter. With greater soil moisture, the ratio of humic
to fulvic acids (HA/FA) decreases, which may suggest an increase in carbon mobility in soils.

Keywords: carbon distribution index; moisture gradient; soil organic matter fraction

1. Introduction

Accumulation of organic carbon in soils is currently discussed for many reasons. With the
increased pool of carbon stored in terrestrial ecosystems, a reduction of carbon dioxide emissions
into the atmosphere and prevention from climate changes are observed [1,2]. In the carbon cycle on
Earth, soil is its most important reservoir. It is estimated that carbon contained in soil constitutes 75%
of the total pool of organic carbon, exceeding twice the resources of carbon in the atmosphere [3].
The accumulation of organic carbon in forest soils depends on many factors, but predominantly on
climatic conditions [4], soil properties [5], soil moisture [6,7], the type of plant cover and type of
forest management [8–11]. The site conditions and plant coverage are strongly related to each other.
Here, the site conditions play the main role via driving formation of certain species composition and
the structure of plant cover, thus determining the type and direction of soil formation processes [12].
Among the physical properties of the soil, clay fraction content acts in the formation of soil organic
matter (SOM) accumulation. Many authors have studied the influence of clay and silt content on the
protection of SOM, and have found a relationship between the content of SOM and soil texture, mainly
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with the content of fine fractions (silt and clay) [13,14]. According to Wosten et al. [15], the accumulation
and stabilization of soil carbon are associated with the content of clay; however, it may also depend
on the soil moisture. Bauer et al. [16] and Meersmaus et al. [17] reported a strong influence of soil
moisture on the decomposition of SOM, and consequently, on the carbon accumulation in the soil.
SOM decomposition dynamics are influenced by pH making it an important variable, as an increase in
SOM content is connected with changes of other soil parameters, namely pH [18].

By specifying the total content of soil carbon (C) [19] or by estimating the available fractions
of SOM [20], the quantity and quality of SOM can be determined. To evaluate the changes in soil
C dynamics due to agricultural use, the use of SOM chemical fractions was more effective than the
determination of total SOM in Guimarães et al.’s [21] study. The SOM fraction can be used as an
indicator of changes in the soil. The amount of SOM fractions reflects the potential mobility of C in the
soil and the rate of SOM decomposition [22].

Until now, a limited number of studies reporting the relationship between the forest site condition,
the accumulation of SOM, and fractions of humic substances has been published. There is a lack of
studies on the effect of different moisture levels, soil properties, and natural forest plant communities
on the quantity and quality of SOM in temperate climates. We hypothesize that: (1) soil moisture
is an important factor in the accumulation of organic carbon in the temperate zone, and the highest
accumulation of carbon was connected with a swampy variant of soils; (2) moisture has an effect on the
proportion of carbon accumulation in the organic horizon to the accumulation in the mineral horizons;
and (3) fractional composition of the organic matter reflects the rate of SOM decomposition in forest
soils and depends on soil moisture.

2. Materials and Methods

2.1. Study Area

The study was performed in the Czarna Rózga Reserve in Central Poland (Figure 1). The reserve
area is 185.6 ha, and within the limits of the reserve stands is the dominant species common alder
(Alnus glutinosa), which are of natural origin. The silver fir (Abies alba), pedunculate oak (Quercus robur),
common hornbeam (Carpinus betulus) and common ash (Fraxinus excelsior) play the role of admixtures.
The study area is characterized by the following climatic conditions: the average annual rainfall is
649 mm, the average daily temperature of the warmest month (July) is 17.8 ◦C and the coldest month
(January) is −3.4 ◦C, and the length of the vegetation season lasts 200–210 days. Sample plots were
located in the area with a predominance of fluvioglacial sand and loam with Gleysols, Cambisols
and Podzols [23]. The groundwater level is the basic reason for differentiation of soil subtype and
vegetations communities.

Figure 1. Study sites location (Czarna Rózga Reserve in Central Poland).
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2.2. Sampling Scheme

Forty circular test areas with a surface of 0.1 hectare were established within the area of the
reserve. Test surfaces were located in a regular grid of points (100 × 300 m) (Figure 1). Each plot
was represented by one soil profile located at the plot’s center. The surface horizons (organic—O,
mineral—A, or organic/mineral—AM) and the mineral topsoil (AE or AG) horizon were sampled.
The subsoil gleyic horizon (G) was sampled from the bottom of the topsoil horizon to 60 cm deep.
The surface horizons’ samples constituted a cumulative sample from five subsamples around the
soil profile.

On each test surface (Table 1), site conditions including vegetation types, soil types, and moisture
levels (based on the groundwater depth and using soil moisture monitoring sensors in the daily
interval in May and June) were recorded. The obtained results revealed three types of vegetation
communities (Abietetum albae, Tilio-Carpinetum ficarietosum and Fraxino-Alnetum) within the reserve and
water table from 0 to 100 cm in soil profiles. The three variants of soil moisture content (first variant
with water table 80–100 cm (WT80–100), second variant with water table 40–50 cm—moist, and last
variant with water table 0–30 cm—swampy) were distinguished. In further analysis, the above
sequence of soil moisture content (WT80–100, moist and swampy) was considered. Ten areas that
represent the Abietetum albae from Stagnosols and Podzols have been identified for the WT80–100

variant. The moist variant represents the Tilio-Carpinetum ficarietosum (19 areas). Gleysols dominated
this variant. The third swampy variant (11 areas) is represented by the Fraxino-Alnetum dominated by
Mollic Gleysols.

Table 1. Characteristic of vegetation and soils in groups of studied areas.

Moisture
Gradient

Plant
Communities

Dominant Stand
Species

Dominant Ground
Cover Species

Type of Soil

Depth of
Groundwater
Level (in the
Spring) (cm)

Humus
Type

WT80–100
Abietetum

albae Silver fir

Maianthemum bifolium
Luzula pilosa

Thiudium tamarescinum
Polytrichum attenuatum

Podzols
Stagnosols 80–100 mor

Moist Tilio-Carpinetum
ficarietosum

Common
hornbeam,

Common alder

Aegopodium podgraria
Galeobdolon luteum

Hepatica nobilis
Impatiens noli-tangere

Gleysols 40–50 mull

Swampy Fraxino-Alnetum Common alder

Ficaria verna
Valeriana simplicifolia

Caltha palustris
Carex remota

Mollic
Gleysols 0–30 mull

sticky

WT80–100—variant with water table 80–100 cm.

2.3. Laboratory Analysis of Soil

Soil samples obtained in the field were dried and sieved through 2.0 mm mesh. Using the
potentiometric method, the pH of the samples was analyzed in H2O and KCl. By using a laser
diffraction technique (Analysette 22, Fritsch, Idar-Oberstein, Germany), the soil texture was determined.
Carbon (Ct) and nitrogen (N) contents were measured with an elemental analyzer (LECO CNS TrueMac
Analyzer) (Leco, St. Joseph, MI, USA). Using the method of Kononowa and Bielczikowa, fractional
composition of humus was determined in which extraction is performed in a mixture of 0.1 M NaOH
and 0.1 M Na4P2O7 [24]. In order to obtain a humin (Hm), humic acid (HA), and fulvic acid (FA)
fraction, the chemical fraction was conducted. The relationships HA/FA and (HA+FA)/Hm were also
calculated. Exchangeable Ca, Mg, K and Na were determined by inductively coupled plasma optical
emission spectrometry (ICP-OES) (iCAP 6500 DUO, Thermo Fisher Scientific, Cambridge, UK) in 1 M
ammonium acetate at pH 7.0 extracts. The sum of base cations (BC) and effective base saturation (BS)
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were calculated. Available phosphorus was determined by Bray–Kurtz’s method. The hydrolytic acidity
was determined in the samples after extracting 5 g of soil with 30 mL 1 mol·L−1 (CH3COO)2Ca (shaking
time 1 h), followed by filtration. After extracting 5 g of soil with 30 mL KCl, exchangeable acidity was
determined. Soil on the filter was washed several times by extractant solution, up to a volume of 200 mL.
About 25 mL of the obtained solution was titrated by potentiometric titration (automatic titrator, Mettler
Toledo Inc., Columbus, OH, USA) to a pH of 8.2. For determining the exchangeable aluminum and
hydrogen, NaF was added to the KCl extract and titrated with NaOH. Total cation exchange capacity
(CECt) was calculated as a sum of base cations (BC) and hydrolytic acidity (Ah); and effective cation
exchange capacity (CECe) was calculated as a sum of base cations (BC) and exchangeable acidity (Aex).
Using samples with intact structure collected to metal cylinders, bulk density was determined via the
drying-weighing method [25].

The soil organic carbon stock (SOCS) was calculated as a sum of its total content at particular soil
horizons. In each of the analyzed soil samples, the SOCS was calculated in the soil block area of 1 m2

and a depth from the surface to 60 cm. The calculation of SOCS for the particular depths was made by
summing the SOCS at subsequent genetic soil horizons according to the formula:

SOCS = C × D × m/10 (Mg·ha−1) (1)

where C is the organic carbon content at the subsequent genetic horizon (%), D is the bulk density
(g·cm−3), and m is the thickness of the horizons (cm).

Moreover, a Carbon Distribution Index (CDI) was provided and calculated from the ratio of the
carbon accumulated in organic horizons and the amount of organic carbon accumulated in the mineral
horizons up to 60 cm according to the formula:

CDI =
C accumulated in organic horizons

[
Mg·ha−1]

C accumulated in mineral horizons to 60 cm depth [Mg·ha−1]
(2)

2.4. Statistical Analysis

Basic descriptive statistics, arithmetic mean and standard deviation were used to estimate the soil
properties’ variability. Tukey’s honest significant difference (HSD) test was used to assess differences
between means for carbon accumulation in soils. To evaluate the relationships between stock of soil
carbon, other soil properties, forest species, and moisture, the Principal Components Analysis (PCA)
method was used. Multiple regression models were developed to describe the relationship between
the estimated values of carbon content and other soil properties. The statistical significance of the
results was verified at the significance level of alpha = 0.05. All statistical analyzes were performed
with Statistica 12 software (2012).

3. Results

The investigated soils are characterized by diversification of properties (Table 2). The values of pH
H2O and pH KCl were in the range from 3.85 to 7.30 and from 3.04 to 5.78, respectively. A significantly
greater pH was noted in soils of moist and swampy variants (Table 2). For cation content, a similar
dependence was recorded (Table 2). The greater Ah and Aex were observed in soils with water
table 80–100 cm (Table 3). The texture of the investigated soils was dominated by sand (on average
50–72% in the deeper horizons) and silt (on average 23–42% in deeper horizons) with addition of clay
(on average 5–8% in the deeper horizon) (Table 3). The sand content (only in the deepest horizons)
was significantly greater in WT80–100 variant (Table 3). The silt and clay content (only in the deepest
horizons) was higher in soils of moist and swampy variants (Table 3). The analyzed soils clearly differ
in their moisture content (Table 4). Statistically significant higher soil moisture content was recorded
in the soils of the swampy variant (mean soil moisture of the surface humus horizon was 46.85%).
The lowest soil moisture content was recorded in the soils of the WT80–100 variant (Table 4).
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The differences in the carbon content of the examined soils were clearly noted. A statistically
higher carbon content in the surface horizons was noted in the soils of the WT80–100 variant. The average
content of carbon in the surface horizon of this variant was 241.87 g·kg−1, and was 101.10 g·kg−1

and 135.96 g·kg−1 in the soils of the moist and swampy variants, respectively (Table 4). The highest
carbon content in the lower lying horizons was recorded for soils of the swampy variant. The mean
carbon content at these horizons was 44.13 g·kg−1 and 8.51 g·kg−1, respectively. In the case of WT80–100

and moist variant of soils in the deeper horizons, the carbon content was 35.07–4.87 g·kg−1 and
24.29–3.95 g·kg−1, respectively. Similar dependencies concerned nitrogen content (Table 4). The lowest
C/N, which expresses the degree of organic matter distribution, was recorded in the soils of the
swampy and moist variants (the C/N ratio ranged from 11.8 to 14.2). The highest C/N ratio, from 19.6
to 20.3 depending on the horizon, was recorded in the WT80–100 variant of soils (Table 4). Soil organic
matter (SOCs) concentration in the 0–60 cm soil horizon differed significantly among moisture gradients
and followed the order: swampy > WT80–100 > moist variants. The average SOCs up to a depth of
60 cm in the soils of moist variant is lower and is estimated at 12.61 Mg·ha−1. The higher accumulation
was found in the soils of WT80–100 variant, where the average SOCs was 14.09 Mg·ha−1. A significantly
greater accumulation was noted in the soils of swampy variant (19.02 Mg·ha−1). The ratio between
carbon accumulation in the organic horizon and carbon accumulation in the mineral horizons, up to
60 cm of soils (CDI) of estimated variants, is notably diverse (average 0.299–0.837). The lowest values
of CDI are found in the soils of moist variant in which the CDI indicator is 0.299. The soils of swampy
variant are characterized by higher values of the CDI index—0.329, and the CDI index of soils of
WT80–100 variant approached 1.0 and is 0.837 (Table 4).

Concentrations of C in fulvic acid (FA), humic acid (HA) and humin fractions in the different soil
horizons of different moisture variants are presented in Table 4. Mean values of HA, FA and humin
varied from 11.9% to 0.79%, 4.43% to 0.63%, and 9.79% to 0.25%, respectively. In the fractions of SOM,
humic acids dominate over fulvic acids and humins. Soils of the WT80–100 variant are characterized
by the highest content of humic and fulvic acid (Table 4). Significant differences between the soils in
terms of humic acid were observed in two surface horizons (swampy variant = WT80–100 variant >
moist variant = swampy variant). No significant differences between soil variant in terms of fulvic acid
and humin were noted (Table 4). All SOM fractions decreased significantly with depth for all variants
of soil. The HA/FA ratio ranged from 4.70 to 1.05. The lowest HA/FA ratio regardless of depth was in
the soil of WT80–100 variant, and the highest in the soil of moist and swampy variant. The relationship
of the sum of C humic and fulvic acids to C humin (HA+FA/Hm) assumes the values of 54.3–0.68
(Table 4). In the soil of WT80–100 variant, the highest HA/FA ratio and HA+FA/Hm, as compared to
moist and swampy variant, was recorded and was statistically significant (Table 4).

Multiple regression models explained 89% of the variance in the C content (Table 5). C content
was largely dependent on hydrolytic acidity and moisture. The relationships between carbon content,
hydrolytic acidity and moisture are shown in Figure 2. The increase in C accumulation in soils
correlated with high moisture and high acidity.

A projection of the variables on the factor-plane clearly demonstrated a correlation between the
variables and soil moisture (supplementary variables). Two main factors had a significant total impact
(60.62%) on the variance of the variables in soil. Factor 1 explained 35.76% of the variance of the
examined properties and Factor 2 explained 24.86% of the variance (Figure 3). The soil of moist and
swampy variants had a higher pH. In contrast, the soils of WT80–100 variant were characterized by
a high C/N ratio. The soils of WT80–100 variant contained more humic acids. The fulvic acids and
humins were connected with nitrogen content.
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Table 5. Multiple regression analysis for carbon content based on soil characteristic. R2 describes the
percentage of explained variance, β is the regression coefficient for the given equation parameter and p
is the significance level for the equation parameter.

R2 Equation Parameter β p

C 89%
Ah 5.257 0.000001

Moisture 1.897 0.000001

 

Figure 2. Three-dimensional plot of the relationship between soil organic carbon stock (SOCs), moisture
and hydrolytic acidity (Ah) of soils (circles with WT80–100—group of plots with water table 80–100 cm,
circles with M—group of moisture plots, circles with S—group of swampy plots); regression plane
marked by black lines.
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Figure 3. Diagram of Principal Components Analysis (PCA) with projection of variables on a plane of
the first and second factor in the surface horizon (WT80–100, moist and swampy—soil moisture gradient;
HA—humic acids, FA—fulvic acids, Hm—humins).

4. Discussion

Results present in this study demonstrate that soil moisture is a factor that most strongly influences
the carbon accumulation in forest soils. Compared to the soil with water table from 80 to 100 cm and
moist soils, those with the highest moisture content (swampy variant) are characterized by the higher
C accumulation. Soil organic matter (SOCs) concentration differed significantly among moisture
gradient and followed the order: swampy > WT80–100 > moist variants. The greater SOM accumulation
in the soils is affected not only by the high moisture, but also periodic deficiency of water. Our results
show the high SOC stock on the sites with low moisture (WT80–100 variant) and in swampy variant,
and that site condition promoted lower rate decomposition. The high SOC stock in the soils of WT80–100

variant is affected by greater acidity (surface horizons are not enriched due to low groundwater level).
In the soils of swampy variant, there is an effect of anaerobic processes: the soils better aerated in the
moist variants are characterized by faster and more efficient decomposition of SOM. Jandl et al. [26]
and Stendahl et al. [27] related the accumulation of SOC with site conditions. A large stock of carbon
can be associated with the accumulation of organic matter in acidic environments. A similar situation
was noted for the soils of the WT80–100 variant where surface horizons were under coniferous species
influence. Tree species affect pH, and the specific composition of organic matter may lead to the
modification of soil acidity and nutrient pools [28–30]. pH is an important variable that influences
SOM decomposition dynamics [31]. Our results confirmed the importance of moisture and acidity
of soils on soil organic matter accumulation. In our study, 89% of the variance in the C content was
explained by the hydrolytic acidity and moisture of the soils. Li et al.’s [32] results indicated that
moisture level had an effect on carbon accumulation. At the same time, the increase of soil’s acidity
results in deterioration of the conditions of decomposition of dead organic matter, slowing down
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their humification rate and microbial activity. On the other hand, the increase in organic matter
accumulation results in an increase in sorption capacity, which, under acidic forest soil condition and
lower level of groundwater, includes aluminum and hydrogen ions. The increase in soil moisture was
favorable for the accumulation of water soluble carbon. In our study, soils in the swampy variant
are characterized by the highest accumulation of C, which can be combined with the accumulation
of organic debris in the peat-forming process. These studies confirm earlier findings, that although
the peat covers only 3% of the Earth’s surface, it constitutes an important reservoir of carbon [33,34].
Under anaerobic conditions, 2–6 times less CO2 was produced than under aerobic conditions [35].
Furthermore, the presence of water in the soil profile facilitates dissolution of minerals, and during the
capillary transport, also their transportation to higher horizons where they can form stable conjunctions
to the humic substances. In addition, higher soil moisture results in higher biomass production of
trees and plant cover of lower layers of the stand, which results in increased accumulation of organic
material into the forest floor and soil.

In our study, CDI was used to evaluate the distribution of carbon accumulated in the soil profile
and as a measure of quality of the accumulated organic matter. The advantage of accumulation of
carbon in the mineral horizons over accumulation in the organic horizons indicates a greater efficiency
of the processes of organic matter decomposition. In numerous studies [36], the greater resistance of
SOM, in combination with soil minerals, is observed. In comparison to the accumulation occurring
in the organic horizons, the predominance of carbon accumulation in the mineral horizons can be
observed in soils of moist and swampy variants. The soils of moist variants were occupied by a
very diverse species composition; the presence of admixture species—mainly hornbeam, alder and
maple—provides abundant input of easily decaying organic matter to the soil. The positive impact
of hornbeam on the accumulation of SOM was also described by other authors [31,37]. Stand mixing
improves soil properties, especially the quality of SOM and biochemical properties [38]. The dominance
of coniferous species in the forest (WT80–100 variant) changes the CDI index. In coniferous forests
with fir, the C accumulation in the mineral horizons is reduced in relation to the total accumulation
in the whole soil profile. The reason for the higher accumulation of C at the organic horizons is
undoubtedly the slow decomposition of organic debris. Litter decomposition is particularly influenced
by decomposer organisms [39]. The conifer litter decomposes slower than that from hardwood
species [40]. The soils of coniferous forests are characterized by low pH, and the decomposition of
litter is mainly conducted by fungal organisms. Fungi dominate in acidic soils, whilst bacteria in soils
are characterized by a neutral or alkaline pH [41].

Forest soils in the studied moisture content gradient differ in the accumulation of carbon and the
fractional composition of the soil organic matter. In the studied soils, a large proportion of humic acids
were found, which prevailed in the moist variants. This is in line with Tavares and Nahas’ study [42].
More humic acids than fulvic acids indicate the potentially low mobility of carbon accumulated in the
surface soil horizons [21]. In our studies, the ratio of humic to fulvic acids (HA/FA) changes as moisture
content of soils increases, suggesting an increase in carbon mobility in these soils. More humic acids
than fulvic acids indicate high humification rates. The differences in soil moisture contents influences
the amounts and chemical composition of the soil humic fraction [32]. The results implied that a high
moisture level was unfavorable for the accumulation of humic fraction in the soil. In our experiment,
we used the ratio between the sum of humic and fulvic acids and humin ((HA+FA)/humin) as an
indicator of loss of SOM through the soil profile. The highest ratio ((HA+FA)/humin) was determined
in the soils with the lowest moisture. As the soil moisture content increased, the ratio decreased.
The lower ratio ((HA+FA)/humin) indicates the sufficient humin level in the soils with the highest
moisture content.

5. Conclusions

In the soils under study, in the temperate zone, moisture is an important factor in the accumulation
of organic carbon in the soil. The highest accumulation of carbon was observed in soils of swampy
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variant, while the lowest in the soils of moist variant. In the soil of swampy variant, the anaerobic
conditions affect the organic matter decomposition leading to slower processes. The increased
accumulation of C in soils of WT80–100 variant is caused by other factors. Large accumulation of
C in the soils of the WT80–100 variant results from the thick organic horizons that are characterized
by lower organic matter decomposition and higher acidity. In the WT80–100 variant, the higher
acidity is simultaneously an effect of the stand species composition and lack of water neutralization.
The proportion of carbon accumulation in the organic horizons to the total accumulation in the mineral
horizons expresses the distribution of carbon accumulated in the soil profile, and is a measure of
quality of the organic matter accumulated. The advantage of accumulation at the mineral horizons
over accumulation at the organic horizons confirms a greater efficiency of decomposition processes of
organic matter, which, thanks to more advanced transformations and connecting with mineral soil,
can be considered stable. Studies have confirmed the importance of moisture content in the formation
of the fractional organic matter. The increase in soil moisture content changes the ratio of humic to
fulvic acids (HA/FA), which may suggest an increase in carbon mobility in soils.
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Abstract: Dissolved organic matter (DOM) drives carbon (C) cycling in soils. Current DOM work
has paid little attention to interactions between rain and plant canopies (including their epiphytes),
where rainfall is enriched with tree-derived DOM (tree-DOM) prior to reaching the soil. Tree-DOM
during storms reaches soils as throughfall (drip through canopy gaps and from canopy surfaces) and
stemflow (rainwater drained down the trunk). This study (1) assessed the susceptibility of tree-DOM
to the consumption by microbes (biolability); (2) evaluated interstorm variability in the proportion
and decay kinetics of biolabile tree-DOM (tree-BDOM), and (3) determined whether the presence
of arboreal epiphytes affected tree-BDOM. Tree-BDOM from Juniperus virginiana L. was determined
by subjecting throughfall and stemflow samples from five storms to 14-day microbial incubations.
Tree-DOM was highly biolabile, decreasing in concentration by 36–73% within 1–4 days. Tree-BDOM
yield was 3–63 mg-C m−2 mm−1 rainfall, which could represent 33–47% of annual net ecosystem
exchange in Georgia (USA) forests. Amount and decay kinetics of tree-BDOM were not significantly
different between throughfall versus stemflow, or epiphyte-covered versus bare canopy. However,
epiphyte presence reduced water yields which reduced tree-BDOM yields. Interstorm proportions,
rates and yields of tree-BDOM were highly variable, but throughfall and stemflow consistently
contained high tree-BDOM proportions (>30%) compared to previously-published litter and soil
leachate data (10–30%). The high biolability of tree-DOM indicates that tree-BDOM likely provides C
subsidies to microbial communities at the forest floor, in soils and the rhizosphere.

Keywords: biolability; tree-DOM; dissolved organic matter (DOM); carbon; dissolved organic carbon
(DOC); stemflow; throughfall

1. Introduction

Dissolved organic carbon (DOC) has long been known to exert significant influence over soil
processes, from soil formation [1] to the preservation of soil organic matter [2] and pollutant transfer [3],
as well as the cycling of other nutrients, e.g., nitrogen [4] and phosphorous [5]. Dissolved organic
matter (DOM) is usually quantified as the concentration of DOC, which constitutes approximately 50%
of DOM dry mass [6]. In vegetated landscapes, soils receive DOM during storms from multiple sources:
rain falling through canopy gaps and dripping from canopy surfaces (throughfall), droplets that drain
down the stem (stemflow) and litter leachates. The fate and transport of these DOM sources in and
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through soils depends, in large part, on the portion that is degradable by microbial communities [7].
For litter leachates, this “biolability” has received decades of extensive research attention [8,9]
compared to tree-derived DOM in throughfall and stemflow (tree-DOM) whose biolability has rarely
been assessed [7].

The paucity of tree-DOM biolability research is surprising, because it is highly concentrated
(10–480 mg-C L−1), yields substantial C from canopies (10–90 g-C m−2 year−1), and its role in soils
and downstream ecosystems is currently poorly understood [10]. In fact, total DOM yields (per
unit canopy area), when converted to inputs per unit infiltration area, can exceed 300 g-C m−2

year−1, for example [11], which, if processed in soils, can be approximately one-quarter of annual soil
respiration, 1248 g-C m−2 year−1 [12]. Arguably, a key endeavor to deciphering the role that tree-DOM
plays in shaping the form and function of receiving ecosystems is the determination of how much may
be consumed by soil microbial communities. Biolabile portions of tree-DOM (tree-BDOM) represent
a mechanism preventing DOM loss from the ecosystem [7]. The remaining, non-biolabile tree-DOM
may then be sequestered through mineral complexation deeper in the soil profile [13] or be flushed
into streams and rivers along preferential pathways in the soil [14]. Thus, the first objective of this
study was to quantify the biolabile portion and decay coefficient for tree-DOM at a subtropical cedar
(Juniperus virginiana L.) forest site in southeast Georgia (USA) and compare these values for throughfall
and stemflow. Forests cover 31% of the global land surface [15] and Juniperus vegetation can be found
throughout forest types, from arid [16] to humid conditions [17].

Tree-BDOM has been found to vary significantly across a growing season (May through August)
for weekly throughfall samples [7]. However, no work known to the authors has examined the
interstorm variability of tree-BDOM. This minimal examination of temporal variability in tree-BDOM
constrains our understanding of the respective relevance of decomposition versus adsorption in the
removal of DOM from soils. To address this knowledge gap, our second objective was to evaluate
the variability of throughfall and stemflow tree-BDOM quantities and decay coefficients between
individual storm events.

Forest canopies can host substantial lichen, bryophyte and/or vascular epiphyte assemblages that
trap detritus and aerosols [18], but the authors are unaware of any research on epiphyte influences over
tree-BDOM. Epiphytes, although particularly concentrated in the tropics and subtropics, are found in
all forests and warming of the temperate regions is expected to extend the range of vascular epiphytes
poleward [19]. Thus, the role of epiphyte communities in forest biogeochemistry is gaining increased
attention [18]. Epiphyte cover can increase mean DOC concentrations relative to bare canopies for
cedar throughfall (54 ± 38 versus 20 ± 13 mg-C L−1) and stemflow (63 ± 40 versus 36 ± 29 mg-C L−1)
at the study site [11]. However, the molecular signatures of tree-DOM derived from epiphyte-covered
and bare cedar canopies were similar—containing over two-thirds carbohydrate formulas and being
rich in highly unsaturated formulas [20]. These molecular signatures indicate the potential for high
biolability whether epiphytes are present or not. However, an individual highly unsaturated molecular
formula may represent many different structural isomers of correspondingly diverse biogeochemical
functions, including biolability [21]. As a result, our third objective was to compare biolability of
throughfall and stemflow from bare and epiphyte-covered cedar canopies. As tree-DOM represents the
first, and in some cases the largest, enrichment of DOC in rainwater [10], and is large from cedar trees
at our site: 5–48 g-C m−2 year−1 [14], accomplishing these objectives advances our understanding of a
key DOM supply to the forest floor, soil and other downstream ecosystems.

2. Materials and Methods

2.1. Study Site Description

The study was conducted in a forest on Skidaway Island, Georgia, USA, located at 31.9885◦

N, 81.0212◦ W (Figure 1a) along Georgia’s coast. Climate is humid subtropical (Köppen Cfa).
Thirty-year mean annual temperature and precipitation (exclusively rainfall) was 19.3 ◦C and
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975 mm [22]. The forest site (Figure 1b) contained 162 stems ha−1 of Juniperus virginiana L. (eastern red
cedar, hereafter “cedar”). Cedars on site host substantial epiphyte biomass, Tillandsia usneoides L.
(Spanish moss) (Figure 1c), yet some individual trees were bare. Further site information and a
complete site inventory can be found in [11].

 

Figure 1. Location of (a) Skidaway Island in Chatham County (shaded area), Georgia, USA; and (b)
the study site location on the Skidaway Institute of Oceanography campus; (c) Photograph provided
showing an example cedar canopy hosting the epiphyte, Tillandsia usneoides L.

2.2. Rainfall, Throughfall and Stemflow Sampling

Sampling of rainfall, throughfall and stemflow was performed for five storms during the 2017
growing season: 14 May, 3 June, 30 July, 28 August and 23 October following published methods [11].
Three bulk rainfall and twenty throughfall samplers consisting of 0.18 m2 high density polyethylene
(HDPE) bins were deployed immediately before each storm. Rainfall was collected in an open area
immediately beside the forest site and throughfall samplers were evenly split between bare (n = 10)
and epiphyte-covered (n = 10) cedar canopies. Ten individual cedar trees were selected for stemflow
sampling, five each with bare and epiphyte-covered canopies (individual tree characteristics provided
in Table S1). Stemflow samplers consisted of collars made from polyethylene tubing cut longitudinally,
wrapped around the stem at 1.4 m height, fixed to the stem with aluminum nails, sealed to the bark
with silicone, and connected to a 120 L HDPE bin. All samplers were pre-cleaned with pH 2 (using
trace clean 6 N HCl) ultrapurified water (Milli-Q), then triple-rinsed with ultrapure water, air dried,
and covered until the start of a storm. Sample volumes were measured manually with graduated
cylinders. Samples for DOC quantification were collected within hours after a storm, filtered to 0.2 μm
through hydrophilic polypropylene syringe filters (Acrodisc) into precombusted glass vials, acidified,
then stored at 4 ◦C in the dark until quantification of DOC concentration (hold period no longer than
one month). All sampling materials were precleaned with acidified ultrapure water, triple-rinsed with
ultrapure water, then triple-rinsed with sample water.

2.3. Bioincubations

Bioincubations lasting 14 days and based on a modified protocol [7,23] were performed to
estimate the biolabile portion and decay coefficients for tree-DOM in throughfall and stemflow for each
storm. Immediately after each storm, in addition to the sample taken for DOC analysis in Section 2.2,
four 20 mL samples per stemflow sampler and from a composite sample of every two throughfall
samplers were filtered to 0.2 μm and placed into precombusted glass vials. A bacterial inoculum
was added (2 mL) to each vial along with 2 mL of Nitrogen-Phosphorous-Potassium (NPK) nutrient
solution (10:10:10) to prevent nutrient limitation from constraining biodegradation. As throughfall and
stemflow at this site contain 104–106 bacteria mL−1 [24], the inoculum was prepared for each storm
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from a volume-weighted composite of freshly collected throughfall and stemflow samples filtered
through a 50 μm mesh to remove microbial grazers and coarse particulates. Caps were placed loosely
on the bottles to allow air movement, then samples were incubated for 1, 2, 4, and 14 days at 25 ◦C in
the dark on a shaker table (60 rpm). After bioincubation, each sample was filtered to 0.2 μm into a
new precombusted glass vial, acidified, then stored at 4 ◦C in the dark until quantification of DOC
concentration (hold period no longer than one month).

2.4. Dissolved Organic Carbon Concentrations

Concentrations of DOC were determined as nonpurgable organic C using a total
organic carbon (TOC)-VCPH analyzer with an ASI-V autosampler (Shimadzu, Columbia,
MD, USA). Calibration curves were made with potassium hydrogen phthalate stock solution.
Instrument reproducibility was checked against deep seawater reference material from the Consensus
Reference Material (CRM) Project. CRM analyses were <5% from reported (http://yyy.rsmas.miami.
edu/groups/biogeochem/Table1.htm). This configuration has a minimum DOC detection limit of
0.034 ± 0.004 mg L−1 with typical standard errors for DOC concentration being 1.7 ± 0.5% [25].

2.5. Data Analysis

First-order decay curves were fit to the DOC concentrations quantified after bioincubations:

%DOC remaining = be−kt + c (1)

where b is the biolabile proportion, k is the decay coefficient, and c is the recalcitrant proportion
of tree-DOM that would theoretically resist biodegradation indefinitely under these experimental
conditions. First-order decay curves were only fit to sample data where DOC concentrations stopped
decreasing between two consecutive measurements. Tree-BDOM yield (mg-C m−2 mm−1 rainfall) for
each storm from each flux/cover type was computed as the product of b and total tree-DOM yield.
Total tree-DOM yield was calculated as DOC concentration (mg-C L−1) × water volume (L)/canopy
area (m2) and rainfall amount (mm). Two-way Analysis of Variance (ANOVA) with a Tukey’s Honest
Significant Differences (HSD) test was performed to compare initial DOC concentrations between
fluxes with and without epiphyte cover using Statistica 13.2 (Statsoft, Tulsa, OK, USA). The threshold
for significance was p < 0.05 unless otherwise noted and variability about the mean is expressed in the
text as standard deviation.

3. Results

3.1. Hydrometeorology for Sampled Storms

Sampled storms ranged in magnitude from 8 mm to almost 50 mm, while storm duration ranged
from 8.5 to 59.3 h (Table 1). Rainfall intensity for sampled storms varied from 0.7 to 1.8 mm h−1

(Table 1). Throughfall volumes were generally larger beneath bare compared to epiphyte-covered
cedar canopies, except for the largest storm (14 May 2017; Table 1). Stemflow volumes from the sampled
bare cedar trees were 2–5 times greater than observed beneath the epiphyte-covered cedars (Table 1).
The sum of throughfall and stemflow exceeded total rainfall for the 30 July storm (9.2 mm net rainfall
versus 8.9 mm gross rainfall), which is a common artifact observed when throughfall drip points
are oversampled [26], rainfall is undersampled, or wind conditions permit greater three-dimensional
rainfall capture area than represented by two-dimensional projected canopy areas [27].
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Table 1. Rainfall conditions and throughfall and stemflow (mm across canopy area) for the five storms
sampled for biolability testing. Throughfall and stemflow as percent rainfall provided in parentheses.

Condition 14 May 2017 3 June 2017 30 July 2017 28 August 2017 23 October 2017

Magnitude, mm 48.3 8 8.9 26.1 30.8
Duration, h 59.3 11.5 8.5 30 17.3

Intensity, mm h−1 0.8 0.7 1.0 0.9 1.8
Throughfall

Bare, mm (%) 26.4 (55%) 4.7 (58%) 7.5 (84%) 19.0 (73%) 25 (81%)
Epiphyte, mm (%) 28.0 (58%) 2.1 (26%) 2.9 (33%) 13.8 (53%) 20.0 (65%)

Stemflow
Bare, mm (%) 8.0 (17%) 1.0 (12%) 1.7 (19%) 3.9 (15%) 4.4 (14%)

Epiphyte, mm (%) 4.0 (8%) 0.2 (3%) 0.4 (4%) 0.9 (4%) 1.6 (5%)

3.2. Initial DOM Concentrations

DOC concentrations in rainwater (<7 mg-C L−1) were always significantly lower than in
throughfall and stemflow (entire dataset provided in Table S2). The highest mean concentration
across sample types was found in stemflow from epiphyte-covered canopies, 85 ± 38 mg-C
L−1, followed by epiphyte-covered throughfall, 64 ± 34 mg-C L−1, then bare-canopy stemflow,
55 ± 34 mg-C L−1, and bare-canopy throughfall, 35 ± 19 mg-C L−1 (Table S2). The maximum
initial tree-DOM concentration observed was 143 mg-C L−1 from epiphyte-covered stemflow
(Table S2). Significant differences between sample types were found for bare-canopy throughfall
versus epiphyte-covered throughfall, bare-canopy stemflow versus epiphyte-covered stemflow,
and bare-canopy throughfall versus epiphyte-covered stemflow (p < 0.001).

3.3. Interstorm Tree-DOM Biolability

Tree-DOM concentrations declined over the bioincubation experiments, conforming to first-order
decay models (Figure S1 and Table S3). Greater tree-BDOM proportions generally related to larger
decay coefficients (Figure 2). Mean tree-BDOM proportion was greatest during the smallest magnitude
storm (3 June, 8.0 mm) for all sample types except bare-canopy throughfall, 70 ± 20% (Figure 2).
Eighty-eight percent of tree-DOM, on average, in stemflow from bare and epiphyte-covered canopies
and epiphyte-covered throughfall was biolabile for the 3 June storm (Figure 2). The 3 June storm also
had the largest range in mean decay coefficients across sample types, 2.4–6.7 day−1 for bare-canopy
versus epiphyte-covered throughfall, respectively (Figure 2). The proceeding storm, 30 July, had the
largest range in mean tree-BDOM across sample types, 34 ± 12% for epiphyte-covered stemflow
versus 73 ± 9% for bare-canopy throughfall, but the mean decay coefficient was generally similar
(Figure 2). For the 28 August storm, all sample types had similar mean tree-BDOM proportions, 49–55%,
but decay coefficients were as low as 1.4 day−1 for epiphyte-covered stemflow and over double this
value, 3.7 day−1 for bare-canopy throughfall (Figure 2). The 23 October and 14 May storms were both
large magnitude storms (30.8 and 48.3 mm, respectively), and tree-BDOM proportions were generally
the lowest on average, barring epiphyte-covered throughfall on 23 October (Figure 2). Tree-BDOM
regardless of epiphyte cover or flux type produced the lowest decay coefficients, 0.2–0.8 day−1, for the
largest, 14 May, storm (Figure 2).
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Figure 2. Mean, standard error, and standard deviation for biolabile proportion (black) and the decay
coefficient (red) across the five sampled storms during 2017 arranged by increasing storm magnitude
for bare-canopy throughfall (TF-B), epiphyte-covered throughfall (TF-E), bare-canopy stemflow (SF-B),
and epiphyte-covered stemflow (SF-E).

3.4. Tree-BDOM Yield

For individual storms, mean tree-BDOM yield from any cover ranged over an order of magnitude,
from 3.1 to 62.6 mg-C m−2 mm−1 of rainfall (Table 2). Greater water yields of throughfall from bare
canopies (Table S2) compared to all other fluxes resulted in generally larger tree-BDOM yields for
smaller storms (3 June, 30 July: Table 1) compared to throughfall from epiphyte-covered canopies
(Table 2). Under rain events large enough to saturate the epiphyte-covered canopy areas (14 May,
28 August, 23 October), throughfall yielded greater tree-BDOM beneath epiphyte-covered canopy than
bare canopy (Table 2). For stemflow, tree-BDOM yields were consistently greater from bare compared
to epiphyte-covered canopies for all storms (Table 2) regardless of storm conditions (Table 1) and
despite higher initial DOM concentrations from epiphyte-covered canopies (Table S2).

Table 2. Mean and standard deviation of biolabile tree-DOM (tree-BDOM) yields for throughfall (TF)
and stemflow (SF) samples in each storm.

Biolabile Yield (mg-C m−2 mm−1 Rainfall)

14 May 2017 3 June 2017 30 July 2017 28 August 2017 23 October 2017

TF, bare 10.3 ± 2.0 33.3 ± 15.2 62.6 ± 32.5 18.9 ± 6.1 16.3 ± 3.5
TF, epiphyte 12.2 ± 1.5 32.8 ± 18.8 25.5 ± 10.1 45.0 ± 17.1 28.6 ± 6.6

SF, bare 5.6 ± 1.8 10.6 ± 5.5 16.1 ± 8.7 7.4 ± 2.5 4.9 ± 1.1
SF, epiphyte 3.9 ± 2.2 3.7 ± 1.9 5.4 ± 3.0 3.3 ± 1.7 3.1 ± 0.6

4. Discussion

4.1. Hydrometeorology

A previous, more comprehensive sampling of storms at the study site, but for fewer cedar
trees indicates that the sampled storms (Table 1) nearly represent the full range of typical rain
event magnitudes and durations (7–74 mm [11]). However, rain event intensities for sampled
storms (0.7–1.8 mm h−1) were low compared to previous studies at the site (1–31 mm h−1 [11]).
Throughfall water yields for these storms were comparable to previous work on the same cedar
species [11,28,29]. Stemflow water yields from epiphyte-covered cedar trees were similar to past studies;
however, bare stemflow volumes were higher, >10% for all storms (Table 1), than reported elsewhere,
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5–7% of rainfall [28,29], and for two previously-monitored cedar trees at this site, 4.2% of rainfall [11].
Epiphytes intercepting rainwater and disrupting stemflow pathways on the epiphyte-covered trees
likely diminished stemflow yield compared to the bare canopies. Elevated stemflow yield from bare
cedar trees at the study site compared to other studies on the same species, however, may be a function
of meteorological variables not measured (i.e., wind conditions [27]) or neighborhood conditions along
the forest edge that improved individual trees’ ability to entrain rainfall as stemflow [30].

4.2. Tree-DOM Concentration and Biolability

Concentrations of tree-DOM measured immediately after storm sampling were within the range
reported by past throughfall and stemflow research, 10–480 mg-C L−1 [10]. Epiphyte presence
enriched both stemflow and throughfall with tree-DOM compared to samples collected from bare
canopies. The tangled, pendulous morphology of T. usneoides may account for increased tree-DOM
concentrations, because it (1) can capture greater aerosols [31] and (2) trap and decompose materials
(litter, insect frass, etc.) [32]. For stemflow and throughfall, regardless of the presence of epiphytes,
tree-DOM concentrations varied between storms where increasing rainfall amount appears to dilute
the limited store of tree-DOM along flowpaths through the canopy (Table S2), as reported previously
at this site [11].

Tree-DOM in throughfall and stemflow was highly and rapidly biolabile, with an interquartile
range of 36–73% biodegradation over 1–4 days (Figure S1), compared to other fluxes along the
rainfall-to-runoff pathway: 14–33% in litter leachates, soil solution and stream water over several
days [7]. Throughfall samples from Qualls and Haines [7] decayed less rapidly than observed in this
study, exhausting the BDOM proportion after 1–2 weeks. The range of tree-BDOM percentages in
cedar throughfall and stemflow agrees with values observed in broadleaved throughfall, ~60% [7].
Results agree with the optical character and molecular signatures of cedar tree-DOM from previous
work at the site [20]. Thus, tree-DOM delivered to soils via throughfall or stemflow may be susceptible
to significant biological alterations. When water yields are prodigious and highly localized (i.e.,
stemflow yields over 10% of rainfall for bare cedars), tree-DOM may rapidly infiltrate along root
channels [33,34] to bypass biodegradation processes in the immediate soil. Throughfall, which is
generally an area-diffuse flux, likely supplies a subsidy of tree-BDOM to the soil, up to 0.5 g-C m−2

in a single storm (i.e., on 14 May), that prevents DOM loss from the ecosystems and contributes to
respiration when consumed.

There was a substantial range in tree-BDOM percentage, 2–96%, rate, 0.1–11.0 days−1, and yield,
3–63 mg-C m−2 mm−1 of rainfall between the sampled storms (Figure 2; Table 2), that exceeded
previously-reported ranges for throughfall tree-BDOM, 30–60% [7]. As indicated by the similar
molecular formulas of epiphyte versus bare canopy tree-DOM [20], the presence or absence of epiphyte
cover did not appear to influence the tree-BDOM percentage or rate (Figure 2). There was, however,
a marked effect on tree-BDOM storm yields due to the epiphytes’ reduction of water yields (Table 2).
Interstorm variability in tree-BDOM characteristics was high and not significantly correlated to any
storm data available in this study (rainfall amount, intensity, duration) (Table S2). This prevents the
use of discrete storm data to estimate annual yields of tree-BDOM from throughfall and stemflow.
Therefore, it is recommended that future work examine what controls may drive the high interstorm
variability in tree-BDOM observed in this study. Canopy structural variability across phenological
events was not measured during this study, thus we suggest future work assess the connection between
canopy structure and tree-BDOM. Further information is also needed to scale spatially, including data
on the interstorm variability in tree-BDOM in other forest types and whether the temporal drivers vary
geographically. Perhaps optical metrics, many of which are now able to be automatically collected in
the field [35], can progress large-scale data collection efforts on tree-DOM and its biolability.
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5. Conclusions

Little information has been reported on the proportion, rate and yield of tree-BDOM in throughfall
and stemflow. In this study, bioincubation experiments on tree-DOM from epiphyte-covered and bare
Juniperus virginiana (cedar) at Skidaway Island (Georgia, USA) found throughfall and stemflow to
be largely biolabile, 36–73% (interquartile range). Cedar tree-BDOM was consumed rapidly (within
1–4 days) and yielded 3–63 mg-C m−2 mm−1 of rainfall. A simple estimate of tree-BDOM annual
yield using the mean biolability proportion for each hydrologic flux and total tree-DOM annual yields
previously computed at this site [14] equates to 21.3–30.2 g-C m−2 year−1 of tree-BDOM, which is
33–47% of the 65 g-C m−2 year−1 of net ecosystem exchange estimated for Georgia (USA) forests [31].
Tree-BDOM proportions and biodegradation rates were not significantly different between throughfall
and stemflow, or under epiphyte versus bare canopy conditions. However, differences in water yield
between fluxes, and due to epiphyte presence, influenced tree-BDOM yields per storm. The proportion,
rate and yield of tree-BDOM varied markedly between storms and was not explained by storm amount,
duration, or intensity. It is recommended that future work seek to characterize drivers of interstorm
variability in tree-BDOM across forest types. This will enhance understanding of a key DOM supply
to soil ecosystems by enabling temporal and spatial scaling of the first, and potentially most biolabile,
enrichment of rainwater with DOM along the rainfall-to-runoff pathway.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/5/ 236/s1,
Figure S1: Example tree-DOM decomposition curves, Table S1: Structural characteristics of stemflow trees,
Table S2: Raw dataset, Table S3: First order decay kinetics.
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Abstract: Agroforestry practices that intentionally integrate trees with crops and/or livestock in an
agricultural production system could enhance carbon (C) sequestration and reduce greenhouse
gas (GHG) emissions from terrestrial ecosystems, thereby mitigating global climate change.
Beneficial management practices such as enrichment planting and the application of soil amendments
can affect C sequestration and GHG emissions in agroforestry systems; however, such effects are
not well understood. A literature review was conducted to synthesize information on the prospects
for enhancing C sequestration and reducing GHG emissions through enrichment (i.e., in-fill) tree
planting, a common practice in improving stand density within existing forests, and the application
of organic amendments to soils. Our review indicates that in agroforests only a few studies have
examined the effect of enrichment planting, which has been reported to increase C storage in plant
biomass. The effect of adding organic amendments such as biochar, compost and manure to soil
on enhancing C sequestration and reducing GHG emissions is well documented, but primarily in
conventional crop production systems. Within croplands, application of biochar derived from various
feedstocks, has been shown to increase soil organic C content, reduce CO2 and N2O emissions,
and increase CH4 uptake, as compared to no application of biochar. Depending on the feedstock used
to produce biochar, biochar application can reduce N2O emission by 3% to 84% as compared to no
addition of biochars. On the other hand, application of compost emits less CO2 and N2O as compared
to the application of manure, while the application of pelleted manure leads to more N2O emission
compared to the application of raw manure. In summary, enrichment planting and application of
organic soil amendments such as compost and biochar will be better options than the application of
raw manure for enhancing C sequestration and reducing GHG emissions. However, there is a shortage
of data to support these practices in the field, and thus further research on the effect of these two
areas of management intervention on C cycling will be imperative to developing best management
practices to enhance C sequestration and minimize GHG emissions from agroforestry systems.

Keywords: climate change; manuring; manure pelleting; northern temperate; pyrolysis;
information review

1. Introduction

Agriculture is the second largest emitter of greenhouse gases (GHG) after the energy sector, and is
responsible for about 30% of global GHG emissions [1]. Agroforestry, the intentional integration of
trees and/or shrubs with herbaceous crops and/or livestock in a production system, is a popular
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beneficial management practice (BMP) that can mitigate climate change by sequestering carbon (C)
and reducing greenhouse gas (GHG) emissions [2–8]. The Intergovernmental Panel on Climate
Change (IPCC) has recognized both afforestation and reforestation as important activities supporting
C sequestration [9]. Agroforestry systems include many different permutations such as alley cropping,
silvopasture, riparian buffers, savanna, forest farming, home-gardens, and woodlots, as well as other
similar integrated land-use systems [10]. In all cases, agroforestry systems are recognized as a land use
management framework that simultaneously integrates the dual goals of ecological conservation and
socio-economic development [9–12].

The environmental service of sequestering C and reducing GHG emissions provided by
agroforestry systems are relatively well-documented globally at various management systems as
summarized in Section 3 below. However, data quantifying the specific role of management
interventions to improve such benefits are rare, with only a few studies reporting on the potential
benefits of enrichment planting [13,14] and organic amendment of soils [2,15]. Enrichment planting
is commonly used for increasing the density of desired tree species in degraded (secondary) forests,
particularly where these forests are low in density or occupied by less-desirable (i.e., non-productive)
tree species. On the other hand, the addition of organic amendments to soils, including mulch, manure,
or the application of other organic by-products from a feedlot or modified organic materials (such as
biochar, composts, and manure pellets), is widely practiced in sole cropping systems but rare in
agroforestry systems.

Manure is a widely available by-product from livestock production systems, particularly those
involving the confined feeding of animals in large-scale livestock operations (poultry, swine, beef,
dairy, etc.). Due to its high nutrient and C content, manure management and its application to soil
plays a critical role in GHG emissions, including CH4 and N2O [16]. The Food and Agriculture
Organization of the United Nations (FAO) estimated the CH4 and N2O emissions associated with
manure storage and processing contribute 4.3% and 5.2% respectively, and N2O emissions from the
field applied and deposited manure contribute 16.4% of the GHG emissions in the global livestock
supply chains [17]. Composting, despite emitting GHGs during storage, and dried pelleting, are two
methods of conserving nutrients in manure and facilitating their slow release into the soil [18]. In the
process, these methods reduce GHG emissions compared with raw manure application if applied to
the field in an appropriate time such as avoiding wet conditions of soils [19]. Biochar is pyrolysed
biomass consisting of around 50% or more recalcitrant organic material [20]. It is a promising soil
amendment that improves physical and chemical properties of soils [21], as well as provides better
environmental services such as improved nutrient cycling, increased C sequestration and reduce GHG
emissions. However, studies on the effects of biochars in agroforestry systems are limited [22].

This paper reviews the current state of knowledge regarding opportunities to enhance C
sequestration and reduce GHG emissions through two potential management interventions within
agroforestry systems. The first is enrichment tree planting, and the second is the use of organic soil
amendments. It starts with an overview of the impact of agroforestry in C sequestration and GHG
emissions as documented by previous different empirical studies, and reviews reports at different
temporal and spatial scales. Subsequent sections then review the role of enrichment planting and
organic soil amendments and discuss the prospect of applying these interventions to agroforestry
systems in order to enhance C sequestration and reduce GHG emissions. Finally, conclusions are
drawn and areas of further research needs are identified on these two practices in order to further
mitigate GHG emissions and promote climate change adaptation using agroforestry systems.

2. Methods of Literature Collection

A wide range of published literature was collected through searches using Google Scholar
and ISI Web of Science with a Boolean defined by logical strings containing “and/or” with
keywords “agroforestry”, “environmental service”, “enrichment planting”, “greenhouse gas emission”,
“carbon sequestration”, “biochar”, “manure”, “manure pellet”, “composting”, and “secondary forest”.
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More than 200 publications, both referred and non-reviewed, were found; they were further sorted with
criteria of “carbon sequestration and agroforestry” and “greenhouse gas emission and agroforestry”,
“enrichment planting and secondary forest or agroforestry”, “composting and greenhouse gas
emission”, “biochar and soil C sequestration”, “raw manure and composted manure” and “manure
pellet and soil carbon”. With these criteria, the number of publications selected was reduced to 94.
Among them, five publications were on enrichment planting, six on manure pelleting, 33 on manure,
10 on compost and management, and 40 on biochar. Key results found from these studies were
compared focusing on C sequestration in vegetation and soils, as well as GHG emissions. A total of
82 publications closely related to the subject matter were used in this paper.

3. Role of Agroforestry in C Sequestration and Reducing Greenhouse Gas Emissions

Several studies have documented that the C sequestration potential of agroforestry systems
varies depending on environment and specific management systems (Table 1). Estimated global C
sequestration potential of agroforestry ranges between 12 and 228 Mg C ha−1, leading to a net C
sequestration potential of 1.1 to 2.2 Pg (1 Pg = 1015 g) over 50 years [23]. It is also estimated that
improved management alone within existing agroforestry systems could sequester an additional
0.3 Mg C ha−1 y−1, while undertaking land use changes from conventional cropland to agroforestry
(crops combined with forests) could sequester an additional 3.1 Mg C ha−1 y−1 [24]. The SOC
sequestration rate varies among agroforestry systems across different regions, ranging from 0.1
to 4.2 Mg C ha−1 y−1 depending upon the age of agroforests, and soil depths considered in the
estimation [25]. In the early stage of practicing agroforestry, soil C can be lost from top soils; for example,
a multi-strata agroforestry system in Ghana lost 0.4 Mg C ha−1 y−1 until 15 years after establishment,
after which a small amount of SOC was stored (0.06 Mg C ha−1 y−1) through 25 years age within the
0–15 cm soil layer (cited in [25]). Furthermore, the vegetation C sequestration rate differs by forest
types. As an example, within windbreak systems, broadleaved trees demonstrated an almost double C
storage capacity (4.39 ± 1.74 Mg C ha−1 y−1) than conifer trees (2.45 ± 0.42 Mg C ha−1 y−1) in a study
involving nine ecoregions across the USA [26].

Table 1. Carbon sequestration rate, carbon stocks and greenhouse gas (GHG) emissions in different
types of agroforestry systems. A negative flux shows consumption of GHGs.

Agroforestry/Management Activities/Location Carbon/GHG Data Reference

Above- and below-ground vegetation C sequestration rate (Mg C ha−1 y−1)

Fodder bank, West Africa (7.5 years) 0.3

[9]

Tree-based inter-cropping, Canada (13 years) 0.8
Agroforest, Western Oregon, USA (11 years) 1.1
Agrisilviculture, India (5 years) 1.3
Silvopasture, India (5 years) 6.6
Home gardens, Togo (23 years) 4.3
Shaded coffee, Togo (13 years) 6.3
Home gardens, Indonesia (13 years) 8.0
Cacao agroforest, Cameroon (26 years) 5.9
Cacao Agroforest, Costa Rica (5 years) 10.3
Cacao Agroforest, Costa Rica (10 years) 11.1
Woodlots, Puerto Rico (4 years) 12.0

Median C storage in different ecoregions

[27]
Semi-arid (5 years) 2.6
Sub-humid (8 years) 6.1
Humid (5 years) 10.0
Temperate (30 years) 3.9

Windbreak in U.S. ecoregions
[26]Conifers 2.0–2.9

Broadleaved 2.7–6.1
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Table 1. Cont.

Agroforestry/Management Activities/Location Carbon/GHG Data Reference

Shifting cultivation * in Peruvian Amazon and Indonesia 3.5 [28]

Improved fallow **

[4]
12-month-old fallow 5.3–13.2
18-month-old fallow 17.4–31.9
22-month-old fallow 21.3–30.5

Vegetation C stock (Mg C ha−1)

Improved fallow in Mediterranean 70

[28,29]

Potential C storage in six continents
Africa, agrosilvicultural 29–53
South America, agrosilvicultural 39–195
Southeast Asia, agrosilvicultural 12–228
Australia, silvopastoral 28–51
North America, silvopastoral 90–198
Northern Asia, silvopastoral 15–18

Different agroforestry systems in sub-Saharan Africa:

[30]

Arid and semi-arid silvopastoral:
pastoral/fruit 0.8–3.9
pastoral/fuelwood 3.9–19.4
pastoral/shelterbelt 1.7–1.8
Humid silvopastoral:
pastoral/fruit 2.0–8.6
pastoral/fuelwood 5.1–24.7
pastoral/shelterbelt 2.8–6.5
Fruit/fuelwood 4.6–23.0
Fruit/timber 33.3–71.3
Fruit/shelterbelt 2.4–5.4
Fuelwood/timber 36.4–86.8
Fuelwood/shelterbelt 5.5–20.9

Soil C sequestration rate (Mg C ha−1 y−1)

Alley cropping, France (equivalent mass basis)
[31]26–29 cm 0.25

93–98 cm 0.35

Improved fallow in Mediterranean 1.6 [28]

Soil C stock (Mg C ha−1)

Three agroforestry systems, Alberta, Canada

[32]
0–10 cm
Hedgerow (natural forest + crop) 77
Shelterbelt (planted forest + crop) 67
Silvopasture (natural forest + grassland) 101

0–30 cm
Hedgerow (natural forest + crop) 178
Shelterbelt (planted forest + crop) 163
Silvopasture (natural forest + grassland) 201

Inter-cropping in sub-tropical China, 0–80 cm

[33]
Tree + shrub 93
Tree + legume & cereal 79
Tree + Oilseed & legume 74

Humid tropics, 0–20 cm 25 [28]

Different agroforestry systems in Canada

[5]
Alley cropping, 0–40 cm (13–25 years) 71.1–125.4
Alley cropping, 0–30 cm (8–9 years) 43.5–113.2
Shelterbelt, 0–30 cm (various ages) 15–208
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Table 1. Cont.

Agroforestry/Management Activities/Location Carbon/GHG Data Reference

GHG emission rates (kg ha−1 y−1)

Different agroforestry systems in Peruvian Amazon and Indonesia

[28]

Shifting cultivation
N2O-N emission
CH4-C flux 0.8
CO2-C emission −2.0
Multi-strata agroforestry 5.9
N2O-N emission
CH4-C flux 0.5
CO2-C emission −2.0
Peach-palm agroforestry 5.5
N2O-N emission
CH4-C flux 0.9
CO2-C emission −1.5

5.8

CO2-C emission from agroforestry systems in Alberta

[34]
Hedgerow (natural forest + crop) 16,425
Shelterbelt (planted forest + crop) 10,950
Silvopasture (natural forest + grassland) 13,505

CH4-C emission
Hedgerow (natural forest + crop) −2.2
Shelterbelt (planted forest + crop) −1.8
Silvopasture (natural forest + grassland) −2.9

Different agroforestry systems in Canada

[5]

Alley Cropping
CO2-C emission 4900–6240
Shelterbelts (combined with annual crops)
CO2-C emission 1900–4000
CH4-C efflux −0.15–−0.9
N2O-N efflux 0.25–3.0

Shade coffee agroforestry, Sumatra
[4]N2O-N 16

CH4-C −1.0

* Plants are cut and burned to create the farming field—also called slash-and-burn system; ** rotation between
cereal crops and tree-legume fallow.

Levels of C sequestration in vegetation and soils are known to vary among ecoregions. In the
humid tropics, 70 and 25 Mg C ha–1 can be sequestered within vegetation and the top 20 cm of
soil, respectively [28]. In Mediterranean regions, total C sequestration rates in vegetation and
soils of different agroforestry systems can be up to 1.3 Mg C ha−1 y−1 [35]. In temperate climates,
the potential C sequestration by aboveground vegetation of agroforestry systems could be as large
as 2.1 × 109 Mg C y−1, while in tropical regions, it could be 1.9 × 109 Mg C y−1 [36]. Collectively,
these examples show that C sequestration rates and resulting C stocks vary widely, reflecting marked
variation in climatic conditions, soil properties, vegetation types, and the ongoing management of
agroforests. However, observed variation in estimates of C might also be due to the use of different
methods for estimating soil C sequestration potential under contrasting conditions, coupled with
the inherently high natural variability of soil C stocks within agroforestry systems associated with
divergent agro-ecological zones [37].

Trees are also known to help reduce CH4 and N2O emissions, particularly in relation to
neighboring cropland [5]. In the sub-tropics, agroforestry systems combining trees and inter-cropped
shrubs store more C in vegetation and soils compared to systems with only trees or trees grown
with legume or cereals as inter-cropped systems [38,39]. Similarly, windbreak and riparian forest
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buffers store significant amounts of C, in addition to providing other valuable ecosystem services
such as improved water quality, biodiversity, and biomass feedstock availability [40]. Sequestered C
in low-till croplands with adjacent treed windbreaks was 75% greater than in low-till lands without
adjacent windbreaks [40]. Compared to sole herbland pastures, the presence of trees in the former
leads to greater topsoil and subsoil C content, and larger litter inputs result in higher free and occluded
organic matter (OM) fractions, and ultimately higher levels of stabilized SOM fractions [41]. A study in
central Alberta, Canada showed that silvopastoral systems had higher SOC and lower GHG emissions
compared to agroforestry systems containing either hedgerows or shelterbelts combined with annual
cropland [32,34]. Mean SOC in the bulk soil at 0–10 cm depth was 81, 48 and 63 g kg−1 in the
silvopasture, shelterbelt and hedgerow systems, respectively. Soil C in the more stable fine fraction
(<53 μm) of the soil was higher in hedgerow systems (34 g kg−1) compared to both shelterbelt and
silvopasture systems (29 and 29 g kg−1, respectively). Within each agroforestry system, total SOC
and the SOC concentration within each size fraction was consistently greater in the forested land-use
compared to the adjacent agricultural herbland [32]. The SOC stock in both the 0–10 cm and 10–30 cm
soil layers were greater within the forested land cover type than in the adjacent herbland [42]. In terms
of GHG emissions, the silvopasture system had 15% greater CH4 uptake and 44% lower N2O emission
compared with the shelterbelt and silvopasture systems [34].

Despite their potential to mitigate GHG emissions, agroforestry systems can be a significant
sink or source of GHGs depending upon management practices. In the humid tropics, agroforestry
mitigated N2O and CO2 emissions from soils, and increased CH4 uptake, compared to sole cropping
systems [28]. While N2O emission in the agroforestry system was as low as 3%, CO2 emissions were
70% of the high input cropping systems, and CH4 uptake was almost double that of the low input
cropping system [33]. In contrast, management practices that disturbed soil and vegetation, such as
tillage, burning of biomass, fertilization, and manuring, lead to net emissions of GHGs from soils and
vegetation to the atmosphere [43]. Among different agroforestry systems, multi-strata systems reduce
N2O emissions and CH4 oxidation, but emit similar CO2 compared to shifting cultivation, crop/rubber
agroforestry and short fallow systems [28].

4. Management Intervention to Enhance C Sequestration and Reduce GHG Emissions

4.1. Impacts of Enrichment Planting on C Sequestration and GHG Emissions

Enrichment planting, also known as in-fill or gap-planting, is commonly practiced to increase
the density of desired tree species in degraded (secondary) forests [13,44], including those found
in shelterbelts or silvopastoral plantations of agroforestry systems. Enrichment planting enables
newly establishing trees to utilize available resources, including light, moisture and nutrients [45].
Agricultural systems that include trees generally store more C in deeper soil layers compared to
treeless systems, and higher SOC content in the former has been associated with greater species
richness of trees and tree density [4,46]. Enrichment planting in old fallow fields is beneficial in
sequestering C, improving over-story tree diversity, and enhancing social, cultural, and ecosystem
services [13]. The improved C storage observed after enrichment planting in eastern Panama was
around 113 Mg C ha−1, which is comparable to that in industrial teak plantations and primary
forests [13].

The choice of tree species within plantations affects C storage in phytomass, necromass,
and underlying soils. For example, after 40 years of growth in plantations, conifers had higher
biomass and litter C, while broad-leaved forests had considerably more soil C [47]. The greater
decomposition rate of broadleaf litter contributed favorably to soil C sequestration compared to that
from conifer litter, but due to relatively steady photosynthetic rates throughout the year and high
drought tolerance, conifers had more stable live biomass [47]. Understory vegetation biomass was also
negatively correlated to tree-biomass, with conifer stands leading to less understory C mass due to
increased canopy closure and associated light limitations [47].
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Natural regeneration of vegetation in abandoned pasture land is known to sequester C in a manner
similar to planted vegetation, although the rate of sequestration can be slower [48]. The aboveground
C accumulation rate in 12–14 year-old forests was 5.6 Mg C ha−1 y−1, and SOC accumulation rates
were 1.49 Mg ha−1 y−1 [48]. These results indicate that natural regeneration of tree species can mimic
enrichment planting after pasture abandonment.

4.2. Impact of Organic Soil Amendment on C Sequestration and Greenhouse Gas Emissions

Soil amendment with organic input is a common practice in conventional agricultural practices
(e.g., on annual cropland or forage land), and involves manuring, mulching, green manuring and
biochar addition. Agroforestry systems can provide various types of feedstock for bulking agents
such as residues from annual crops, small woody biomass from pastures, leaf litter, as well as twigs,
branches and woody biomass from trees for use in composting, pelleting or biochar production. In this
section, we review relevant literature and summarize potential impacts of these amendments on C
sequestration and GHG emissions in agroforestry.

4.2.1. Impacts of Biochar Applications

Biochar has a slow decomposition rate and its application to soils can sequester SOC compared
to non-amended soils [49]. For example, 1.4 times higher total soil C was found in hardwood
biochar amended soils compared to non-amended soils [49]. Biochar has been tested in different
cropping systems to assess its impact on enhancing C sequestration and reducing GHG emissions.
A review of a wide range of agro-ecosystems with biochar application showed that despite using a
variety of feedstocks and crops, the resultant impact of biochar application was a decrease in GHG
emissions by up to 66% in CO2 and up to 50% in N2O emissions [2]. In addition, biochar addition
led to reduced leaching of plant nutrients and contamination of downstream water sources [2].
However, some biochar amended soils increased CO2 emissions, which was attributed to increased
soil porosity, lowered bulk density and higher pH, all of which may favor microorganism activity [2].
Biochar from wood and herbaceous feedstocks performed the best in reducing emissions (ca. −60%),
while manure-based biochar was less effective, the latter of which altered N2O emissions by −46% to
+39% [50]. Biochar feedstock, pyrolysis conditions, and C/N ratios were key factors influencing the
emissions of N2O [50].

A previous meta-analysis of published data obtained from laboratory and field experiments to
explore the effects of biochar on N2O and CH4 emissions reported nearly 50% less N2O emissions
across different soil types [51]. This same study indicated a potential to increase the uptake of CH4 due
to enhanced methanothrophy following biochar addition [51]. Effects of biochar on N2O emissions
also varied among feedstocks, with both woody and crop residue biochars decreasing emissions,
while biochars derived from other feedstocks (e.g., manures, bio-solids, paper mill residues) had no
significant effects [51]. A laboratory incubation study conducted across ten different soils in the USA
and receiving the same hardwood biochar found no significant differences in the emissions of CO2

and CH4. However, this same study reported a decrease in N2O emission (up to 63% less) across all
soils after biochar applications [52]. Similarly, biochar produced from pine sawdust at 500 ◦C with
or without steam activation decreased CO2 and N2O emission (up to 32% in forest soils), though no
differences in CH4 uptake were detected [53]. Pine biochar reduces GHG emissions by decreasing
microbial and enzyme activities [53]. Moreover, by changing the physical (gas diffusivity, aggregation,
water retention), chemical (e.g., pH, redox potential, availability of organic and mineral N and dissolved
organic C, organo-mineral interactions), and biological properties (e.g., microbial community structure,
microbial biomass and activity, macro faunal activity, N cycling enzymes) of soils, biochar influences
N mineralization-immobilization, turnover, and nitrification or denitrification processes, all of which
ultimately affect N2O emissions [51].

The impact of biochar on GHG emissions within amended soils is dependent on both biochar and
soil properties [20]. Relationships between the biochar and soil N dynamics revealed that adsorption
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of NH4
+ and NO3

− in biochar during the pyrolysis process decreased N loss during composting
and after manure application, thus offering a mechanism for the slow release of fertilizer in the
field [54]. Higher pyrolysis temperatures during the manufacture of biochar from manure and
bio-solids also result in biochars with decreased hydrolysable organic N and increased aromatic
N [54]. Short-term N2O emissions are therefore likely to decrease following biochar application,
though no clear information exists on the long-term effects of this practice. In summary, biochar input
to agroecosystems represents a potential mitigation strategy for environmentally detrimental N losses,
specifically as N2O [54].

Biochar can also enhance the process of composting manure and reduce GHG emissions during
composting and subsequent field applications. The impact of biochar addition in conjunction with
composting, including their application to soils with manure and manure pellets, on GHG emissions
and C sequestration, are summarized in Table 2. Application of biochar during the composting of
chicken manure increased peak CO2 emission, while emissions of both CH4 and N2O decreased [55,56].
Composting of cattle manure with added biochar increased aeration, and hence the activity of
methanogens, which reduced CH4 emission [15]. Biochar reduced N2O and CH4 emissions during
field applications due to a change in the microenvironment for the microbial population, including soil
water content, and availability of oxygen, N, and C [57]. In calcareous soils, biochar application alone
increased total organic C stocks by 1.4 fold, while the application of biochar mixed with manure
increased C levels by 1.7 fold [49].

Impacts of biochar on GHG emissions have shown mixed results depending on soil type,
feedstock type and season of the application [58,59]. Biochar addition to upland soil increased CH4

emissions by 37% during the summer, but had no effect in winter, while decreasing N2O emissions
up to 54% and 53% during the summer and winter seasons, respectively [58]. In Chernozemic soils
amended with straw, and its biochar reduced N2O emission but there were no significant effects on
CH4 or CO2 emission compared with the unamended soils [59]. A soil-column experiment using
non-treated soils and those amended with biochar prepared by pyrolysis of pig manure and spruce
sawdust at 600 ◦C found no differences in N2O, CH4 and CO2 emissions between the two treatments
until they received an application of fresh pig manure during the 10th week [60]. After 10 weeks,
cumulative GHG emissions were higher from soils amended with biochars and manure for up to four
weeks compared to the non-treated soil. However, this same study found NO3

−N leaching was 51%
and 43% lower in pig manure biochar amended soils and wood biochar amended soils, respectively,
compared to the pig manure only-amended soils [60].

Life cycle analysis is an emerging tool to link the full C footprint of products from their origin via
different stages of the product supply chain [61–63]. A life cycle analysis of biochar systems comparing
biochar produced from three feedstocks, namely corn stover, yard waste (waste from industrial-scale
composting) and switchgrass energy crops, found that the net energy provided by corn stover and yard
waste was negative (−864 and −885 kg CO2e per Mg dry feedstock, respectively) while switchgrass
was a net emitter (+36 kg CO2e per Mg dry feedstock) [63]. These findings indicate that careful
selection of biochar feedstock is required to avoid unintended environmental consequences, such as
indirect increases in GHG emissions elsewhere in the global C and N cycles.
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4.2.2. Impacts of Raw Manure, Composted Manure, and Manure Pellets

Swine slurry (primarily liquid), farmyard manure (primarily from large mammals), and poultry
manure are common by-products of livestock production that are recycled in the field as nutrient
input to agricultural plants. Inorganic N content, labile C content and the water content in manure
provide essential substrates to micro-organisms that affect GHG emissions from soil. However,
GHGs can be produced and emitted to the atmosphere in each step from livestock confinement,
to manure storage and treatment (i.e., handling and transport), and ultimately during application
to the land [74]. Composting is a well-established manure management process because it utilizes
livestock manure and residual biomass of livestock feed and bedding, and produces manure that has
reduced pathogens and weed seeds [75]. On the other hand, manure pelleting, a physical method of
densification, increases manure bulk density, reduces storage space requirements, reduces subsequent
transportation costs, and makes these materials easier to handle. Cattle manure with 50% moisture
content, and processed at a temperature of about 40 ◦C and a pressure of 6 MPa, resulted in maximum
pellet durability [76].

In the field, slurry and manure application methods and their forms affect GHG emissions [68,77].
Effects of raw farmyard manure, compost and pelleted manure application on soil C sequestration
and GHG emissions are summarized in Table 3. Conventional injected pig slurry emitted greater CH4

compared to injection with soil aeration, while manure spread on the surface emitted higher N2O
than both types of injection [68]. Slurry application season, method and rate all affected CO2 and N2O
emissions in the field [69–71].

The inclusion of compost into soil provides better nutrient input compared to raw manure from
the perspective of C sequestration [77]. For example, four years after application about 36% of applied
compost remained in the soil as sequestered C, as compared to only 25% of applied raw manure [77].
Composting increases the aromatic bonds and reduces the soluble C/N ratio in manure compost [75],
which leads to the slow release of nutrients. Composted manures are more effective in reducing N2O
emissions than raw manures for soil amendments [73]. In general, N2O is produced through the
denitrification process of organic fertilizers [78] while nitrification is the most important process for
inorganic fertilizer. From one to five percent of total N applied from organic manure was emitted with
emission rates depending largely on soil nitrate levels, dissolved organic carbon (DOC) content and
aeration, as well as soil temperature, moisture and pH [79].

Effects of manure from different livestock and composts also vary in GHG emissions from
soils. Raw cattle manure emitted higher amounts of CO2 (~1 g kg−1 dry matter), followed by
bio-waste composts, poultry manure, and sheep waste compost, within arable soils in Germany [72].
Application of cattle manure and straw mixed together as a compost enhanced C sequestration and
reduced N2O emissions; thus, composting of manure containing high lignin, such as rice-husk or
wheat straw, is beneficial [72]. Such compost reduces soil pH, which slows down the nitrification
process and reduces N2O emissions [72].

Pellets derived from a mix of manure and urea enhanced nutrient use efficiency via the
slow-release of nutrients and led to increased crop yields [80]. Unlike composting, pelleted manures
are less effective in reducing GHG emissions than raw (i.e., untreated) manure [19]. Annual cumulative
emission of N2O from pelleted poultry manure applied in the field was almost four times higher
than that from raw poultry manure. Similarly, higher CO2 emissions were detected from soils
amended with intact pelleted poultry manure compared to the application of ground pelleted poultry
manure under anaerobic incubation [19]. N2O emission was 154 mg N kg−1 dry soils from intact
pelleted manure-amended soils, which was almost seven times higher than from ground pelleted
manure-amended soil [19]. Soils emitted significantly higher N2O when treated with pelletized
poultry litter (6.8% of applied N) than for fine-particle litter (5.5%) at 55% of water field capacity
(WFP). In contrast, at 90% of WFP, fine-particle litter treated soils emitted higher N2O (3.4%) than soils
receiving pelletized litter (1.5%), indicating GHG responses to pellet application depended on moisture,
with pellets leading to more GHG if moisture is low [73]. Reported CO2 emissions ranged from 29 to
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43 g C kg−1 across moisture levels, though they were not statistically different. Results indicate that
N2O emissions, but not CO2 emissions, from soils treated with poultry litter depend on its physical
characteristics of litter and soil water regime. Diminishing rates of N2O emission after the application
of manure pellets to soil are attributed to the polymer chain reaction defined by the specific type of
nitrite reductase encoded by the nirS gene, which fluctuated with time; however, the nirK gene remains
relatively stable, making nirS responsible for the denitrification process of N in manure pellets [15].

In forest ecosystems, application of organic and inorganic fertilizer has shown different effects
on GHG emissions depending upon geographic location. In Germany the application of composted
household waste manure increased CO2 emission by 24% in silty soils and by 66% in sandy soils
compared to control plots [66]. On the other hand the application of organic and inorganic fertilizer
to tropical forest in Brazil increased CO2 emission by 90%, and 60% in composted sewage sludge,
and raw sewage sludge amended sites, respectively, compared to emissions from controlled plots [67].
Surprisingly, N2O emissions were 85 and 37 fold higher in the composted sewage sludge amended
and raw sewage sludge amended plots compared to control plots [67].

5. Conclusions

Agroforestry has emerged as a holistic land use practice creating a win-win scenario for
environment and society [81]. Combining woody vegetation with cropping and livestock production
via agroforestry systems increases total production, enhances food and nutrition security and mitigates
the effects of climate change [81,82]. Carbon sequestration and GHG emissions in agroforestry systems
are complex and depend on various biophysical factors such as climatic conditions, soil properties,
water regime, vegetation characteristics, and the site-specific management practices undertaken,
including inputs. The ability of an agroforestry system to enhance C sequestration and reduce
GHG emissions depends on the region-specific biophysical condition. Several estimates showed that
agroforestry systems in temperate regions have higher C pools than other climatic regions [28,36].
Silvopastoral systems were found to be superior in terms of both C sequestration and reducing GHG
emissions [32,34,41] compared to agroforestry systems that included annual cropland. Interventions
like enrichment planting and organic amendment of soils to slow down nutrient release are also
site-specific in regulating their effectiveness [13]. Our review indicates that broadleaved tree species
used in enrichment planting contribute towards more soil C, while conifers sequester more in their
biomass over the long-term [47]. Results of this literature review showed that the effects of enrichment
planting in agroforestry are not studied widely. The paucity of literature on this topic limits the
drawing of conclusions with respect to the type of enrichment planting that will be most effective in
optimizing ecosystem goods and services from agroforestry.

Livestock manure applied to soils in the form of pellets, compost or biochar, can play a significant
role in increasing C sequestration and reducing GHG emissions. Soil amendment with biochar
increases soil porosity, and aids water and nutrient retention, thereby creating a favorable situation
for nutrient uptake by plants. By enhancing biomass production, biochar can play an important
role in sequestering C in vegetation and soils. Additionally, decreased emissions of N2O and CO2,
and increased uptake of CH4, have been reported in the literature after biochar application. However,
many of these studies were carried out in annual cropping systems, leaving a substantial knowledge
gap with respect to their effectiveness in agroforestry systems. Further studies on the specific effects of
organic amendments to soils within either the treed area or adjacent cropland may provide a better
idea on how agroforestry systems can be collectively managed to achieve greater C sequestration and
reduce GHG emissions. In general, raw manure management and field applications of manure were
found to be sources of CO2, CH4, and N2O emissions, although the magnitude of these GHG emissions
varied with application season, methods and amounts. Composting and pelleting of manures can
reduce GHG emissions while making manure more convenient to store and use. A more thorough
study is warranted to better understand the relationship between different types of feedstocks and
their capacity to enhance C sequestration and reduce GHG emissions within agroforestry systems.
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Overall, this review found that enhancement of C sequestration and reducing GHG emissions
in agroforestry are possible through management interventions. Enrichment planting practiced in
secondary forestry management and organic amendment of soils in conventional cropping systems
should be further explored within an agroforestry management framework, as potential interventions
to enhance C sequestration and reduce GHG emissions. Further studies will provide better evidence
of such beneficial practices for environment, economy, and society.
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Abstract: Greenhouse gases are the main cause of global warming, and forest soil plays an important
role in greenhouse gas flux. Near natural forest management is one of the most promising options for
improving the function of forests as carbon sinks. However, its effects on greenhouse gas emissions
are not yet clear. It is therefore necessary to characterise the effects of near natural forest management
on greenhouse gas emissions and soil carbon management in plantation ecosystems. We analysed the
influence of near natural management on the flux of three major greenhouse gases (carbon dioxide
(CO2), methane (CH4), and nitrous oxide (N2O)) in Pinus massoniana Lamb. and Cunninghamia
lanceolata (Lamb.) Hook. plantations. The average emission rates of CO2 and N2O in the near
natural plantations were higher than those in the corresponding unimproved pure plantations of
P. massoniana and C. lanceolata, and the average absorption rate of CH4 in the pure plantations was
lower than that in the near natural plantations. The differences in the CO2 emission rates between
plantations could be explained by differences in the C:N ratio of the fine roots. The differences in the
N2O emission rates could be attributed to differences in soil available N content and the C:N ratio
of leaf litter, while the differences in CH4 uptake rate could be explained by differences in the C:N
ratio of leaf litter only. Near natural forest management negatively affected the soil greenhouse gas
emissions in P. massoniana and C. lanceolata plantations. The potential impact of greenhouse gas flux
should be considered when selecting tree species for enrichment planting.

Keywords: near natural forest management; Pinus massoniana plantation; Cunninghamia lanceolata
plantation; soil greenhouse gas flux

1. Introduction

Increased emissions of greenhouse gases, dominated by carbon dioxide (CO2), methane (CH4),
and nitrous oxide (N2O), are the main cause of global climate change [1]. Most greenhouse gases in the
atmosphere are produced and absorbed by soil [2]. Forest soils have the largest carbon pool in terrestrial
ecosystems owing to soil respiration processes, mainly root respiration, microbial respiration, and soil
animal respiration [3]. N2O is released from the soil to the atmosphere through microbe-regulated
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nitrification and denitrification [4], while forest soil usually serves as the absorption sink for atmosphere
CH4 [5]. About 6% of global CH4 is absorbed through soil processes by methanogenic bacteria [6,7].
The global warming potential of CH4 and N2O is 25 and 298 times larger than that of CO2, respectively,
although they are much less abundant than CO2 in the atmosphere [8]. Therefore, a comprehensive
understanding of the rates of greenhouse gas emissions and absorption and their key influencing factors
in forest soils is critical to assessing the contribution of forest ecosystems to global climate change [9,10].

Near natural forest management, one of the most promising options for plantation silviculture,
has received widespread attention in recent years [11]. Following the principle of near natural
forest management, pure plantations are transformed into near natural forests through a series of
management strategies, according to the structure and succession of natural forests. The strategies
include species introduction, structural adjustment, natural regeneration promotion, and understory
protection. Thus, the management of coniferous plantations has a significant impact on the structure,
tree species composition, and regeneration of the forests [12,13]. Tree species are considered to alter
the soil environment (including soil temperature and moisture), soil physical and chemical properties,
and soil biological processes by influencing the composition and quality of the stand root system,
canopy, litter, and fine roots [14,15]. As a result, soil greenhouse gas flux is greatly impacted by the
composition of tree species. For example, the soil CH4 flux of Populus tremula L., Picea asperata Mast.
and pine forests in Europe differs significantly [16]. Menyailo and Hungate [17] observed higher
CH4 consumption in aspen, birch and spruce forest soils compared to Scots and Arolla pine forest
soils in Siberia. However, average CH4 uptake rates in mixed and pure beech plantations were about
twice as large as that in pure spruce plantations [18]. Soil CO2 efflux was accelerated after conversion
from secondary oak forest to pine plantation in southeastern China [19]. Mature pine plantation soil
emits 1.5 and 2.5 times more CO2 than mature beech and Douglas fir [20]. Studies have also shown
significant differences in soil respiration rates among 16 tree species in the tropics, with an emission
flux from 2.8 to 6.8 μmol m−2 s−1 [21].

Although forest soil–atmosphere greenhouse gas exchange in temperate and tropical regions
has been studied in depth [5,22–24], little is known about this process in the southern subtropical
forests. There is a growing need locally and abroad to reduce greenhouse gas emissions from
forests through plantation management. However, few studies have examined the use of plantation
management strategies for manipulating soil greenhouse gas flux. Near natural management of
coniferous plantations involves the transformation of even-aged pure stands of coniferous species
into uneven-aged mixed broad-leaved forests, but it is not well known how this strategy affects the
emission and absorption of greenhouse gases. Therefore, a subtropical, near natural Pinus massoniana
plantation (P(CN)) and an unimproved pure stand of P. massoniana (P(CK)), as well as a near natural
Cunninghamia lanceolata plantation (C(CN)) and an unimproved pure C. lanceolata stand (C(CK)) were
selected in southern China. The objective of this study was to examine the effects of near natural
forest management on soil–atmosphere greenhouse gas exchange and the main factors influencing
these processes. The present study provides a theoretical basis for the multi-objective and sustainable
management of plantations in southern subtropical regions.

2. Materials and Methods

2.1. Study Site Description

The study site is located in the Experimental Center of Tropical Forestry, Chinese Academy of
Forestry (Pingxiang, Guangxi, China). It is one of the forest ecology study stations under the jurisdiction
of the State Forestry Administration (22◦10′ N, 106◦50′ E). The site is within the southwestern region,
which has a subtropical monsoon climate, with a semi-humid climate and obvious dry and wet seasons.
The annual duration of sunshine is 1200 to 1600 h. The precipitation is abundant, with an annual
average precipitation of 1200 to 1500 mm, mainly from April to September each year. The annual
evaporation is 1200–1400 mm, the relative humidity is 80–84%, and the average annual temperature
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is 20.5–21.7 ◦C. The main types of landforms are low hills and hills. The soil is mainly composed
of laterite and red soil based on the Chinese soil classification; this is classified as ferralsols in the
World Reference Base for Soil Resources. The soil thickness is generally higher than 80 cm. Subtropical
evergreen broad-leaved forests comprise the local vegetation.

There are nearly 20,000 ha of various plantation types in the Experimental Center of Tropical
Forestry. P. massoniana and C. lanceolata are the main coniferous tree species. Native broad-leaved tree
species include Quercus griffithii (Hook.f. and Thomson ex Miq.), Erythrophleum fordii Oliver, Castanopsis
hystrix Miq., Mytilaria laosensis Lecomte., Betula alnoides Buch.-Ham. ex D. Don, and Dalbergia lanceolata
Zipp. ex Span. The main alien tree species are eucalyptus and Tectona grandis L.f. Among these species,
E. fordii and D. lanceolata are nitrogen-fixing trees, and Q. griffithii is a fast-growing broad-leaved tree
species with a strong natural regeneration ability. The near natural management of pure plantations of
P. massoniana and C. lanceolata with E. fordii and Q. griffithii is widely applied at the center, as it not
only meets the need for short-period timbers and precious large-diameter timbers, but also realises the
natural regeneration of native broad-leaved species and achieves the goal of near natural management.

2.2. Experimental Design

A single-factor and two-level stochastic block design was used for the present experiment.
There were four blocks representing four replicates. Four forest types were set up in each
block: near natural P. massoniana plantation (P(CN)), unimproved P. massoniana plantation (P(CK)),
near natural C. lanceolata plantation (C(CN)), and unimproved pure C. lanceolata plantation (C(CK)).
There were thus a total of 16 experimental plots, and the area of each experimental plot was 0.5 ha.

The pure plantations of P. massoniana and C. lanceolata were established in 1993 after the
clear-cutting of C. lanceolata, with an initial planting density of 2500 trees ha−1. Felling and afforestation
were repeated a total of six times within the first three years after initial afforestation. The release
felling was carried out in the seventh year, and the first-increment felling was carried out in the
11th year, retaining a density of 1200 trees ha−1. In 2007, near natural management was carried out,
and the main management strategies included reducing the intensity of the intermediate felling of pure
stands of P. massoniana and C. lanceolata forests, while simultaneously preserving natural regeneration
(the retention density was 600 trees ha−1). In early 2008, Q. griffithii and E. fordii were replanted after
the intermediate felling of P. massoniana and C. lanceolata, and the density of the native replanted
tree species was 600 trees ha−1 (the average density of Q. griffithii and E. fordii was 300 trees ha−1,
respectively). Unevenly-aged mixed broad-leaved forests with a total density of 1200 trees ha−1 was
formed. During the whole process, pure plantations of P. massoniana and C. lanceolata were maintained
as controls, whose total density was kept at 1200 trees ha−1. At present, the improved plantations have
become unevenly-aged mixed stands with multilayer structures. A survey carried out in 2016 showed
that the average diameter at breast height (DBH) and average tree height of Q. griffithii were 14.7 cm
and 15.4 m, respectively, and the average DBH and average tree height of E. fordii were 5.2 cm and
6.3 m, respectively. The management processes for the four forests are shown in Table 1.

Table 1. Basic information and management history of the four plantations.

Year Management
Plantation Type

P(CK) P(CN) C(CK) C(CN)

1993 Afforestation 2500 trees ha−1 2500 trees ha−1 2500 trees ha−1 2500 trees ha−1

1993–1995 Tending for new
plantations 6 times 6 times 6 times 6 times

2000 Released thinning 1600 trees ha−1 1600 trees ha−1 1600 trees ha−1 1600 trees ha−1

2004 Increment felling 1200 trees ha−1 1200 trees ha−1 1200 trees ha−1 1200 trees ha−1

87



Forests 2018, 9, 229

Table 1. Cont.

Year Management
Plantation Type

P(CK) P(CN) C(CK) C(CN)

2007 Intensity thinning No
1200 trees ha−1

Yes
600 trees ha−1

No
1200 trees ha−1

Yes
600 trees ha−1

2008 Complementary
planting No

Planting
Q. griffithii and
E. fordii with
300 trees ha−1

respectively

No

Planting
Q. griffithii and
E. fordii with
300 trees ha−1

respectively

2009 Tending No 2 times No 2 times

2016 Average DBH 22.2 ± 1.3 cm for
P. massoniana

32.2 ± 1.6 cm for
P. massoniana

17.1 ± 2.1 cm for
C. lanceolata

22.3 ± 0.8 cm for
C. lanceolata

2016 Average height 16.7 ± 0.5 m for
P. massoniana

17.3 ± 0.7 m for
P. massoniana

17.1 ± 0.4 m for
C. lanceolata

17.2 ± 0.4 m for
C. lanceolata

2.3. Measurement and Statistical Analysis

2.3.1. Soil CO2, N2O, and CH4 Measurement

The sampling and analysis of three main greenhouse gases (N2O, CH4, and CO2) in the soils were
performed using the static chamber method and gas chromatography [25]. Three static boxes were
randomly set in each plot of P(CN), P(CK), C(CN), and C(CK). The static box was 25 cm in diameter
and 30 cm in height. A gas extraction valve and a small fan (8 cm in diameter) were installed at the
top of the box to facilitate uniform gas mixing during sampling. The bottom of the box was buried in
the ground at a depth of 5 cm two or three months before initial sampling [21]. From October 2014 to
September 2015, sampling in all four plantations (a total of 16 plots) was completed from 9:00 a.m. to
11:00 a.m. on one day at the end of each month, and the measured values were used to calculate the
average daily gas exchange flux [2]. During each sampling period, 100 ml gas samples were taken from
static boxes with a medical syringe and timed with a stopwatch. The gas was sampled at 0, 15 and
30 min intervals. Three gas samples at each chamber were collected. The sample was injected into a
polyethylene polythene sampling bag, cryopreserved, and sent back to the laboratory for measurement.
We analysed gas samples for their N2O, CH4, and CO2 concentrations using a gas chromatograph
(Agilent 4890D, Agilent, Santa Clara, CA, USA). The flux of N2O, CH4, and CO2 was calculated using
the following formula:

F = ρ × V
A
× P

P0
× T0

T
× dC1

dt
(1)

where F is the mass change of the gas in the observation box per area and per unit time, ρ is the density
of the measured gas in the standard state, V is the gas volume in the box, A is the area covered by the
box, P is the atmospheric pressure at the sampling point, T is the absolute temperature at the time of
sampling, dC1/dt is the linear slope of gas concentration over time during the sampling, and P0 and
T0 are the atmospheric pressure and absolute temperature in the standard state, respectively.

2.3.2. Micro-Environmental Data Measurement

Temperature and atmospheric pressure were measured with a thermometer and a barometer at
the same time as sampling. The temperature of the soil at a depth of 5 cm was measured with a portable
digital thermometer. Soil moisture (volumetric water content) at a depth of 5 cm was measured with
an HH2 moisture meter (Delta-T Devices Ltd., Cambridge, UK) and converted into water-filled pore
space (WFPS) using the following formula:

WFPS (%) =
Vol

1 − bd
2.65

(2)
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where bd is bulk density, vol is volumetric water content, and 2.65 is the density of quartz.

2.3.3. Soil and Litterfall Sampling and Measurements

After the fresh and semi-decomposed litter residue at the upper surface of soil was stripped
from the woodland near each static box in the four plantations, twelve soil samples at a depth of 0
to 10 cm were randomly collected using a stainless steel soil auger with an inner diameter of 8.7 cm.
These samples were placed in mixed sample bags for preservation. The soil samples were then taken
back to the laboratory to remove coarse roots, rubble, and other impurities using a 2 mm aperture
screen and air dried for physical and chemical analysis.

Six 1 × 1 m leaf litterfall collectors made of nylon gauze (1 mm aperture) were set up randomly in
the woodland near each static box in the four plantations. Leaf litterfall was collected once a month,
and the leaves, branches, skin, and fruits were picked and sorted by tree species and organ and dried
at 65 ◦C to a constant weight. A total of 12 collections of litterfall samples were prepared over the
course of a year.

2.3.4. Fine Root Sampling and Measurements

Fine root biomass was determined by the continuous soil drilling method. Fine roots
(diameter < 2 mm) were sampled in the 0–10 cm soil layer using a stainless steel soil auger with
a diameter of 8.7 cm for sorting and collection. Twelve soil drillings collected for fine root biomass
determination were carefully sorted out at random at the end of each bimonthly period in a sample plot
of the four different plantations. In each plantation, the fine root samples were collected six times each
year during the experiment. The fine root samples were weighed after drying at 65 ◦C to a constant
weight. The average fine root biomass of the six sampling periods was used as the average fine root
biomass [26].

2.3.5. Biogeochemical Properties Analysis of Plant and Soil Samples

Soil bulk density was measured using the volumetric ring during field sampling. Soil pH value
was measured using glass electrodes after leaching the soil with 1 mol L−1 KCl solution. The organic
C contents of the soil, litterfall, and fine root samples were determined by the potassium dichromate
external heating method, and total N was determined by the Kjeldahl method. Soil ammonium and
nitrate N contents were determined by spectrophotometry. Soil available N was analyzed through
quantification of alkali-hydrolysable N in a Conway diffusion unit with Devarda’s alloy in the outer
chamber and boric acid-indicator solution in the inner chamber [27]. Soil total P was measured by
inductively-coupled plasma optical-emission spectrometry (ICP-OES). Soil microbial biomass C and N
were determined by the fumigation-extraction method [28].

2.3.6. Statistical Analysis

A one-way analysis of variance (ANOVA) was employed to determine the differences among the
annual mean fluxes of soil greenhouse gases, as well as the biogeochemical properties of soil and plant
samples in different plantations. Regression models were used to analyse the correlation between soil
greenhouse gas flux and soil temperature and soil moisture in the four plantations. Multiple linear
regression analyses were used to determine the main factors influencing differences in soil greenhouse
gas flux among the four plantations. All of the data in the study followed a normal distribution and
satisfied the test of homogeneity of variance. We performed statistical analyses using Windows SPSS
19.0. Statistical significance was determined at a threshold of p < 0.05.
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3. Results

3.1. Soil Temperature and Moisture

Soil temperature and WFPS in the four plantations varied seasonally. The soil was cooler and
drier during November 2014 and February 2015, whereas the soil was warmer and more humid from
March 2015 to August 2015 (Figure 1). The sampling period in December 2014 was unusual in that it
was a short wet period within the cool–dry season. January 2015 and July 2015 could be classified as
within the cool–dry season and warm–humid season, respectively.

Figure 1. Seasonal patterns of soil temperature (a) and soil water-filled pore space (WFPS) (b) in the
four plantations.

3.2. Seasonal Variation in Soil Greenhouse Gas Flux

The soil CO2 and N2O emission rates in the four plantations showed significant seasonal variations.
The CO2 emission rate was highest in July, when it was hot and humid, but lowest in January, during the
dry season. All plantations had similar seasonal patterns for N2O emission and CH4 uptake (Figure 2).

Figure 2. Cont.

90



Forests 2018, 9, 229

Figure 2. Seasonal patterns of soil CO2, N2O, and CH4 flux in the four plantations.

Soil CO2 emission rates were positively correlated with soil temperature and soil moisture
(Figure 3a,b), but the correlation between CO2 flux and soil moisture was significant in P(CN) only
(Table 2). The N2O emission was significantly and positively correlated with soil temperature in both
P(CK) and C(CK) (Figure 3c). However, no significant correlation was found between soil N2O flux
and soil moisture (Figure 3d and Table 2).

Figure 3. Relationships between soil CO2 flux and temperature (a), CO2 flux and water-filled pore
space (WFPS) (b), N2O flux and temperature (c), N2O flux and WFPS (d), CH4 flux and temperature
(e), and CH4 flux and WFPS (f) in the four plantations. Significant correlations were shown in solid
and dashed lines (p < 0.05).
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Table 2. Models, coefficients of determination (R2) and p-values of regressions between soil greenhouse
gas flux and soil temperature (T) and WFPS (W) in the four plantations. The rows of “T + W” represent
the models considering both T and W, while others are those using T and W separately.

Plantation
Type

P(CK) P(CN) C(CK) C(CN)

CO2-C flux (mg m−2 h−1)

T(◦C) CO2 = 0.71T + 92.31 CO2 = 2.67T + 55.83 CO2 = 9.14T + 80.44 CO2 = 6.05T + 24.15
R2 = 0.11, p < 0.05 R2 = 0.15, p < 0.05 R2 = 0.37, p < 0.001 R2 = 0.30, p < 0.001

W(%) R2 = 0.01, p = 0.47 CO2 = 3.92W + 61.71 R2 = 0.06, p = 0.61 R2 = 0.04, p = 0.28
R2 = 0.13, p < 0.05

T(◦C) + W(%) R2 = 0.01, p = 0.80 R2 = 0.09, p = 0.17 CO2 = 9.19T + 0.98W − 103.51 CO2 = 5.34T − 1.28W + 19.03
R2 = 0.41, p < 0.001 R2 = 0.33, p < 0.01

N2O-N flux (μg m−2 h−1)

T(◦C) N2O = 0.16T + 0.17 R2 = 0.02, p = 0.43 N2O = 0.11T + 1.19 R2 = 0.00, p = 0.77
R2 = 0.16, p < 0.01 R2 = 0.16, p < 0.05

W(%) R2 = 0.03, p = 0.297 R2 = 0.01, p = 0.54 R2 = 0.01, p = 0.90 R2 = 0.00, p = 0.77
T(◦C) + W(%) N2O = 0.19T − 0.13W + 1.32 R2 = 0.03, p = 0.54 R2 = 0.06, p = 0.30 R2 = 0.15, p = 0.05

R2 = 0.22, p < 0.01

CH4-C flux (μg m−2 h−1)

T(◦C) CH4 = 0.92T − 51.07 R2 = 0.01, p = 0.13 R2 = 0.05, p = 0.15 R2 = 0.04, p = 0.25
R2 = 0.17, p < 0.01

W(%) R2 = 0.00, p = 0.998 R2 = 0.01, p = 0.454 CH4 = 0.49W − 44.75 CH4 = 0.24W − 29.21
R2 = 0.15, p < 0.01 R2 = 0.10, p < 0.05

T(◦C) + W(%) CH4 = 0.96T − 0.23W − 48.95 R2 = 0.03, p = 0.56 CH4 = −0.23T + 0.44W − 38.50 R2 = 0.09, p = 0.16
R2 = 0.18, p < 0.05 R2 = 0.16, p < 0.05

CH4 flux had a significant correlation with soil temperature in P(CK) only (Figure 3e). In the near
natural and pure C. lanceolata plantations, soil CH4 uptake rates decreased with seasonal increases in
soil moisture (Figure 3f and Table 2).

When combining soil temperature and moisture in a regression model, significant relations
were detected for the CO2 flux in C(CK) and C(CN), N2O flux in P(CK), and CH4 flux in each pure
forest (Table 2).

3.3. The Effects of Plantation Type on Soil Greenhouse Gas Flux

Near natural management had significant effects on the annual average emission rate of soil CO2

and N2O, and the uptake rate of soil CH4 (Table 3). The soil CO2 emission rate in the near natural
P. massoniana plantation was 17.7% higher than that in the control forest, and the soil CO2 emission
rate of the near natural C. lanceolata plantation was 14.5% higher than control. This indicates that the
soil CO2 emission rates for P. massoniana and C. lanceolata plantations were accelerated by near natural
management. Compared with the control forests, the near natural management enhanced the annual
average soil N2O emission rate by 19.4% and 47.4% in the P. massoniana and C. lanceolata plantation,
respectively. Therefore, the soil N2O emission rates for P. massoniana and C. lanceolata plantations
increased as a result of near natural management.

Table 3. Annual average flux of soil greenhouse gas in the four plantations. Data are shown as means
± standard errors (n = 4). Values designated by the different letters within each variable are significant
at p < 0.05.

Plantation Type P(CK) P(CN) C(CK) C(CN)

CO2-C flux (mg m−2 h−1) 103.3 ± 9.7cd 121.6 ± 4.8ab 112.4 ± 8.9bc 128.7 ± 5.0a
N2O-N flux (μg m−2 h−1) 3.6 ± 0.1cd 4.3 ± 0.5b 3.8 ± 0.2bc 5.6 ± 1.1a
CH4-C flux (μg m−2 h−1) −34.7 ± 1.7c −27.2 ± 1.6b −34.9 ± 2.8c −22.4 ± 1.8a

The average soil CH4 flux was negative for all the four plantations, which indicates that all the
forest soils were functioning as CH4 sinks. The annual average soil CH4 uptake rate for the near
natural plantations was 21.6% and 55.8% lower than the corresponding controls, as for P. massoniana
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and C. lanceolata, respectively (Table 3). Therefore, near natural management reduces the soil CH4

uptake rate of P. massoniana and C. lanceolata plantations.

3.4. Main Influencing Factors on Soil Greenhouse Gas Flux

Compared with the control, the near natural management of each plantation increased the fine
root biomass, soil temperature, pH, and the contents of soil organic C, available N, NH4

+-N, NO3
−-N,

microbial biomass C, and microbial biomass N, while it reduced the C:N of leaf litter and fine roots,
as well as soil total P and C:N (p < 0.05, Table 4).

Table 4. The biogeochemical properties in the four plantations. Data are shown as means ± standard
errors (n = 4). Values designated by the different letters within each variable are significant at p < 0.05.

Properties P(CK) P(CN) C(CK) C(CN)

Litterfall quantity (t hm−2 r−1) 10.23 ± 0.94a 10.84 ± 0.49a 9.02 ± 0.19b 9.54 ± 0.34b
Fine root biomass (t hm−2) 0.81 ± 0.07b 1.36 ± 0.22a 0.64 ± 0.26b 1.33 ± 0.28a

C:N of leaf litter 48.07 ± 4.82c 37.49 ± 4.77d 68.13 ± 8.12a 52.70 ± 6.92b
C:N of fine root 57.53 ± 10.7a 39.70 ± 5.70c 55.38 ± 3.30a 45.70 ± 4.40b
Soil porosity (%) 56.80 ± 2.83a 56.04 ± 2.58a 49.05 ± 4.99b 45.17 ± 4.86b

Soil temperature (◦C) 22.15 ± 0.12d 22.47 ± 0.17c 22.73 ± 0.04b 23.04 ± 0.03a
Soil WFPS (%) 13.06 ± 0.56b 13.67 ± 0.49b 19.91 ± 1.00a 21.28 ± 1.06a

Soil pH 4.18 ± 0.04d 4.31 ± 0.08c 4.67 ± 0.07b 4.91 ± 0.20a
Soil organic C(g kg−1) 25.99 ± 1.32b 29.15 ± 2.42a 17.24 ± 1.85d 21.61 ± 2.58c

Soil total N(g kg−1) 2.58 ± 0.04 3.28 ± 0.12 2.29 ± 0.15 3.32 ± 0.13
Soil available N (mg kg−1) 94.37 ± 3.94b 103.32 ± 5.62a 77.0 ± 9.07c 96.25 ± 7.27ab

Soil total P (g kg−1) 0.28 ± 0.01a 0.25 ± 0.02b 0.24 ± 0.03b 0.21 ± 0.01c
Soil C:N 17.06 ± 0.50a 15.34 ± 0.72c 16.42 ± 0.14b 15.16 ± 0.46c

Soil NH4
+-N content (mg kg−1) 20.30 ± 2.07 b 26.67 ± 3.35a 18.44 ± 2.17b 24.56 ± 4.02a

Soil NO3
−-N content (mg kg−1) 21.97 ± 1.83b 25.00 ± 2.21a 18.36 ± 2.28b 24.65 ± 4.19a

Soil microbial biomass C (mg kg−1) 301.12 ± 24.54b 388.12 ± 11.76a 234.44 ± 29.49c 312.50 ± 32.51b
Soil microbial biomass N (mg kg−1) 39.07 ± 6.59bc 53.30 ± 8.11a 36.40 ± 6.45c 46.51 ± 4.21ab

To explain the observed variations in annual average soil greenhouse gas flux among the
plantations, the first “stepwise” multiple linear regression model was performed using all the tested
biogeochemical properties in the plantations. The model performed on CO2 emissions indicated that
the soil temperature and C:N ratio of the fine roots explained 77.4% of the variation in the soil CO2

emission rate among the plantations (R2 = 0.774, p < 0.001; Table 5). Other independent variables,
such as the C:N ratio of leaf litter, soil organic C, soil pH, and soil nitrogen content, were excluded
in the model owing to their non-significance or evidence of multicollinearity. The C:N ratio of the
fine roots was negatively correlated with the annual average soil CO2 emission rate, whereas the
soil temperature was positively correlated with the annual average soil CO2 emission rate (Table 5).
This indicates that the annual average CO2 uptake rate increases with an increasing soil temperature
and decreasing C:N ratio of the fine roots.

Another multiple linear regression model that examined the variation in the average soil N2O
flux among the four plantations showed that the C:N ratio of leaf litter and soil available N explained
69.3% of the variation in the annual average soil N2O emission rate (R2 = 0.693, p < 0.001; Table 5).
The annual average soil N2O emission rate was negatively correlated with the C:N ratio of leaf litter
but positively correlated with soil available N content. This indicates that the annual average N2O
emission rate increases with decreasing C:N ratio in leaf litter and increasing soil available N content.

A final multiple linear regression model showed that the C:N ratio of leaf litter was the only
variable that explained a significant proportion (62.4%) of the variation in the annual average soil CH4

uptake rate among the plantations (R2 = 0.624, p < 0.001; Table 5). The annual average soil CH4 flux
was positively correlated with the C:N ratio of leaf litter.
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Table 5. Results of multiple linear regression analysis of biogeochemical parameters and annual
average soil greenhouse gas flux in the four plantations.

Parameters Models

CO2-C flux (mg m−2 h−1) (Y1)

C:N ratio of fine root (X1)
Soil temperature (◦C) (X2) Y1 = −0.707X1 + 16.2X2 − 217.0, R2 = 0.774, p < 0.001

N2O-N flux (μg m−2 h−1) (Y2)

C:N ratio of leaf litter (X3)
Soil available N (mg kg−1) (X4) Y2 = −0.044X3 + 0.16X4 + 5.886, R2 = 0.693, p < 0.001

CH4-C flux (μg m−2 h−1) (Y3)

C:N ratio of leaf litter (X5) Y3 = 0.343X5 − 6.026, R2 = 0.624, p < 0.001

4. Discussion

4.1. CO2 Flux and Main Influencing Factors

The present study showed that the seasonal variation in the soil CO2 emission rate in most cases
can be attributed to soil temperature rather than soil moisture (Figure 3 and Table 2). Conversely,
previous studies have found that soil CO2 emission rates increase with increasing soil moisture and
temperature in subtropical forests [2,25]. Therefore, there is no unified understanding of the soil
moisture effects on the seasonal variation in soil CO2 flux among different plantations.

Soil CO2 is mainly produced through autotrophic respiration by plant roots and heterotrophic
respiration by microorganisms [29]. The spatial variability in soil respiration is due to the differences in
soil moisture, bulk density, root biomass, and soil organic matter [30]. The results of the present study
indicated that the differences in soil CO2 emission rates among the plantations were caused mainly by
the C:N ratio of the fine roots (Table 5). The soil CO2 emission rates of the near natural P. massoniana
and C. lanceolata plantations were significantly higher than those of the control plantations (Table 3).
Near natural management alters the composition of tree species, thus influencing the composition and
quality of roots and litter, which in turn leads to the differences in CO2 emission rates between the
near natural and control forests. This is consistent with the results of previous comparative studies
on soil CO2 flux in coniferous pure forests and coniferous and broad-leaved mixed forests [25,31].
The C:N ratio of fine roots plays an important role in regulating microbial activity as an indicator of
underground substrate quality, which affects the decomposition of fine roots [32]. The near natural
management reduced the C:N ratios of fine root in P. massoniana and C. lanceolata plantations (Table 4).
Therefore, the decomposition rates of fine roots in the near natural plantations can be higher than
control, leading to higher soil CO2 emission rates. These results indicate that the higher CO2 emission
rates observed in the near natural forest soil can be attributed mainly to the lower C:N ratio and
higher decomposition rate. Some studies have also suggested that differences in fine root biomass or
the composition and quality of leaf litter due to land use may affect soil respiration [33,34], or that
different tree species affect soil respiration through associated differences in leaf litter quantity, chemical
properties, and soil environmental conditions [18,21]. However, we found that fine root biomass,
litterfall quantity, C:N ratio of leaf litter, and soil environmental conditions were the non-significant
variables in our regression model. This indicates that they are not key factors influencing the soil CO2

emission rate in our study area.

4.2. N2O Flux and Main Influencing Factors

The average soil N2O emission rate in our study was 4.3 μg N m−2 h−1, which is similar to some
other forests [31,35]. However, this is lower than that in tropical rainforests, forests in the northern
hemisphere, and those seriously affected by nitrogen deposition [2,36]. This may be attributed to

94



Forests 2018, 9, 229

different soil properties. We found no seasonal changes in the N2O emission rates in the plantations
(Figure 2), while soil N2O emission rates in the near natural P. massoniana and C. lanceolata plantations
were higher than those of control (Table 3). This is in line with previous studies [18,37], and essentially
consistent with a study on soil N2O flux in mixed forests of C. hystrix and P. massoniana and pure
forests of P. massoniana in the same study site [25]. The soil N2O emission rate also differs significantly
among vegetation types across Japan [38]. Our present result confirms that tree species composition
has significant effects on the soil N2O emission rate in coniferous plantations.

Soil N2O emission rates are affected primarily by soil pH [39], soil moisture [40,41], soil carbon
and nitrogen pools [41,42], and the C:N ratio of leaf litter [43]. Our present results show that the C:N
ratio of leaf litter and soil available N content had the strongest effect on soil N2O emission rates in
the four plantations (Table 5). The N2O emission rate decreased with increased leaf litter C:N ratio
but increased with increased soil available N content. Near natural management enhanced the soil
available N content and reduced the C:N ratio of leaf litter (Table 4), thus increasing the soil N2O
emission rates. The increased soil available N content could be largely explained by the introduction
of E. fordii, which is an N-fixing species. These results were in line with a previous study indicating
that the C:N ratio of leaf litter significantly affects the soil nitrification process and nitrogen-containing
greenhouse gas flux [43]. The differences in soil N2O emission rates between near natural and control
plantations were therefore due mainly to differences in the C:N ratio of leaf litter and soil available
N content. Similarly, the relatively low soil N2O emissions in the present study compared to other
studies may be attributed to low soil N content at the study site.

4.3. CH4 Flux and Main Influencing Factors

The soil CH4 flux in the study plantations varied from −22.4 to −34.9, which indicates that the
soils are sinks for atmospheric CH4. This is consistent with previous studies [5,41]. According to the
present study, the tree species affects the CH4 uptake rate (Table 3). The soil CH4 uptake rate can be
higher in broad-leaved forests than in coniferous forests [17,18,20]. However, so far little is known
about the soil CH4 flux in coniferous and broad-leaved mixed forests, particularly in near natural
plantations. In this study, the soil CH4 uptake rate was lower in the near natural plantations than in
the control forests (Table 3). This indicates that near natural management reduces the soil CH4 uptake
rate in P. massoniana and C. lanceolata plantations.

The exchange of CH4 between the soil and atmosphere is determined by the CH4 production
and consumption processes in the soil. The soil CH4 production requires a suboxic environment for
methanogenic bacteria, whereas CH4 consumption requires aerobic conditions. Thus, soil aeration
and oxygen content are important factors that regulate CH4 production and consumption [41].
Soil temperature, moisture, pH, substrate availability, and aeration affect the activity and quantity
of methanogenic bacteria [44,45], and thus regulate the soil CH4 flux. However, the near natural
management did not affect soil porosity and moisture (Table 4). These were thus not the reason for the
differences in CH4 uptake rates between the forests. Instead, the C:N ratio of the litter can explain the
differences in soil CH4 flux (Table 5). Near natural management significantly reduced the C:N ratio of
leaf litter (Table 4), which consumes more oxygen during soil respiration. The hypoxic condition then
leads to a production of soil CH4 that is further released into the atmosphere [44]. Therefore, the net
CH4 absorption in soil decreases at a high rate of soil microbial respiration.

5. Conclusions

Near natural management increased the average soil CO2 and N2O emission rates in P. massoniana
and C. lanceolata plantations and reduced the average soil CH4 absorption rates. The differences
in the CO2 emission rate among plantations can be attributed mainly to the C:N ratio of fine roots,
whereas the differences in the N2O emission rate can be attributed to soil available N content and the
C:N ratio of leaf litter. The variation in the CH4 uptake rate can be attributed only to the C:N ratio
of leaf litter. The results of the present study show that near natural management of P. massoniana
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and C. lanceolata plantations may increase the emission of greenhouse gases in subtropical China.
Therefore, plantation enrichment strategies should take into account potential impacts on greenhouse
gas flux. Other research is needed to evaluate the effects of near natural forest management on global
climate change.

Author Contributions: A.M. analyzed data and drafted the manuscript. Y.Y. revised the manuscript and
participated in collecting the experiment data. S.L. conceived and designed the work. H.W. was involved
in planning the study and designing the work. Y.L., D.C., and H.J. contributed to technical advice and refined
the ideas of this paper. The remaining authors contributed to carrying out additional analyses and finalizing
the paper.

Acknowledgments: We are grateful to Ji Zeng, Zhang Zhao, Zhaoying Li, Lili Li, Wenlian Zhou, Yuan He,
Zhongguo Li, Hai Chen and Yanling Huang of Chinese Academy of Forestry’s Experimental Center of Tropical
Forestry for their assistance in field sampling and data collection. We also gratefully acknowledge the support
from the Agriculture College, Guangxi University. This study was funded by the fundamental research funds of
CAF (CAFYBB2014QA033), Guangxi forestry science and technology projects (Document of Guangxi forestry
department [2016] No.37), Guangxi Natural Science Foundation (2014GXNSFBA118100), International cooperation
projects (2015DFA31440) and China’s National Natural Science Foundation (31470627).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. IPCC. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II, and III to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change; IPCC: Geneva, Switzerland, 2014.

2. Tang, X.; Liu, S.; Zhou, G.; Zhang, D.; Zhou, C. Soil-atmospheric exchange of CO2, CH4, and N2O in three
subtropical forest ecosystems in southern China. Glob. Chang. Biol. 2006, 12, 546–560. [CrossRef]

3. Lal, R. Forest soils and carbon sequestration. For. Ecol. Manag. 2005, 220, 242–258. [CrossRef]
4. Butterbach-Bahl, K.; Gasche, R.; Breuer, L.; Papen, H. Fluxes of NO and N2O from temperate forest soils:

Impact of forest type, N deposition and of liming on the NO and N2O emissions. Nutr. Cycl. Agroecosyst.
1997, 48, 79–90. [CrossRef]

5. Pitz, S.; Megonigal, J.P. Temperate forest methane sink diminished by tree emissions. New Phytol. 2017, 214,
1432–1439. [CrossRef] [PubMed]

6. Mer, J.L.; Roger, P. Production, oxidation, emission and consumption of methane by soils: A review.
Eur. J. Soil Biol. 2001, 37, 25–50. [CrossRef]

7. Bodelier, P.L.E.; Laanbroek, H.J. Nitrogen as a regulatory factor of methane oxidation in soils and sediments.
FEMS Microbiol. Ecol. 2004, 47, 265–277. [CrossRef]

8. Solomon, S.; Qin, D.; Manning, M.; Chen, Z. Changes in atmospheric constituents and in radiative forcing.
In Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2007.

9. Butterbach-Bahl, K.; Gasche, R.; Willibald, G.; Papen, H. Exchange of N-gases at the Höglwald Forest—
A summary. Plant Soil 2002, 240, 117–123. [CrossRef]

10. Guo, L.B.; Gifford, R.M. Soil carbon stocks and land use change: A meta analysis. Glob. Chang. Biol. 2002, 8,
345–360. [CrossRef]

11. Wu, C.; Wei, X.; Mo, Q.; Li, Q.; Li, X.; Shu, C.; Liu, L.; Liu, Y. Effects of stand origin and near-natural
restoration on the stock and structural composition of fallen trees in mid-subtropical forests. Forests 2015, 6,
4439–4450. [CrossRef]

12. Emborg, J.; Christensen, M.; Heilmannclausen, J. The structural dynamics of Suserup Skov, a near-natural
temperate deciduous forest in Denmark. For. Ecol. Manag. 2000, 126, 173–189. [CrossRef]

13. Wang, G.; Liu, F. The influence of gap creation on the regeneration of Pinus tabuliformis planted forest and
its role in the near-natural cultivation strategy for planted forest management. For. Ecol. Manag. 2011, 262,
413–423. [CrossRef]

14. Jonard, M.; André, F.; Jonard, F.; Mouton, N.; Procès, P.; Ponette, Q. Soil carbon dioxide efflux in pure and
mixed stands of oak and beech. Ann. For. Sci. 2007, 64, 141–150. [CrossRef]

15. Ullah, S.; Frasier, R.; King, L.; Picotteanderson, N.; Moore, T. Potential fluxes of N2O and CH4 from soils of
three forest types in Eastern Canada. Soil Biol. Biochem. 2008, 40, 986–994. [CrossRef]

96



Forests 2018, 9, 229

16. Amanda, M.; Dan, P.; Angela, B.H. Methane and nitrous oxide emissions from mature forest stands in the
boreal forest, Saskatchewan, Canada. For. Ecol. Manag. 2009, 258, 1073–1083.

17. Menyailo, O.V.; Hungate, B.A. Interactive effects of tree species and soil moisture on methane consumption.
Soil Biol. Biochem. 2003, 35, 625–628. [CrossRef]

18. Borken, W.; Beese, F. Methane and nitrous oxide fluxes of soils in pure and mixed stands of European beech
and Norway spruce. Eur. J. Soil Sci. 2006, 57, 617–625. [CrossRef]

19. Shi, Z.; Li, Y.; Wang, S.; Wang, G.; Ruan, H.; He, R.; Tang, Y.; Zhang, Z. Accelerated soil CO2 efflux after
conversion from secondary oak forest to pine plantation in southeastern China. Ecol. Res. 2009, 24, 1257–1265.
[CrossRef]

20. Barrena, I.; Menéndez, S.; Duñabeitia, M.; Merino, P.; Florian Stange, C.; Spott, O.; González-Murua, C.;
Estavillo, J.M. Greenhouse gas fluxes (CO2, N2O and CH4) from forest soils in the Basque Country:
Comparison of different tree species and growth stages. For. Ecol. Manag. 2013, 310, 600–611. [CrossRef]

21. Bréchet, L.; Ponton, S.; Roy, J.; Freycon, V.; Coûteaux, M.; Bonal, D.; Epron, D. Do tree species characteristics
influence soil respiration in tropical forests? A test based on 16 tree species planted in monospecific plots.
Plant Soil 2009, 319, 235–246. [CrossRef]

22. Leitner, S.; Sae-Tun, O.; Kranzinger, L.; Zechmeister-Boltenstern, S.; Zimmermann, M. Contribution of litter
layer to soil greenhouse gas emissions in a temperate beech forest. Plant Soil 2016, 403, 455–469. [CrossRef]

23. Yamulki, S.; Morison, J.I.L. Annual greenhouse gas fluxes from a temperate deciduous oak forest floor.
Forestry 2017, 90, 541–552. [CrossRef]

24. Daniel, L.; Whendeel, S.; Matteo, D. Temporal dynamics in soil oxygen and greenhouse gases in two humid
tropical forests. Ecosystems 2011, 14, 171–182.

25. Wang, H.; Liu, S.; Wang, J.; Shi, Z.; Lu, L.; Zeng, J.; Ming, A.; Tang, J.; Yu, H. Effects of tree species mixture on
soil organic carbon stocks and greenhouse gas fluxes in subtropical plantations in China. For. Ecol. Manag.
2013, 300, 4–13. [CrossRef]

26. Janssens, I.A.; Sampson, D.A.; Curielyuste, J.; Carrara, A.; Ceulemans, R. The carbon cost of fine root turnover
in a Scots pine forest. For. Ecol. Manag. 2002, 168, 231–240. [CrossRef]

27. Shen, J.; Li, R.; Zhang, F.; Fan, J.; Tang, C.; Rengel, Z. Crop yields, soil fertility and phosphorus fractions in
response to long-term fertilization under the rice monoculture system on a calcareous soil. Field Crop Res.
2004, 86, 225–238. [CrossRef]

28. Huang, X.; Liu, S.; Wang, H.; Hu, Z.; Li, Z.; You, Y. Changes of soil microbial biomass carbon and
community composition through mixing nitrogen-fixing species with Eucalyptus urophylla in subtropical
China. Soil Biol. Biochem. 2014, 73, 42–48. [CrossRef]

29. Janssens, I.A.; Lankreijer, H.; Matteucci, G.; Kowalski, A.S.; Buchmann, N.; Epron, D.; Pilegaard, K.;
Kutsch, W.; Longdoz, B.; Grünwald, T. Productivity overshadows temperature in determining soil and
ecosystem respiration across European forests. Glob. Chang. Biol. 2001, 7, 269–278. [CrossRef]

30. Epron, D.; Bosc, A.; Bonal, D.; Freycon, V. Spatial variation of soil respiration across a topographic gradient
in a tropical rain forest in French Guiana. J. Trop. Ecol. 2006, 22, 565–574. [CrossRef]

31. Livesley, S.J.; Kiese, R.; Miehle, P.; Weston, C.J.; Butterbachbahl, K.; Arndt, S.K. Soil-atmosphere exchange
of greenhouse gases in a Eucalyptus marginata woodland, a clover-grass pasture, and Pinus radiata and
Eucalyptus globulus plantations. Glob. Chang. Biol. 2009, 15, 425–440. [CrossRef]

32. Xu, X.; Hirata, E. Decomposition patterns of leaf litter of seven common canopy species in a subtropical
forest: N and P dynamics. Plant Soil 2005, 273, 279–289. [CrossRef]

33. Zhang, Y.; Guo, S.; Liu, Q.; Jiang, J.; Wang, R.; Li, N. Responses of soil respiration to land use conversions in
degraded ecosystem of the semi-arid Loess Plateau. Ecol. Eng. 2015, 74, 196–205. [CrossRef]

34. Hu, X.; Liu, L.; Zhu, B.; Du, E.; Hu, X.; Li, P.; Zhou, Z.; Ji, C.; Zhu, J.; Shen, H. Asynchronous responses of
soil carbon dioxide, nitrous oxide emissions and net nitrogen mineralization to enhanced fine root input.
Soil Biol. Biochem. 2016, 92, 67–78. [CrossRef]

35. Rosenkranz, P.; Brüggemann, N. Soil N and C trace gas fluxes and microbial soil N turnover in a sessile oak
(Quercus petraea (Matt.) Liebl.) forest in Hungary. Plant Soil 2006, 286, 301–322. [CrossRef]

36. Gundersen, P.; Christiansen, J.R.; Alberti, G.; Brüggemann, N.; Castaldi, S.; Gasche, R.; Kitzler, B.;
Klemedtsson, L.; Lobo-do-Vale, R.; Moldan, F.; et al. The response of methane and nitrous oxide fluxes to
forest change in Europe. Biogeosciences 2012, 9, 3999–4012. [CrossRef]

97



Forests 2018, 9, 229

37. Pilegaard, K.; Skiba, U.; Ambus, P.; Beier, C.; Brüggemann, N.; Butterbachbahl, K.; Dick, J.; Dorsey, J.;
Duyzer, J.; Gallagher, M. Factors controlling regional differences in forest soil emission of nitrogen oxides
(NO and N2O). Biogeosciences 2006, 3, 651–661. [CrossRef]

38. Morishita, T.; Sakata, T.; Takahashi, M.; Ishizuka, S.; Mizoguchi, T.; Inagaki, Y.; Terazawa, K.; Sawata, S.;
Igarashi, M.; Yasuda, H.; et al. Methane uptake and nitrous oxide emission in Japanese forest soils and their
relationship to soil and vegetation types. Soil Sci. Plant Nutr. 2007, 53, 678–691. [CrossRef]

39. Weslien, P.; Klemedtsson, A.Å.K.; Börjesson, A.G.; Klemedtsson, L. Strong pH influence on N2O and CH4

fluxes from forested organic soils. Eur. J. Soil Sci. 2009, 60, 311–320. [CrossRef]
40. Rowlings, D.W.; Grace, P.R.; Kiese, R.; Weier, K.L. Environmental factors controlling temporal and spatial

variability in the soil-atmosphere exchange of CO2, CH4 and N2O from an Australian subtropical rainforest.
Glob. Chang. Biol. 2012, 18, 726–738. [CrossRef]

41. Gütlein, A.; Gerschlauer, F.; Kikoti, I.; Kiese, R. Impacts of climate and land use on N2O and CH4 fluxes
from tropical ecosystems in the Mt. Kilimanjaro region, Tanzania. Glob. Chang. Biol. 2018, 24, 1239–1255.
[CrossRef] [PubMed]

42. Wen, Y.; Corre, M.D.; Schrell, W.; Veldkamp, E. Gross N2O emission and gross N2O uptake in soils under
temperate spruce and beech forests. Soil Biol. Biochem. 2017, 112, 228–236. [CrossRef]

43. Werner, C.; Kiese, R.; Butterbach-Bahl, K. Soil-atmosphere exchange of N2O, CH4, and CO2 and controlling
environmental factors for tropical rain forest sites in western Kenya. J. Geophys. Res. 2007, 112, D3308.
[CrossRef]

44. Verchot, L.V.; Davidson, E.A.; Cattânio, J.H.; Ackerman, I.L. Land-use change and biogeochemical controls
of methane fluxes in soils of eastern Amazonia. Ecosystems 2000, 3, 41–56. [CrossRef]

45. Bárcena, T.G.; D’Imperio, L.; Gundersen, P.; Vesterdal, L.; Priemé, A.; Christiansen, J.R. Conversion of
cropland to forest increases soil CH4 oxidation and abundance of CH4 oxidizing bacteria with stand age.
Appl. Soil Ecol. 2014, 79, 49–58. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

98



Article

Seasonal Effects on Microbial Community Structure
and Nitrogen Dynamics in Temperate Forest Soil

Tomohiro Yokobe 1,*, Fujio Hyodo 2 and Naoko Tokuchi 3

1 Graduate School of Agriculture, Kyoto University, Oiwake-cho, Kitashirakawa, Sakyo-ku,
Kyoto 6068502, Japan

2 Research Core for Interdisciplinary Sciences, Okayama University, 3-1-1 Tsushimanaka, Okayama 7008530,
Japan; fhyodo@cc.okayama-u.ac.jp

3 Field Science Education and Research Center, Kyoto University, Oiwake-cho, Kitashirakawa, Sakyo-ku,
Kyoto 6068502, Japan; tokuchi@kais.kyoto-u.ac.jp

* Correspondence: yokobe.tomohiro.65w@kyoto-u.jp; Tel.: +81-75-753-6428

Received: 25 January 2018; Accepted: 13 March 2018; Published: 19 March 2018

Abstract: The soil microbial community and nitrogen (N) dynamics change seasonally due to
several factors. The microbial community structure (MCS) can regulate N dynamics. However,
there is insufficient information on seasonal changes in MCS and the relationship between MCS
and N dynamics. We investigated MCS and N dynamics in forest soils with two different
fertilities throughout a year. MCS, measured with phospholipid fatty acid (PLFA) analysis,
showed a consistent seasonal trend, regardless of the fertility. Microbial indices (particularly
the Saturated-/monounsaturated-PLFA ratio; Sat/mono) indicated a major PLFA shift among
seasons, with temperature likely the most important factor. The fungal-/bacterial-PLFA ratio in the
dormant season (December–April) was approximately 1.3 times greater than in the growing season
(June–November). The trend in N dynamics showed that in summer (June–August), the gross N
mineralization potential was greater than immobilization, whereas in winter (December–April),
immobilization was dominant. The net mineralization potential in the growing season was
approximately 1.6 times higher than in the dormant season. Moreover, a relationship was found
between Sat/mono and N transformation potentials. We highlight the microbial sensitivity to seasonal
dynamics which can be associated with temperature, as well as carbon and N dynamics.

Keywords: temperature; soil microbial communities; PLFA; seasons; nitrogen dynamics; gross
nitrogen transformations

1. Introduction

Soil microorganisms play a critical role in the nitrogen (N) dynamics of forest ecosystems, where N
often limits primary production [1]. Microbial community structure (MCS) is associated with numerous
ecosystem functions [2,3]. For example, fungal versus bacterial dominance can be determined through
the C:N stoichiometry of biomass, as fungi are often reported to have a higher C:N ratio than bacteria [4],
leading to differences in N usage efficiency during the decomposition of plant litter [5,6]. Also, various
extracellular enzyme activities (e.g., labile or recalcitrant C degradation and N release) derived from
the MCS can cause differences in the C and N mineralization rates [3,7].

One essential factor affecting MCS is seasonality. For instance, in soils at oak forest and grassland
sites in a Mediterranean ecosystem, similar seasonal patterns were observed in soil MCS phospholipid
fatty acid (PLFA) levels despite different MCS between two soils [8]. Moreover, in an altitudinal soil
transplantation experiment using subalpine grassland soil, a clear shift in the soil MCS was observed
between winter and summer, whereas transplanting soils to different altitudes did not affect MCS [9].
Such temporal changes in MCS are derived from a number of factors [10], such as soil moisture [11], tree
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species (e.g., spatial and temporal substrate inputs, such as leaf and root litter and root exudate [12]),
and temperature [13,14].

Among seasonal N dynamics, the pools of water-extractable N species (dissolved organic N,
ammonium, and nitrate) and the net ammonification and nitrification rates were higher during summer
than during autumn or winter in a northern hardwood forest soil [15] and a temperate beech forest
soil [16]. Microorganisms are the driver of these seasonal patterns. Thus, to understand the association
between microorganisms and N dynamics, both of these factors must be observed in all seasons. In
previous studies, seasonal associations between MCS (e.g., fungi and bacteria) and N dynamics were
found in alpine ecosystems [17,18] and temperate forests [16,19]. For instance, Kaiser et al. [16] found
that the summer was dominated by microbial N mineralization, measured as a high ammonification
rate, whereas winter was the immobilization period, measured as a high N immobilization rate and a
large amount of microbial N, likely due to fungal N immobilization in winter. These seasonal patterns
are important for N retention in the ecosystem [16], particularly in alpine systems [17]. However,
due to the scarcity of studies to date, it is important to confirm the seasonal patterns and associations
between microorganisms and N dynamics in various ecosystems.

The aims of our study were to investigate (1) seasonal changes in MCS and N dynamics and
(2) the relationships between MCS and N dynamics in a temperate natural forest soil and a nearby
plantation forest soil (50-year-old stand). These forests can be represented as N-rich and N-poor
systems, respectively, and the importance of N for microbes may differ between them. In N-poor
systems, fungi are frequently found to be dominant over bacteria, and a low abundance of available
N (e.g., ammonium and nitrate) is often observed [20]. In such a system, the dominant fungi, which
have lower biomass turnover rates than bacteria [21], may maintain N in their biomass throughout the
year, so no seasonal patterns are apparent. We examined seasonal variation in basic soil properties
over the course of a year, including the N pool, microbial biomass, the MCS, and N transformation
potentials (net and gross) at two depths, namely the organic layer (O-layer) and the top mineral soil
layer (S-layer).

2. Materials and Methods

2.1. Study Sites and Seasonal Soil Sampling

Soil samples were collected in the Tanakami Mountains from a natural forest (NF, N 34◦55′,
E 135◦58′, 510 m a.s.l., 0.10 ha) and a restored forest (RF, N 34◦57′, E 135◦59′, 250 m a.s.l., 0.68 ha)
located in Shiga Prefecture, central Japan (Table 1). This area has a warm temperate climate influenced
by the Asiatic monsoon. The mean annual temperature and precipitation were 14.9 ◦C and 1542 mm,
respectively, at the Otsu observation point of the Japan Meteorological Agency (1981–2010, N 34◦59′,
E 135◦54′, 86 m a.s.l., Figure S1), which is near the two sampling sites (middle slope). We expected
that seasonal meteorological phenomena would be similar to each other because the locations were
5 km apart.

Land use history, vegetation, and properties of the organic layer and soil are provided in Table 1.
The RF area was deforested approximately 1300 years ago due excessive timber harvest, and it remained
denuded for a long period. Since the last century, hillside restoration and afforestation projects have
been undertaken. In RF, vegetation cover is complete, but the soil nutrient content remains poor [22].
The bedrock is composed of granite at both sites. As both areas are located on steep slopes (20–30◦),
the soil depths are shallow relative to nearby flat areas. The two soil types differed, i.e., the soil in
NF was a Cambisol, whereas the soil in RF was a Regosol due to soil erosion (removal of the A and B
horizons) that occurred until recently.

A 20 × 20 m experimental plot was set up at each site. In each plot, five subplots (1.5 × 1.5 m)
were established: one subplot was at the intersection of the plot diagonals, and four subplots were
at 10 m intervals from the intersection of the diagonals. Seasonal sampling was conducted at each
subplot six times a year. The organic layer (Oe+a: O-layer) and top mineral soil layer (0–10 cm: S-layer)
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were collected in each subplot. O- and S-layer samples were sieved through a 2- and 4-mm mesh,
respectively, and visible roots were removed by hand. The samples were stored at 4 ◦C, except those
for MCS analysis (−20 ◦C), until further processing.

Table 1. Land use history, vegetation, organic layer, and soil properties of the study sites. Organic layer
amount and bulk density are represented as mean values (n = 5) ± SE. Total C and N, and C/N are
represented as mean values (n = 30) ± SE. Letters indicate significant differences between the two sites
(Tukey’s HSD test, p < 0.05).

Natural Forest (NF) Restored Forest (RF)

Land use history Natural Soil erosion over a long period and
subsequent reforestation (ca. 100 years ago)

Vegetation

A mature natural forest
dominated mainly by Japanese
cypress (Chamaecyparis obtusa
(Siebold & Zucc.) Endl.) and oaks

A semi-mature forest dominated mainly by
Japanese cypress (Chamaecyparis obtusa
(Siebold & Zucc.) Endl.) and oaks

Organic layer amount
>4 mm (Mg ha-1) 3.69 ± 0.33 2.39 ± 0.48
<4 mm (Mg ha-1) 11.64 ± 4.81 29.50 ± 2.46
C/N (Organic layer)
<4 mm 23.8 ± 0.3A 28.3 ± 0.5B

Soil type 1 Cambisols Regosols
Bulk density 2 (0–10 cm)
>2 mm (g cm-3) 0.26 ± 0.02 0.26 ± 0.04
<2 mm (g cm-3) 0.61 ± 0.04 0.77 ± 0.04
Total C 3 (g C kg-1) 53.4 ± 3.2A 17.0 ± 1.3B
Total N 3 (g N kg-1) 2.87 ± 0.17A 0.96 ± 0.06B
C/N 3 18.5 ± 0.2 17.6 ± 0.4

1 Soil classification by IUSS Working Group WRB [23]. 2 Bulk density was separated into two fractions; the coarse
(>2 mm) and fine (<2 mm). 3 Soil layer (0–10 cm; <2 mm).

2.2. Soil Chemical Characteristics

Water content (WC) was determined gravimetrically as water loss. Total C (TC) and N (TN)
were measured with an NC analyzer (Sumigraph NC-22A, Sumika Chemical Analysis Service, Ltd.,
Osaka, Japan) after drying and grinding. Soil pH was measured in water (fresh sample: water, 1:2.5
(w/v)). The N pool and water-extractable organic carbon (WEOC) were extracted with 2 M KCl (fresh
soil layer: solution, 1:10 (w/v) or fresh O-layer: solution, 3:50 (w/v)). The extracts were frozen at
−20 ◦C until further analysis. Water-extractable total N (WETN) and WEOC were measured using
a TOC/TN analyzer (TOC-L CPH/CPN, Shimadzu, Kyoto, Japan). Ammonium-N (NH4

+-N) and
nitrate-N (NO3

−-N) were also determined using a colorimetric method with a flow injection analyzer
(AutoAnalyzer, BL-Tech, Tokyo, Japan). Water-extractable organic N (WEON) was calculated as the
difference between WETN and inorganic N (NH4

+-N + NO3
−-N).

2.3. Microbial Biomass (MB)

MB-C and -N were measured through a fumigation–extraction procedure [24]. Briefly, subsamples
were fumigated with chloroform for 24 h at 25 ◦C, and then extracted in 0.5 M K2SO4 (sample: solution,
1:5 (w/v)) along with non-fumigated subsamples. WEOC and WETN of the extracts were measured
with a TOC/TN analyzer. MB-C and -N were estimated as the difference in C or N content of
extracts from fumigated and non-fumigated subsamples. An extraction coefficient of 0.45 was used for
calculating MB-C [25] and N [26].

2.4. Microbial Community Structure (MCS)

In order to assess MCS, the phospholipid fatty acid (PLFA) content of soils was measured [27,28].
Lipids were extracted from freeze-dried samples with an extraction solvent (chloroform: methanol:

101



Forests 2018, 9, 153

0.15 M citric acid buffer, 1:2:0.8, v/v/v) and separated into neutral lipids, glycolipids, and
phospholipids on a silica acid column. Subsequently, the phospholipids were subjected to mild
alkaline methanolysis. Methyl nonadecanoate (19:0) was added as an internal standard. The samples
were analyzed using a gas chromatograph equipped with a flame ionization detector (GC-2014,
Shimadzu, Kyoto, Japan). Each sample was injected onto a column (DB-5, 30-m length, 0.25-mm i.d.,
film thickness 0.25 mm; Agilent J & W Scientific, Santa Clara, CA, USA). Peaks were identified by a
comparison of retention times with commercial standards (BAMEs, Supelco Bacterial Acid Methyl
Esters CP Mix #47080-U, Sigma–Aldrich, Bellefonte, PA, USA). The abundance of individual PLFA
markers was determined by comparison to internal standard peak areas in μmol PLFA kg−1. Fatty
acid nomenclature was determined following Frostegård et al. [27]. The sum of BAME markers
excluding 19:0 was calculated as the abundance of total PLFA. The abundance of each PLFA marker
was also determined as mol % relative to the total PLFA abundance. To characterize MCS, we used
specific microbial indices closely associated with N dynamics, substrate quality, and temperature
(Table 2). The ratios of saturated to monounsaturated PLFAs (Sat/mono) and cyclopropyl to precursors
(Cy/pre) were probably associated with the change in MCS and physiological stress or starvation,
which cannot be separated [29,30]. Gram-positive and -negative bacteria are important bacteria groups
for C and N cycling [31], although their PLFA markers do not coincide completely [29,30]. We used
18:2ω6,9 as fungal-PLFA and the sum of i15:0, a15:0, 15:0, i16:0, i17:0, cy17:0, 17:0, 18:1ω7, and cy19:0
as bacterial-PLFA [27,28].

Table 2. Definition of microbial indices.

Indices (Specific Ratios) Phospholipid Fatty Acids
Major Association with Increase in
PLFA Index

Sat/mono [32,33] High N loading
Saturated 14:0 + 15:0 + 16:0 + 17:0 + 18:0 (addition [34,35], deposition [33,36])
Monounsaturated 16:1ω7 + 18:1ω7 + 18:1ω9t + 18:1ω9c Small amount of substrate [32]

High temperature [37]

G+/G– [19,32,33] High N loading (addition [34,38])
Gram-positive bacteria i15:0 + a15:0 + i16:0 + i17:0 Small amount of substrate [32,39]
Gram-negative bacteria 16:1ω7 + cy17:0 High temperature [37,40]

Cy/pre [32,33] High N loading
Cyclopropyl cy17:0 (addition [35], deposition [33])
Precursor 16:1ω7 High temperature [37]

High microbial respiration [41]

F/B [27,28] Low N loading
Fungi 18:2ω6,9 (addition [35,38], deposition [33,36])
Bacteria i15:0 + a15:0 + 15:0 + i16:0 + i17:0 + Large amount of substrate [32,39]

cy17:0 + 17:0 + 18:1ω7 + cy19:0 Low temperature [37,40]

2.5. Gross N Transformation Potential

The gross N transformation potential was estimated using the 15N isotopic dilution method [42].
Briefly, after the addition of 15NH4

+ or 15NO3
− solution, each subsample was incubated for 2 h or

26 h at 25 ◦C, and then NH4
+-N and NO3

−-N were extracted and their concentrations measured
in the solution, as described above. The 15N atom% of NH4

+ and NO3
− were also measured in

the solutions via the denitrifier method [43] using gas chromatography with a mass spectrometer
(GCMS-QP2010 Plus, Shimadzu, Kyoto, Japan) after the conversion of NH4

+ into NO3
− and finally

N2O. The gross N (NH4
+-N and NO3

−-N) production and consumption potentials were calculated
according to Davidson et al. [44] and Kuroiwa et al. [42]. NH4

+-N immobilization was calculated as the
difference between NH4

+-N consumption and NO3
−-N production, and NO3

−-N consumption was
represented as NO3

−-N immobilization. Also, the specific potentials for gross NH4
+-N production

and immobilization [45] were defined per unit of MB-N for estimating microbial N processes.
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2.6. Net N Transformation Potential

The net transformation potential was estimated with a four-week incubation procedure at 25 ◦C.
First, the samples were incubated in plastic bottles sealed with Parafilm. The initial moisture level was
maintained by adding water weekly. After four weeks, the N pool, i.e., NH4

+-N, NO3
−-N, WEON,

and WETN, was analyzed as described above. The net transformation potential was calculated as the
difference in the N content of extract between the initial and incubated samples. Rates were expressed
in units per day, and the specific potential of net (NH4

+-N + NO3
−-N) transformation was defined per

unit of MB-N for an estimation of microbial N processes.

2.7. Statistical Analyses

All variables measured in each seasonal sampling are expressed as the mean (n = 5 subplots)
and standard error (SE). The effect of sampling date on each variable was assessed by a mixed model
using a restricted maximum likelihood (REML) estimate for each site and for each depth. The fixed
factor was sampling date, while subplot was added as a random factor. Subsequently, if a significant
seasonal effect (p < 0.05) was found, pairwise comparisons were further analyzed with Tukey’s honestly
significant differences (HSD) test (p < 0.05). Furthermore, the effects of sampling date, sites, and their
interactions were assessed by a mixed model using an REML estimate. Fixed factors were sampling
date, site, and their interactions, while subplot was added as a random factor. Additionally, the annual
mean (n = 30) and SE at both sites are represented for several variables.

To elucidate the seasonal pattern of MCS, principal component analysis (PCA) was performed
for PLFA markers (relative abundance; mol %). The mean (n = 5) of each PLFA marker during each
season was used. To clarify the seasonal pattern, PLFA markers that were not detected in a season
were removed from PCA. Indices of the PC2 (Figure S4) of each site generally reflected the seasonal
pattern of MCS. Thus, PC2 scores were adopted for the following statistical analyses as a proxy for
seasonal shifts in MCS.

To identify relationships between MCS and variables, Pearson’s correlation analysis was
performed. Meteorological data were obtained from the Automated Meteorological Data Acquisition
System (AMeDAS) [46] Otsu observation station. Temperature, precipitation, and sunshine data used
in this analysis were averaged to mean daily values for the 7, 14, 21, or 28 days before the sampling
date. These meteorological parameters may directly or indirectly affect MCS and N dynamics.

The effects of microbial indices and several other variables on N transformation potential were
analyzed using partial least-square (PLS) regression analysis. PLS regression is used for an estimation
of the regression model between one dependent variable and several explanatory variables. PLS
regression is similar to multivariate analysis, but it can utilize data with correlated explanatory
variables [47,48]. The variable importance of projection (VIP), which indicates the relative importance
of each explanatory variable, and standardized coefficients were calculated for each dependent variable.
VIP values above 1 represent a significant result [47]. For explanatory variables, we used meteorological
phenomena (temperature, precipitation, and sunshine), soil characteristics (WC and pH (H2O)),
substrate availability (WEON and WEOC/WEON), microbial biomass (MB-N, MB-C/N, fungal-PLFA,
and bacteria-PLFA), PC2 scores (shown in Figure S4), and the microbial biomarker indices (Sat/mono,
Cy/pre, G+/G−, and F/B).

All analyses were conducted using XLSTAT 2017 (Addinsoft, Paris, France). The significance level
was set to α = 0.05.

3. Results

3.1. Basic Soil Characteristics

The WC exhibited significant temporal changes, especially in the O-layer (Table S1). Overall, WC
was higher in the cool season than in the warm season. Seasonal changes in pH (H2O) were noted,
especially in the O-layer, but an interaction (site × season) effect was also found.
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The WEOC also exhibited significant temporal changes, especially in the O-layer (Table S1).
Overall, WEOC peaked in February. WEOC/WEON values were higher in the cool than in the warm
season (Figure S3).

3.2. N Pool

Seasonal changes in the N pool were significant, especially changes in NF (Figure S2). NH4
+-N

concentrations in the warm season were greater than those in the cool season. NO3
−-N seasonal

changes were only significant in NF (O-layer), whereas seasonal changes in WEON were only
significant in NF. The inorganic N-to-WEON ratio can be represented as the available N composition
index, which had greater values in the warm season than in the cool season.

The NH4
+-N in both layers was significantly lower in RF than in NF. Similarly, NO3

−-N also
tended to be lower in both layers in RF than in NF. Meanwhile, although WEON in the S-layer was
significantly lower in RF than in NF, WEON in the O-layer was not significantly different between sites.

3.3. Microbial Biomass (MB) and Fungal and Bacterial PLFA

MB-C and -N significantly changed over time only in NF (Figure S3). In the O-layer, MB-C and
-N were higher in February than at other times. MB-C/N significantly changed over time only in RF,
while in a comparison between sites, MB-C/N was higher in the O-layer in RF than in NF.

Bacterial PLFA had significant temporal changes in the S-layer in NF (Figure 1). The seasonal
trend was similar to MB-C (and weakly similar to MB-N) only in the S-layer. Fungal PLFA significantly
changed in the O-layer in RF. Overall, fungal PLFA in the cool season was higher than that in the
warm season.

 

Figure 1. Seasonal changes in fungal and bacterial PLFA, and the F/B ratio of both layers at both
sites. Data represent the mean (n = 5) ± SE. Letters indicate significant differences on a sampling date
(Tukey’s HSD test, p < 0.05).
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3.4. Microbial Community Structure (MCS)

PCAs of the PLFA data at each site showed changes in MCS, not only between depths, but also
among seasons (Figure S4). PC1 explained 58.0% and 49.8% of the total variance in NF and RF soils,
respectively, clearly separating the O-layer and S-layer. Meanwhile, PC2 for NF and RF explained
22.7% and 24.3%, respectively, generally splitting the sampling dates.

In a comparison between NF and RF among seasons, the PCAs at each depth revealed changes in
MCS related to both site and season (Figure 2). PC1 in the O- and S-layer explained 42.4% and 42.3%,
respectively, while PC2 in NF and RF explained 30.9% and 14.8%, respectively. These PCs did not
closely reflect either site or season.

 

Figure 2. Principal component analysis (PCA) of phospholipid fatty acid (PLFA) data at two depths
among seasons (n = 6), including the data from both NF and RF (a,c) and loading scores for individual
PLFAs (b,d).

The loading scores of some PLFAs for all PCAs (PC1 and 2) were mostly or partly characterized
by seasonal shifts (Figure 2 and Figure S4). To identify which PLFAs were associated with seasonal
changes, we assessed seasonal changes in microbial indices (Figure 1 and Figure S5). There were
significant temporal changes in all microbial indices. G+/G−, Sat/mono, and Cy/pre were greater in
June, July, and August than in December, February, and April. Additionally, the three microbial indices
were generally significantly correlated with PC2, as shown in Figure S4, and were also correlated
with temperature, especially in the O-layer (Table S2 and Figure 3). In contrast, F/B values were
greater in February than in June or July (Figure 1). Comparing NF and RF, Sat/mono was significantly
greater at both depths in RF than in NF, but there were no significant differences in the other indices
between sites.
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Figure 3. Relationship between the microbial index Sat/mono and temperature (28 day) at each depth,
each site, and each season. The data are represented as mean (n = 5) ± SE.

3.5. N Transformation Potential

3.5.1. Gross N Transformation Potential

Seasonal changes in gross NH4
+-N production and immobilization potential (25 ◦C) were

observed in the O-layer in NF (Figure 4), with the highest values in August. Meanwhile, seasonal
changes in the S-layer were less apparent at both sites. As a mean of six measuring seasons, N
production potential was approximately equal to immobilization potential, but production potential
tended to be greater in the warm than in the cool season.

Figure 4. Seasonal changes in gross NH4
+- and NO3

−-N production potential and gross NH4
+- and

NO3
−-N immobilization potential in both layers at both sites. Data are shown as mean (n = 5) ± SE.

Letters indicate significant differences on a sampling date (Tukey’s HSD test, p < 0.05).
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Seasonal changes in gross NO3
−-N production potential were observed in the O-layer in NF.

Production potential was higher in April than in other seasons, whereas the immobilization potential
was highest in April and June (or July). Immobilization potential tended to be much higher than
production potential.

Gross NH4
+-N production and immobilization potential at both depths exhibited no significant

differences between sites. Gross NO3
−-N immobilization potential at both depths also did not differ

significantly between sites, whereas gross NO3
−-N production potential in the S-layer was significantly

lower in RF than in NF.

3.5.2. Net N Transformation Potential

Seasonal changes in net N transformation potential (25 ◦C) were clear in the S-layer, but not in the
O-layer (Figure 5). Overall, the potential for inorganic N transformation was greater in the warm than
in the cool season.

Figure 5. Seasonal changes in net NH4
+-N, NO3

−-N and water-extractable organic nitrogen (WEON)
transformation potential in both layers at both sites. Data are presented as mean (n = 5) ± SE. Letters
indicate significant differences on a sampling date (Tukey’s HSD test, p < 0.05).

The net NH4
+-N transformation potential in the O-layer did not differ significantly between sites,

whereas that in the S-layer was significantly lower in RF than in NF. The net NO3
−-N transformation

potential in the O-layer was significantly lower in RF than in NF, whereas that in the S-layer did not
show a significant difference between sites. The net WEON transformation potential in both layers
was significantly greater in RF than in NF.

3.6. Relationship between N Dynamics and Multi-Variables

In analyzing the seasonal changes in inorganic N, the most important variables from the PLS
regression model were temperature, soil environment, substrate availability, and MCS (Table S3). For
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seasonal changes in gross NH4
+-N production potential, the major variables from the PLS regression

model were temperature, WEON, MB-N bacterial-PLFA, and MCS (Table S4). For the seasonal changes
in gross NH4

+-N immobilization potential, the primary variables from the PLS regression model were
WC, substrate availability, and MB-N (Table S5). For seasonal changes in net inorganic N production
potential, the major variables from the PLS regression model were temperature, bacterial-PLFA, and
MCS (Table S6). In particular, seasonal changes in the specific gross NH4

+-N and net inorganic N
production potential were strongly correlated with Sat/mono (Figure S6).

4. Discussion

4.1. Seasonal Changes in Microbial Community Structure (MCS)

In this study, differences in MCS, as represented by PCAs, were identified between soil depths
(Figure S4) and between sites (Figure 2). The difference in the microbial index Sat/mono between sites
agreed with McKinley et al. [49] and Bach et al. [50] across ecosystems of differing restoration histories,
indicating a relationship between MCS and the amount of organic matter accumulation (total C and N)
or nutrient status, e.g., C/N (Table 1; McKinley et al. [49]). Moreover, the difference in F/B between
soil depths coincided with the findings of Joergensen and Wichern [51], largely reflecting C/N.

Many field studies have illustrated seasonal shifts in MCS through PLFA patterns [9,52], bacterial
communities [53], and fungal communities [54]. The essential factor driving this shift is likely plant
C inputs, i.e., leaf and root litter and root exudate [7,12]. First, fresh leaf litter is available mainly in
autumn, when it likely changes MCS, e.g., bacterial [55] and fungal communities [54]. In addition,
root litter may affect MCS; root exudate is present mainly in summer, when it is essential for specific
microbes, such as mycorrhizal fungi [56–59]. Although the relative importance of litter and root
exudate for microorganisms is unclear, it is clear that plant C inputs can alter MCS [55,60]. In this
study, trends toward lower G+/G− and Sat/mono in winter were identified (Figure S5), and the
higher WEOC/WEON in winter seemed to be associated with the large amount of plant litter input
in autumn. The responses of the MCS agree with previous studies based on substrate-amended
experiments [32,39]. The seasonal C input probably affected MCS at both sites.

Another pivotal driver is likely temperature [61–63]. Our data showed a correlation between MCS
and temperature among seasons. These correlations were found regardless of the N fertility. Specifically,
the PLFA indices G+/G−, Sat/mono, and Cy/pre were correlated with temperature, consistent with
previous microcosm experiments [37]. Dominant G+ compared with G− at high temperatures may
be associated with G+ use of relatively recalcitrant soil organic matter (SOM), while dormant G−
are found at low temperatures and use labile SOM [31,62,64]. Associations between temperature and
Sat/mono have been frequently reported from in vitro [65,66] and microcosm experiments [37], but the
association between temperature and Sat/mono has been reported less often in field studies. The shift
in Sat/mono is generally considered to maintain microbial membrane fluidity against temperature
change [29]. These findings show the importance of temperature for natural microbial communities.

4.2. Seasonal Changes in N Dynamics

Despite the differing N fertility among sites, represented in the variation between WEOC/WEON
and MB-C/N (Figure S3), similar seasonal N dynamics were observed. Overall, the gross N
mineralization potential tended to be higher than immobilization potential in June–August, while in
December–April, immobilization potential was dominant, in agreement with previous studies [16,67].
The net WEON transformation potential tended to be negatively correlated with the net inorganic
N transformation potential, especially in NF, suggesting that WEON is important as a source of N
mineralization [68]. Also, the potential value was almost negative among seasons, probably due to the
disappearance of dissolved organic matter input (e.g., root exudate and compounds from plant litter)
in incubation soil.
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Contributions to seasonal N dynamics are made by abiotic (e.g., meteorological phenomena and
soil environment [15]) and biotic factors (e.g., MB-N [15,16]). Among abiotic factors, temperature
seems to be important for the seasonality of N mineralization (Tables S3–S6), although this study did
not allow for the precise control of temperature during experiments (i.e., N transformation potential).
Precipitation was not a significant determinant of seasonal changes in N dynamics in this study, but
it may be critical to short-term or interannual variability [15,69]. In general, precipitation had a less
consistent seasonal pattern than temperature (e.g., Figure S1), and thus its effect may be ambiguous.
This ambiguity is further confounded by sunshine, which is associated with plant allocation of C to
soil [70]. Among biotic factors, the principal direct driver is microbes, with MB-N especially frequently
associated with N dynamics [16,71]. However, MB-N only represents the pool size, and thus is
insufficient for a full understanding of N dynamics (Tables S3–S6; Bohlen et al. [15]). It is important
to note the extent to which microorganisms put available-N into soil, such as N use efficiency (NUE;
Mooshammer et al. [6]). In particular, seasonal shifts in the abundance and quality of plant inputs and
seasonal differences in MCS likely alter enzyme activities [7], NUE, and subsequent N mineralization.

4.3. Seasonal Changes in the Relationships between MCS and N Dynamics

Our results imply that temperature (and likely plant C inputs) affected MCS, and imply an
association between MCS and N dynamics at both sites. Higher F/B in winter is important for N
retention in temperate ecosystems [16,72,73], consistent with our results, especially in NF. A trend of
greater F/B in the cool season was identified (Figure 1), and MB-N and MB-C/N were also greater
in the cool season (Figure S3; Tokuchi et al. [74]). This provides a mechanism for N retention in
winter. However, the direct relationship between F/B and N transformation potential was unclear
(Tables S4–S6), probably due to the spatial and temporal dependence of different fungal groups (e.g.,
non-mycorrhizal and mycorrhizal fungi) on different substrates [54,62]. It is likely that greater amounts
of plant root exudates lead to an increased biomass of mycorrhizal fungi in summer [75], whereas
greater plant leaf and root litter inputs stimulate an increased biomass of saprotrophic fungi in autumn
and winter [54], which can cause a functional difference in C and N dynamics.

Microbial indices (Sat/mono, G+/G−, and Cy/pre) explained seasonal changes in N dynamics,
except for gross N immobilization potential, better than other variables did. In particular, Sat/mono
was positively correlated with the specific N transformation potentials (N transformation potentials
normalized by MB-N; Figure S6). Similar relationships have been previously found in several field
and laboratory studies using N additions or an N-deposition gradient (Table 2). Here, microbial
indices were related to the gross production and net transformation potentials, but not to the gross
immobilization potential. Although there was a close association between the production and
immobilization (or consumption) of ammonium [76,77], the cause may be the greater control of
production (relative to immobilization) through seasonal MCS changes.

Seasonal changes in MCS, specifically in the relative dominance of fungi and bacteria, may be
associated with C:N-stoichiometry and N dynamics. In temperate forest ecosystems, plants and
microbes are frequently subject to N limitation of growth [1,78], and the extent of this N limitation
likely differs with ecosystem age [79,80] and forest stand age [81]. That is, old forests tend to be C
limited relative to N, whereas immature forests are more N limited. These differences in the limiting
element may lead to different seasonal patterns of MCS and associated differences in N dynamics.
However, in this study, similar changes in MCS and N dynamics were found in forest stands of different
ages. These findings can be interpreted as indicating similar seasonal changes in the element limitation
of soil microbes. Overall, in summer, higher temperatures are likely to cause rapid substrate use along
with increasing soil microbial respiration and Cy/pre [41] (possibly explaining our finding of high
Cy/pre in summer), higher microbial biomass turnover [82,83], and higher decomposition of SOM [84].
Unless plants can supply enough fresh substrate inputs to exceed the increased decomposition, higher
temperatures should convey a lower C/N of the available substrate, which means a stronger demand
for C relative to N, i.e., C limitation [85]. In winter, fresh litter inputs with high C/N relative to

109



Forests 2018, 9, 153

SOM arrive in late autumn and likely lead to N limitation [6]. In our results, high WEOC/WEON,
representing high substrate quality [68], was also observed in winter, which suggests N limitation. In
summary, changes in the limiting elements among seasons based on temperature and plant substrate
inputs can influence MCS and N dynamics, regardless of differences in fertility.

4.4. Limitations

In this study, we established two temperate forest sites, but there were no replicated sites with
different fertilities. Therefore, we will need to confirm their seasonal effects in systems under different
backgrounds, such as with different ratios of C:N:P in the environment [78], which were caused
by different parent materials and forest ages. Additionally, we measured the gross and net N
transformation potentials of soil among seasons at a constant temperature of 25 ◦C. However, the
results should be interpreted with caution. This method has the advantage of comparability between
N dynamics generated by microbial communities among seasons under a constant condition, whereas
it has the disadvantage of a difference between laboratory experiments and in situ measurements.
The actual N mineralization rates of the cool seasons under field conditions were likely lower than
the potentials (25 ◦C) [86]. Therefore, the difference between warm and cool seasons was probably
much greater.

5. Conclusions

We investigated seasonal changes in MCS and N dynamics in temperate forest soils at two sites
with differing fertilities over the course of one year. Consistent seasonal trends in MCS were found
in both the organic and mineral soil layers, and the specific indicators of PLFA also changed among
seasons. These results were mainly attributable to temperature, although we should note that the
changes in PLFA were caused not only by the changes in MCS, but also by the microbial physiological
response to temperature [30,65,66]. To understand the effects of temperature among seasons, a fully
temperature-controlled field study is needed. For N dynamics, summer is likely the N mineralization
phase, whereas winter appears to be the immobilization phase. These results imply the importance of
gross N production compared with immobilization. Moreover, a relationship between MCS and N
dynamics was also found, despite the disclaimer above about PLFA. Plant inputs such as root exudates
and fine roots are essential contributors to the seasonal MCS and N dynamics. However, the seasonal
allocation of these inputs remains mostly unknown in terms of quantity and spatiotemporal trends.
Whether microorganisms can utilize old or fresh substrate (i.e., SOM or plant inputs with different
C:N stoichiometries [62]) depends strongly on temperature [64] and the microbial groups present (e.g.,
G+ and G− [31]). Therefore, to understand the seasonal N dynamics associated with the microbial
use of different substrates and with temperature, we recommend PLFA along with stable isotope
probing, which can identify the substrate based on δ13C (e.g., Waldrop and Firestone [62]; Kramer and
Gleixner [31]).

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1999-4907/9/3/153/s1.
Table S1: WC, pH, and WEOC in the O-layer and S-layer on each sampling date at both sites, Table S2: Pearson
correlation coefficients between microbial community structure (MCS) and other variables among all seasons,
Table S3: Variable importance of projection (VIP) and standardized coefficient (SC) of explanatory variables from
the PLS regression models for seasonal changes in inorganic N, Table S4: VIP and SC of explanatory variables
from the PLS regression models for seasonal changes in gross NH4

+-N production potential, Table S5: VIP and SC
of explanatory variables from the PLS regression models for seasonal changes in gross NH4

+-N immobilization
potential, Table S6: VIP and SC of explanatory variables from the PLS regression models for seasonal changes
in net N transformation potential, Figure S1: Seasonal dynamics of sunshine, precipitation, and temperature at
Otsu observation station of the Japan Meteorological Agency, Figure S2: Seasonal changes of NH4

+-N, NO3
−-N,

water-extractable organic nitrogen (WEON), and inorganic N/WEON in both layers at both sites, Figure S3:
Seasonal changes of microbial biomass (MB)-C, -N, MB-C/N, and WEOC/WEON, Figure S4: Principal component
analysis (PCA) of the phospholipid fatty acid (PLFA) data for both sites among all seasons, Figure S5: Seasonal
changes in microbial indices determined from PLFA data for both sites and both layers, Figure S6: Relationship
between the microbial index (Sat/mono) and specific N transformation potentials at each depth and site among
all seasons.
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Abstract: Enzymes play a key-role in organic matter dynamics and strong scientific attention has
been given to them lately, especially to their response to climate and substrate chemical composition.
Accordingly, in this study, we investigated the effects of chemical composition and seasons on
extracellular enzyme activities (laccase, peroxidase, cellulase, chitinase, acid phosphomonoesterase,
and dehydrogenase) by means of multilevel models within two Italian mountain beech forests.
We used chemical variables as the fixed part in the model, season as random variation and layers
(decomposition continuum for leaf litter and 0–5, 5–15, 15–30, and 30–40 cm for soil) as nested
factors within the two forests. Our results showed that seasonal changes explained a higher amount
of variance in enzyme activities compared to substrate chemistry in leaf litter, whereas chemical
variation had a stronger impact on soil. Moreover, the effect of seasonality and chemistry was in
general larger than the differences between forest sites, soils, and litter layers.

Keywords: seasonal trends; beech forests; soil enzymes; organic matter; multilevel models

1. Introduction

Forests cover about 30% of Earth’s surface and are of vital importance for many ecosystem
services [1], including the regulation of the global carbon cycle [2]. Forests act as C sinks by storing
more than 650 billion tonnes of carbon of which, on average, 11% is found in plant necromass and in
the organic horizon, and 45% in the mineral soil [1]. Noticeably, temperate and boreal forests are of
great importance as C sinks, containing about 14% and 32% of global forest C pools, respectively [3].

Accumulation of soil organic matter, which is mainly comprised of C, depends on the balance
between primary net productivity and detrital decomposition. Several biotic and abiotic factors
influence the decomposition processes [4]. In detail, litter decomposition is affected mostly by soil
characteristics, nature and abundance of decomposing organisms and their interactions with soil fauna,
litter quality and climate [5–8].

Litter decomposition is operated mainly by soil bacteria and fungi by releasing hundreds of
different extracellular enzymes into the environment, which break down complex organic compounds
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into assimilable sources of carbon (C), nitrogen (N), phosphorus (P), and other nutrients. Not every
species of microbe produces the same enzymes, and they show different efficiency in substrate use and
nutrient demand [9]. In addition, the production of extracellular enzymes is stimulated by substrate
supply or reduced nutrient availability [10]. As decomposition goes on, the quality of the organic
substance changes due to loss of easily degradable components and, therefore the microbial community
that colonizes it changes as well. Thus, a true succession of microbial communities is formed, which
tends to be composed predominantly by K-strategist species in the advanced phases, decomposers of
more recalcitrant components, such as lignin and cellulose [11]. In this view, measuring extracellular
enzyme activities could provide functional information on specific aspects and succession of the
microbial communities during decomposition [12–14], but it is also useful to assess changes of microbial
soil communities in response to environmental variation [15,16]. Kaiser et al. [17] found that changes
in enzyme activities during the year suggested a switch of the main substrate to decompose but also
a strong relationship between microbial community composition, which responds to environmental
changes, and enzyme activities over the seasons. In this view, a relationship between decomposer
enzyme activities and temperature and rainfall regimes has been found [18].

Our work focused on change of activity of some enzymes involved in the decomposition process
within the organic horizon of forest floor and in the mineral soil, to a depth of 40 cm. We have studied
two European beech (Fagus sylvatica L.) forest ecosystems under different climatic conditions and on
different parent material. We chose beech ecosystems because this species is one of the most important
forest trees of Europe, growing in a wide range of site conditions extending from humid to semiarid
climates and from alkaline to acidic soils [19]. Beech forest soils contain an extensive carbon stock [20]
that is predicted to decrease sharply under climate change scenarios [21]. The two studied beech
stands are located on the Italian Apennines, one in the south (Laceno) and the other in the north
(Pradaccio). They have been also investigated for litter decomposition dynamics under field and
laboratory conditions [22], carbon stock in forest floor and mineral soil [5], and soil fauna communities.

In this study, we investigated the effects of substrate chemical composition and season
on extracellular enzyme activities by means of multilevel models. Accordingly, past research
demonstrated that enzymes involved in decomposition can respond to substrate availability and
can be influenced by seasonality on short timescales, yet there is a need to understand how variation in
chemistry vs. temporal is expressed, and how seasonal variation may control soil enzyme activity [23].
Thus, our research is timely and novel, aiming to better understand the role of seasonality versus
underlying soil nutrient pools in controlling enzyme activity in short-term ecosystem dynamics [24]
The advantage of multilevel models compared to classic statistical approaches is that the hierarchical
structure in the data can be specified by considering both the within- and between-group variances,
leading to a partial pooling of data across all levels in the hierarchy [25]. We used chemical variables
as the fixed part in the model, season as random variation and layers (decomposition continuum for
leaf litter and 0–5, 5–15, 15–30, and 30–40 cm for soil) as nested factors within the two forests. As for
chemical variables, we measured organic matter, cellulose, acid unhydrolysable residue (AUR, i.e.,
a proximate content of lignin), and nutrients in leaf litter, while for soil we measured content of organic
matter and nitrogen. The extracellular enzyme activities investigated in this study were involved
in the main biogeochemical cycles, namely C (laccase, peroxidase, cellulase), N (chitinase), and P
(acid phosphomonoesterase), whereas dehydrogenase was chosen as an enzyme proxy of overall
biological activity [26]. Given that different factors may affect litter and soil differently, our study aims
to evaluate, at high-view level, the differences in controls on microbial enzyme activity between leaf
litter and soil.
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2. Materials and Methods

2.1. Site Description

The study was conducted in Italy on the Apennines. The northern forest (Pradaccio, N Forest)
is located at 1350 m a.s.l. (44◦24′ N; 10◦01′ E) while the southern forest (Laceno, S Forest) lies at an
elevation of 1150 m a.s.l. (40◦47′ N; 15◦05′ E). Comprehensive tables about forest features and soil
characteristics can be found in Innangi et al. (2015) [22] and De Marco et al. (2016) [5]. Both forests
have a sub-Mediterranean mountain climate, characterized by temperate and relatively dry summer.
However, during the year, temperature is lower and precipitation more abundant in N forest than
in S forest. N Forest has a mean temperature of 6.0 ◦C, averaging on 11.0 ◦C between April and
September and 0.7 ◦C in the rest of the year. Precipitations have peaks during autumn and spring and
a marked reduction between June and August with an overall average rainfall of 2900 mm per year.
Snow cover is often very thick and lasting from late November to the beginning of May. Average
temperature in S Forest is 13.7 ◦C between April and September, and 3.7 ◦C in the rest of the year with
an overall mean temperature of 8.7 ◦C. There was a longer semiarid period (May to September) than
in N Forest and an overall average rainfall of 2300 mm per year, lower than in N Forest. Snow cover
does not persist long and was commonly present between December and February.

In Figure 1 temperature and precipitation trends in the two forests during the year are shown.
Data, provided by Lagdei Metereological Station and Laceno Metereological Station for N and S forests,
respectively, are means of 5 years of monitoring (2010–2014, including our observations).

Figure 1. Temperature and precipitation regimes in the two studied forests. Data were collected for
five years (2010–2014) at local meteorological stations. Values represent mean ± standard error of
the mean.

Pedological surveys done in the past years in the nearby areas acknowledged the soil
from Pradaccio as Lithic Haploborolls according to USDA Soil Taxonomy with a loamy-sand to
sandy-clay-loam texture [27] while Laceno has been classified as Humic Haplustands according to
USDA Soil Taxonomy with a loamy-sand to sandy-loam texture [28].

2.2. Litter and Soil Sampling

In each forest, 6 sampling points were randomly chosen in a 1 ha area. In each of them, litter was
sampled by a 20 × 20 cm square steel frame and soil by a steel core sampler with a diameter of 5 cm
and a length of 40 cm. Samplings were carried out in October 2011, May and July 2012, henceforward
labelled as Autumn, Spring and Summer. Sampling points were marked in the field in order to
repeat the sampling in the same spots and avoid introducing biases in the analyses. The samples,
enclosed in plastic bags, were kept at 4 ◦C during transfer to the laboratory. Here, litter and soil were
immediately processed.
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Following a removal of all non-leaf litter material, leaf litter, which represented the most abundant
litter component, was divided into three layers according to the degree of fragmentation/fermentation
that can be defined as a decomposition continuum. The discrimination criteria were:

Li: leaf litter where leaves did not show any evident sign of fragmentation and/or chemical
alteration. Such layer included mostly newly shed leaves, but also older leaves that have not yet been
visibly altered. Leaves in this layer were easily separated from each other;

Lf: leaf litter with evident signs of fragmentation and/or chemical alteration but where the
original structure of the leaf itself is still recognizable. Leaves in this layer can be separated from each
other; and

Lhf: leaf litter with strong signs of fragmentation and/or chemical alteration, where the original
shape of the leaves is hardly recognizable. Leaves in this layer are usually impossible to separate from
each other and are sealed together by fungal mycelia.

Subsequently, subsamples for each layer were oven dried at 75 ◦C for 48 h in triplicate to assess
moisture content. Other aliquots were kept at −80 ◦C for biological analyses and others were air dried
and finely ground for chemical analyses.

Soil cores were carefully cut into four layers of 0–5, 5–15, 15–30, and 30–40 cm depth. Subsequently,
soil cores were weighed and sieved with a mesh size of 2 mm. Subsamples were oven dried at 105 ◦C
for 48 h in triplicate to assess moisture content. Other aliquots were kept at −80 ◦C for enzyme analyses
and others were air dried and finely ground for chemical analyses.

2.3. Chemical Analyses

For chemical analyses, dry samples were ground by a Fritsch Pulverisette (type 00.502,
Oberstein, Germany) equipped with an agate mortar and ball mill. Organic matter was evaluated
gravimetrically as the difference between the dry weight and the ashes after incineration in a muffle
furnace. Samples of leaf litter were burnt at 550 ◦C for 4 h into oven dried porcelain capsules [29],
while those of mineral soil were burnt at 375 ◦C for 16 h [30].

Carbon and nitrogen were measured on finely ground dry samples [31] by a CNS elemental analyser
(Vario El III, Elementar Analysensysteme GmbH, Hanau, Germany). Approximately 5 and 10 mg were
weighted for litter and soil samples, respectively, using a holm oak litter as standards (C = 49.81%,
N = 1.86%). As for soil samples, carbonates were removed before analysis [32].

To determine nutrient contents (Ca, P, K, Mg, Mn, and Fe), litter/soil samples were
dry-mineralized in a muffle furnace at 480 ◦C for 16 h. Ashes were rehydrated with 1 mL 1:3
HNO3 (70%) and 9 mL double-distilled water, filtered and then analytical determinations were
performed by inductively coupled plasma atomic emission spectrometry (ICP-AES) without ultrasonic
nebulization [33].

Cellulose and acid unhydrolizable residue (AUR) were evaluated according to [34] with
modifications [29]. Such method allows for a semi-quantitative determination of AUR, including both
native lignin and acid-insoluble lignin-like substances that are formed during decomposition, namely
humic substances produced by soil microorganisms [29]. For simplicity, we will refer to this complex
of lignin and lignin-like substances as lignin.

2.4. Enzyme Activities

For leaf litter, an extraction of the enzymes in appropriate buffers was performed. The extracts
for cellulase and chitinase activities were prepared by suspending 1 g of leaf litter in 10 mL of 0.05 M
sodium acetate buffer pH 5.5. For laccase and peroxidase, 0.5 g of fresh litter were suspended in
10 mL of sodium acetate buffer 0.05 M pH 5.0. Extracts for acid phosphomonoesterase were prepared
by suspending 0.5 g of fresh litter in 10 mL of modified universal buffer (MUB) pH 6.5. Samples
were homogenized using a homogenizer Polytron Heidolph Diax 600 for about 20–30 s while kept
in ice to avoid heating. The homogenized samples were then centrifuged for 20 min at 22,000× g at
4 ◦C, the supernatant recovered and used as enzyme extract. For dehydrogenase, no extraction was
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undertaken, but the colorimetric assay was performed directly on 50 mg homogenized litter/soil in
0.750 mL tris(hydroxymethyl) aminomethane buffer (1 M pH 7.0). Similarly, all enzymatic assays on
soil samples were carried out directly on homogenized soil without separating the supernatant.

Carboxymethyl-cellulase (cellulase, EC 3.2.1.4) activity was determined according to Schinner
& Von Mersi (1990) [35] with minor modifications [36] using carboxymethyl-cellulose as substrate.
N-acetylglucosaminidase (henceforward labelled as chitinase, EC 3.2.1.14) and dehydrogenase (EC 1.1.1.x)
activities were measured according to Verchot & Borelli (2005) [37] and Von Mersi & Schinner (1991) [38],
respectively using 4-Nitrophenyl N-acetyl-β-D-glucosaminide and iodonitrotetrazolium chloride as
substrates, respectively. Laccase (EC 1.10.3.2) and peroxidase (EC 1.11.1.x) were determined according to
Leatham & Stahmann (1981) [39] with modifications [40], while acid (EC 3.1.3.2) phosphomonoesterase
was performed according to Eivazi & Tabatabai (1977) [41] (substrates were o-Tolidine for laccase and
peroxidase and 4-nitrophenyl phosphate bis(cyclohexylammonium) salt for acid phosphomonoesterase).
All activities were measured in triplicate on each sample and data expressed as μmol/g dry weight/h.
All measurements were done using a Varian Cary 1E UV/Vis spectrophotometer (Santa Clara, CA, USA).

2.5. Statistics

In order to test for variables affecting the variance in each enzyme in leaf litter and soil, we fitted
multilevel models (MM), which are also known as random coefficient models and hierarchical linear
models [25]. We used chemical data as fixed continuous variables, location and layer (nested within
location) as fixed categorical variables and seasons as a random factor. We used grand mean centering
for all continuous predictors [42] and, in order to avoid multicollinearity, we tested variance inflation
factor (VIF) on each continuous variable, recursively discarding all with VIF ≥3 [21]. The procedure
kept as chemical variables lignin, Fe, and K in leaf litter dataset and O.M. in soil. In order to ensure
normality and homoscedasticity, we applied Box-Cox transformation with optimal λ to each enzyme
activity. The transformation applied can be seen in Table S1. Residuals were checked for normality
observing normal probability plots of studentized residuals and by fitting generalized additive models
(GAMs) to evaluate the presence of non-linear patterns [43]. Multilevel model goodness of fit was
expressed as conditional and marginal determination coefficients (R2

c and R2
m) in order to quantify

unbiased measurements of variance expressed by fixed and fixed + random factors, respectively.
All statistical analyses were done in R (v. 3.4.0) using packages ‘lme4’ and ‘sjPlot’.

3. Results

3.1. Leaf Litter

Leaf litter chemical variables can be seen in Table 1. Generally, N Forest was characterized by
higher values of O.M. in the leaf litter while S Forest was richer in Ca. Minor differences between forests
included Mg, P, K, and Fe, which were higher in S Forest, while Mn and N had higher concentrations
in N Forest. With the exception of Ca, all nutrients showed strong differences according to factor Layer,
being generally at higher concentration in Lhf compared to Li. During autumn and spring there were
higher values of cellulose and C:N, while all other chemical variables, including lignin, tended to
increase during summer in both forests.

The trends for all enzyme activities in leaf litter can be found in Figure 2, while results from the
MM in leaf litter can be seen in Table 2. Plots for the conditional models of the random effects in leaf
litter, including prediction intervals, can be seen in Figure 3. Conditional determination coefficient
for laccase was low (R2

c = 0.192), while marginal determination coefficient was higher (R2
m = 0.478),

showing that there was a noticeable effect of the random parts in the model. Within the fixed parts,
only lignin proved to be significant (p < 0.050). Laccase activity was not significantly different between
forests, but Lf layer was significantly different from Li in both locations. The random part of the model,
expressed by seasonal differences, clearly showed an increase in activity from autumn to summer.
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Fixed parts of the model had a weaker effect for peroxidase (R2
c = 0.158), with no chemical

variable being significant. There was no significant difference between the two forests, and little to
no effect of decomposition layer. Like laccase, random parts improved the model (R2

m = 0.283) with
similar activities in spring and summer and lower values in autumn.

Chitinase showed a low effect of the fixed part of the model (R2
c = 0.160). No chemical variable

proved to be significant. There was a significant difference between N Forest and S Forest (p < 0.050),
with the latter expressing lower activity than N Forest. No particular effect of layer was detected.
Marginal determination coefficient was sensibly higher (R2

m = 0.673) with a strong seasonal effect
(ICCseason = 0.611). Yet, compared to laccase and peroxidase, the seasonal trend was opposite, with
highest activity in autumn and lowest in summer.

As for dehydrogenase, conditional determination coefficient was low (R2
c = 0.160) and no chemical

variable was significant. The activity was not different between forests, but in N Forest there was a
strong difference between layers compared to S Forest. There was a trend to increase activity from
autumn to summer, but this effect was relatively low (ICCseason = 0.284).

The activity of cellulase also showed a weak effect of the fixed parts of the model (R2
c = 0.149).

Accordingly, no chemical variable proved to be significant in the MM. Yet, differences between locations
were sharp (p < 0.001), with N Forest showing higher activity than S Forest. Little effect of layer could
be detected, and only in N Forest. The random part of the model increased the overall explained
variance (R2

m = 0.566), with a clear pattern of increasing activity from summer to autumn.

Figure 2. Boxplot representation of extracellular enzyme activities in leaf litter subdivided by season.
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Figure 3. Plots for the conditional models of the random effects in leaf litter, including prediction
intervals. Colors indicate a negative value for the conditional model (red) or a positive value (blue).
BLUP stands for Best Linear Unbiased Predictor.

Finally, acid phosphomonoesterase showed the highest effect of the fixed parts of the model
(R2

c = 0.349). Both lignin and Fe were significant (p < 0.050), although with opposite signs.
Like cellulase, there was a strong difference between locations (p < 0.001) but no relevant layer effect.
The seasonal trend was similar to chitinase, although weaker (ICCseason = 0.406).

3.2. Soil

The chemical variables for soil can be seen in Table 3. The proportion of organic matter, with the
exception of topsoil (0–5 cm), was generally higher in S Forest compared to N Forest. S Forest showed
a slower decrease of O.M. with depth, whereas in N Forest there was a sharp difference between the
topsoil (0–5 cm) and the subsoil (5–40 cm). No particular seasonal effect could be detected in either
site. Nitrogen was also different between forests, although there were differences driven by seasons.
Topsoil (0–5 cm) of N Forest had higher N content, whereas S Forest showed greater concentrations
in the deeper layers of the soil. In contrast to O.M., a general tendency to increase in N was detected
from autumn to summer, especially in N Forest. C:N ratio was different between sites, being generally
narrower in S Forest. There was an overall similarity of C:N between layers, whereas a sharp seasonal
effect was noticed. Although autumn and spring values were largely overlapping, C:N ratio was
noticeably lower in summer in both sites.

Results from the MM analysis of the soil can be seen in Table 4, while the trends for enzymes in soil
can be seen in Figure 4. Plots for the conditional models of the random effects in soil, including prediction
intervals, can be seen in Figure 5. Laccase showed little effect of the random part of the model given
that marginal and conditional determination coefficients were similar (R2

c/R2
m = 0.488/544). Compared

to litter, a large amount of variance was derived from the fixed part of the model. In detail, O.M. was
significant (p < 0.050), whereas there were no differences between forests but a significant effect of layer.
Although seasonal effect was not particularly strong, summer was markedly different from both spring
and autumn (Figure 5).
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Figure 4. Boxplot representation of extracellular enzyme activities in studied soil subdivided by season.

Fixed parts of the model in peroxidase explained higher amount of variance compared to laccase
(R2

c = 0.569), but O.M. was not significant. In contrast to laccase, locations had highly significant
differences for peroxidase (p < 0.001), with higher activity in N Forest. Differences between layers
were sharper in N Forest compared to S Forest. Although the random part moderately contributed to
variance (R2

m = 0.627), a weak trend of decreasing activity in autumn was detected when compared to
spring and summer.

In contrast with previous enzymes, chitinase had a large difference in conditional and marginal
determination coefficients. The proportion of O.M. was highly significant (p < 0.010), although fixed
parts of the model explained not much variance (R2

c = 0.359). There was no difference between forests
and little differences between layers, except for the deeper part of the soil in S Forest. The random
part of the model expressed a large amount of variance (R2

m = 0.718) with a clear seasonal effect
(ICCseason = 0.561) with sharp differences in autumn compared to spring and summer.

Dehydrogenase had identical determination coefficients (R2
c/m = 0.678), meaning that there was

no random effect at all. The proportion of O.M. was highly significant (p < 0.001). There was a weak,
although significant, difference between forests (p < 0.050), with higher activity in S Forest, where also
significant differences between layers were found to be more conspicuous than N Forest. As already
mentioned, there was no detectable seasonal effect for this enzyme.
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Figure 5. Plots for the conditional models of the random effects in studied soil, including prediction
intervals. Colors indicate a negative value for the conditional model (red) or a positive value (blue).
BLUP stands for Best Linear Unbiased Predictor.

Like chitinase, a large difference in conditional and marginal determination coefficients was found
in cellulase. Fixed parts of the model explained half of the variance (R2

c = 0.397) when compared to
random effects (R2

m = 0.844). Again, O.M. proved to be significant (p < 0.050) and there was a large
difference between forests (p < 0.010), with greater activity in S Forest. The deeper layers of the soil,
especially in S Forest, showed significant differences. The seasonal effect was broad (ICCseason = 0.742)
with a complex pattern. Although autumn was relatively more similar to summer, the latter season
and spring showed sharp differences.

Finally, acid phosphomonoesterase, like laccase and peroxidase, exhibited small differences
between fixed and random parts of the model. The proportion of O.M. was highly significant (p < 0.001),
but no difference was detected between locations. Layers had little effect, being the activity significantly
different only in the deepest layer of N Forest. A weak trend of increasing activity from autumn to
summer was detected, although seasonal effect was small (ICCseason = 0.280).

4. Discussion

4.1. Leaf Litter

The trend of organic matter along the decomposition continuum was consistent with the
previously observed trend of litter decomposition in the two forests [22] and with the forest floor
features in autumn and spring [5]. At the same time, a change in quality was observed as well.
Accordingly, there was a decrease of cellulose and an increase of lignin and N (Table 1). Similar
trends in the content of cellulose and lignin, mostly for the litter or organic layers, are known from
other studies [29,44–47]. The cellulose-rich secondary wall must be at least partially degraded before
fungi can attack the lignin. This may explain the increase of ligninolytic enzyme activity with litter
decay stage and the significant effect of lignin in MM for laccase (Figure 2 and Table 2). Rihani et al.
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(1995) [48] found that, in beech litter, lignin decay rates increased significantly after more than 20% of
the cellulose content had disappeared. The small decline of cellulose concentration and the increase of
lignin along the decomposition continuum at both sites indicated that even in the most decayed litter,
(Lhf) lignin degradation was still at the beginning.

Within the decomposition continuum, the increase of nitrogen suggests that this element was
limiting for microbial growth in both forests. Similar trends for N have been already seen during litter
decay [4], and similar dynamics in beech litter are known as well [49–51]. The higher N content in
summer could be linked to a combined effect of soil fauna activity and higher presence of labile nitrogen
compounds, which are subsequently leached away during autumn precipitation [52]. Accordingly, in
prairie ecosystems, warming was linked to an increase in labile N, whereas recalcitrant N remained
stable [53]. As a consequence of decomposer activities, the C:N ratio decreased along the decomposition
continuum, especially in summer, reaching humus-like values in Lhf [54]. This suggested the
achievement of a certain stabilization of the organic matter in this leaf litter layer. Our finding
is consistent with Michel and Matzner (2002) [55], who hypothesized that low C:N ratios in later stages
of decomposition stabilized soil organic matter and could be responsible for increased accumulation of
C in forest floors. The sharp decrease of C:N ratio in summer compared to the other seasons could be
linked to the subsequent N leaching during autumn. This statement is supported by soluble N data in
autumn for the two studied forests, where a decrease from autumn to spring was witnessed [5].

Generally, enzyme activities vary with the qualitative composition of the substrate and are
influenced by environmental conditions that act directly on the released enzymes and indirectly by
affecting the organisms that produce them [56]. The statistical model applied to leaf litter coming
from both forests, showed significant seasonal effects on the activity of all considered enzymes,
although effects varied in magnitude between enzymes (Table 2). Activities, such as chitinase, cellulase
and, to a lesser degree, acid phosphomonoesterase, were higher in autumn, likely due to higher
moisture associated to mild temperature, compared to summer. Other studies showed strong seasonal
effects on enzyme activities in Mediterranean ecosystems, with the lowest activity during summer’s
drought and the winter coldest periods [29,57–59]. Nevertheless, laccase and dehydrogenase showed
an opposite trend although, compared to the previous ones, they showed a smaller seasonal effect.
Laccase variability was largely due to variation in chemical composition, mostly lignin. The activity of
peroxidase, on the contrary, was influenced neither by season nor chemistry, at least for the variables
we have measured. Although only laccase showed a weak seasonal trend and there was no difference
between locations, another study that used isoelectric focusing on high-stability pH gradients with
high resolving power showed strong differences in both laccase and peroxidase isoenzymes, with
higher activities of both enzymes in summer and greater diversity of isoenzymes in N Forest [60].
Finally, as for the comparison of the two forests, our model indicated a significant difference only for
cellulase, chitinase, and acid phosphomonoesterase.

4.2. Soil

The concentration of organic matter in the soil was shown to be much higher in N Forest in the
uppermost layer, but larger in S Forest in the deeper layers. The explanation could be derived to the
higher annual litter input of S Forest, due to the milder climate that promotes a longer vegetative
season [5]. This allows trees to grow larger leaves and in greater quantity. Thus, in spite of a higher
rate of decomposition observed in southern site [22], a greater accumulation of organic matter was
evident (Table 3). Quantitative and qualitative changes along soil depth are consistent with current
literature [5,28,61–63]. The increased nitrogen content during summer that we have recorded was
congruent with reported higher N mineralization and availability in labile-compounds during warmer
seasons in temperate ecosystems [64–66].

Along soil depth, enzyme activity varied in relation to the decreasing content of organic matter
(Figure 3). The statistical model applied to soil put forward some differences compared to leaf litter:
(1) chitinase and, to a lesser degree, acid phosphomonoesterase variation was largely influenced by
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seasonality but with an opposite trend to leaf litter, being larger in autumn and smaller in summer;
(2) laccase and peroxidase were barely influenced by season, but also had opposite trends compared to
leaf litter; and (3) the content of organic matter was largely responsible for the variability of enzyme
activities, with the exception of peroxidase, as already shown in other beech mountain ecosystems [61].

These findings were congruent with what was observed by Baldrian et al. (2013) [18], given that,
along seasons, temperature, humidity and chemical quality have greater changes in litter than soil.
The seasonal trend of most enzymes in soil is consistent with previous research in beech forests in
Northern Europe, where the activity of chitinase and cellulase was higher during summer [66].

4.3. Conclusions

Admittedly, we cannot make insights beyond a certain resolution, as many factors are not included
the modeling analysis and cannot account for the complexity of forest ecosystems. Nevertheless,
our work showed that litter is relatively more controlled by seasonality while soil is relatively more
controlled by soil properties. Our work contributed to understanding aboveground-belowground
interactions and differences in enzyme activities in a short-time perspective, with particular focus on
enzymes involved in nutrient cycles that is pivotal to further understand the factors that regulate,
for instance, the transfer of plant C to soil and its importance for the microbial community [23].
In conclusion, the main results of our study can be summarized as: (i) seasonal changes, expressed
as random variation in our MM, had a stronger effect than chemical variables in leaf litter, whereas
chemical variation (organic matter) had a stronger impact on enzyme activities soil; (ii) lignin was an
important variable in explaining the variance of laccase and acid phosphomonoesterase in leaf litter,
while O.M. was the driving variable for all soil enzymes with the exception of peroxidase; and (iii) the
effect of seasonality and chemistry was in general larger than the differences due to both forest origin
and layers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/4/ 219/s1.
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Abstract: Soil enzymes and microbes are central to the decomposition of plant and microbial detritus,
and play important roles in carbon, nitrogen, and phosphorus biogeochemistry cycling at the
ecosystem level. In the present study, we characterized the soil enzyme activity and microbial biomass
in revegetated (with Taxodium distichum (L.) Rich. and Cynodon dactylon (L.) Pers.) versus unplanted
soil in the riparian zone of the Three Gorges Dam Reservoir (TGDR), in order to quantify the effect
of revegetation on the edaphic microenvironment after water flooding in situ. After revegetation,
the soil physical and chemical properties in revegetated soil showed significant differences to those
in unplanted soil. The microbial biomass carbon and phosphorus in soils of T. distichum were
significantly higher than those in C. dactylon and unplanted soils, respectively. The microbial biomass
nitrogen in revegetated T. distichum and C. dactylon soils was significantly increased by 273% and
203%, respectively. The enzyme activities of T. distichum and C. dactylon soils displayed no significant
difference between each other, but exhibited a great increase compared to those of the unplanted soil.
Elements ratio (except C/N (S)) did not vary significantly between T. distichum and C. dactylon soils;
meanwhile, a strong community-level elemental homeostasis in the revegetated soils was found.
The correlation analyses demonstrated that only microbial biomass carbon and phosphorus had
a significantly positive relationship with soil enzyme activities. After revegetation, both soil enzyme
activities and microbial biomasses were relatively stable in the T. distichum and C. dactylon soils,
with the wooded soil being more superior. The higher enzyme activities and microbial biomasses
demonstrate the C, N, and P cycling and the maintenance of soil quality in the riparian zone of
the TGDR.

Keywords: revegetation; microbial biomass; chloroform fumigation extraction; enzyme activities;
stoichiometric homeostasis; the Three Gorges Reservoir

1. Introduction

The riparian zone, as an important ecotone, is known to be the key area for improving water
quality, controlling flooding, and relieving soil erosion [1]. The riparian zone of the Yangtze River in
China, analogous to many other critical interfaces of the river ecosystems in the world, is a unique
transition zone in the landscape and plays a crucial role in the health and functioning of the diverse
Yangtze River watershed biome as a whole [2]. However, since the building of the Three Gorges Dam
(TGD) in the upper reaches of the Yangtze River, the natural flow regime has been disrupted. In this
newly formed water level fluctuation zone (WLFZ), the hydrological regime is opposite to the Yangtze
River’s natural regime, with its peak flows occurring in winter rather than in summer [3]. Plant species
adapted to previously terrestrial habitats intensively died out or otherwise were degraded, leading
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to considerable soil erosion, texture coarsening, habitat loss, biodiversity decline, and environmental
pollution in the riparian zone of the TGD region. With the far-reaching and profound challenges
exerted on this region [4], reforestation and vegetation reconstruction to restore the newly-formed
riparian zone of the TGD region have been thought to be an environmentally friendly alternative [5,6].

Restoration of the degraded riparian zone is a significant management practice [7] that
may return an area to a pre-disturbance ecological state, functionally [8] and/or structurally [9].
Since 2000, research has been conducted to determine the suitability of potential plant species for
restoring the novel habitat in the WLFZ. Accumulating evidence has demonstrated that species
including Cynodon dactylon (Bermuda grass) and Taxodium distichum (bald cypress) are promising
candidates [6,10]. After revegetation, plants such as the abovementioned Bermuda grass and bald
cypress will have to experience the hydrological regimes of the WLFZ, i.e., an annual imposed water
level fluctuation of 30 meters (from 145 m a.s.l. to 175 m a.s.l.) within the Three Gorges Dam Reservoir
(TGDR), and input leaves and plant detritus into the riparian soil. However, riparian zones can
effectively remove pollutants and protect water quality through performing functions such as filtration
and denitrification. In this regard, soil enzymes can play an essential role in catalyzing reactions
necessary for the decomposition of leaves and plant detritus, and also for nutrient cycling, in the
WLFZ. It has been reported that any change in soil management and land use is reflected in the soil
enzyme activities, and thus soil enzyme activities can anticipate changes in soil quality before necessary
further detection through other means of soil analyses [11]. As such, measurements of soil enzyme
activities can describe how nutrient cycling is affected by environmental changes after revegetation in
the TGD region.

Moreover, microorganisms are the main source of enzymes in soils [12], because they produce
extracellular enzymes to acquire energy and resources from complex biomolecules in the soil
environment [13]. Parts of the energy and resources are immobilized in their biomass, which thus
strongly influences the concentrations of plant available nutrients in the soil [14,15]. Therefore, the soil
microbial communities strongly affect the potential of the soil for enzyme-mediated substrate catalysis.
Microbial biomass is the labile portion of the organic fraction in soils and serves as both an important
source of and sink for plant available nutrients [16]. However, enzyme activities and microbial biomass
are closely related to each other because transformations of the important organic elements occur
through microorganisms [16].

After re-vegetation in the TGR zone, additional plant leaves, dead roots, and nutrient translocation
caused by water fluctuation, may cause a change in the pH and nutrient stocks in the soil [17].
Such changes in nutrient availability in the riparian soil environment would cause substantial
variation in soil enzyme activities and microbial biomass in the WLFZ of the TGDR. In particular,
the presence of plant roots leads to shifts in the microbial growth strategy, upregulation of enzyme
production, and increased microbial respiration [18]. Thus, after revegetation, the in situ monitoring
and evaluation of soil enzymes and microbial biomass are both of great significance and necessity for
better understanding the dynamic patterns of the riparian ecosystems. Furthermore, understanding the
functioning of soils within a riparian zone can be used to evaluate their influence on water quality, and
ultimately provide information on the whole ecosystem level environmental quality. Thus, the objective
of this work was to monitor and assess microbial biomass and selected enzyme activities relevant to C,
N, and P cycling in soils of the WLFZ of the TGDR as affected by re-vegetation. We hypothesized that
(1) revegetation of the plants in the riparian zone of the TGDR will enhance soil microbial biomass and
enzyme activities as compared to those of the unplanted soil; and (2) the revegetated soils are more
homeostatic than unplanted soil.
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2. Materials and Methods

2.1. Study Site and Experimental Setup

The study site is located in the Ruxi River basin in Gonghe Village of Shibao Township,
Zhong County, Chongqing Municipality (107◦32′–108◦14′ E, 30◦03′–30◦35′ N), China. Ruxi River
is one of the largest tributaries of the TGDR. The area has a subtropical monsoon climate with four
distinctive seasons. It has a mean annual temperature of 19.5 ◦C and an annual rainfall of 1200 mm.
The soil within this region is purple soil (Regosols according to the World Reference Base for Soil
Resources), formed in the parent material of calcareous purple sand shale in the subtropical region.
The degree of soil development is limited because the rock is not deeply weathered. The soil and water
erosion is serious in the less-vegetated riparian zone of the Ruxi River.

Before the inundation, vegetation in this region was dominated by annuals (e.g., Setaria viridis
(L.) P.Beauv., Digitaria ciliaris (Retz.) Koeler, and Leptochloa chinensis (L.) Nees), perennials
(e.g., Cynodon dactylon (L.) Pers., Hemarthria compressa (L.f.) R.Br., and Capillipedium assimile (Steud.)
A. Camus), and woody species (e.g., Pterocarya stenoptera C.DC., Metasequoia glyptostroboides Hu and
W.C.Cheng, and Alnus cremastogyne Burk.). However, the reversed flooding seasonality and prolonged
flooding duration caused the loss of the former vegetation, and only S. viridis and D. ciliaris
remained [19]. In the study region, revegetation was carried out in March, 2012. Bald cypress and
Bermuda grass were planted in the upper portion between 165 m a.s.l. and 175 m a.s.l., with the same
slope, solar radiation intensity, and initial soils. The planting density for bald cypress saplings was 1 m
× 1 m, and for Bermuda grass was 20 cm × 20 cm, in a total riparian area of 13.3 hm2. The survival
rate of the plants was 100 percent, and they displayed substantial progress in their growth in the
following years. In the meantime, there was no sign of anthropogenic disturbance at the experimental
site. After a four-year growth, the soil sampling was carried out in June 2016. Growth data on bald
cypress saplings and Bermuda grass including tree height, diameter at breast height (DBH), grass stem
basal diameter, and crown canopy area (Table 1), were recorded. For the purposes of comparison,
we used unplanted plots as controls, henceforth referred to as “CK” treatment.

Table 1. Basic situation of the vegetation (Mean ± SE).

Vegetation Height (m)
Diameter Breast Height (DBH) (cm)/Stem Basal

Diameter (mm)
Canopy (m2)/Coverage (%)

T. distichum 4.67 ± 0.18 5.21 ± 0.41 2.16 ± 0.60
C. dactylon 0.86 ± 0.02 1.68 ± 0.03 99.17 ± 1.04

The DBH of T. distichum was measured, and the stem basal diameter of C. dactylon was measured. SE: standard error.

2.2. Soil Sampling and Soil Physicochemical Properties Determination

The water level of the riparian zone in Zhong County in the TGDR is raised from September to
October, then maintained at its highest water level (i.e., about 175 m a.s.l.) from November to January.
After January, a gradual decrease of the water level will be followed and then maintained at its lowest
level (i.e., 145 m a.s.l.) during the months of June through September. Under this circumstance of
water-level changes, the soil sampling was conducted in June 2016, when the riparian zone of the
TGDR was completely exposed to the air. Nine sampling plots (5 m × 5 m each) were randomly
selected in the revegetation area of bald cypress, Bermuda grass, and the unplanted area, between the
elevations of 165–175 m a.s.l. When sampling in the field, a cutting ring (10 cm in diameter × 20 cm in
height) was used to collect the soil samples, and vegetation was removed from the top of the soil prior
to collection.

Within each plot, five 1 m × 1 m soil sampling subplots were made and arranged in a quincunx
pattern. Soil samples were collected from the surface 20 cm soil from each of the five 1 m × 1 m
sampling subplots, and then used to make one composite sample for that entire plot. Each soil
composite sample collected from a particular plot was homogenized and then quartered. All samples
were placed on ice and transported to the laboratory immediately. A portion of the soil was stored
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at 4 ◦C for biochemistry analysis. The other portion was air-dried separately, then hand-passed
through a 2 mm followed by a 0.25 mm sieve, and finally analyzed for the soil nutrients present.
Soil pH value was determined using a 1:2.5 ratio of soil to deionized water. Soil organic carbon
(SOC) was determined using the potassium dichromate titration method. Total nitrogen (TN) was
determined by an element analysis machine (Elementar Vario. EL, Langenselbold, Germany), and
available nitrogen (AN) was determined using a micro-diffusion technique after alkaline hydrolysis.
Total phosphorus (TP) was determined with acid digestion (HNO3, HF, and H2O2) in a microwave oven
and subsequent inductively coupled plasma-optical emission spectrometry measurements (ICP-OES,
CIROS, Spectro, Thermo Fisher, NY, USA) [17]. Available phosphorus (AP) was determined using the
Mo-Sb colorimetric method. The soil water content (WC) was determined by oven drying method,
and soil density was determined by pycnometer method. The soil porosity was calculated from soil
density and measured bulk density [20].

2.3. Soil Enzyme and Microbial Biomass Determination

Activities of soil enzymes related to C, N, and P cycling were measured. These enzymes
included four hydrolytic enzymes: Catalase activity was determined by measuring the O2 absorbed by
KMnO4 (Chuanjiang Chemical Industry, Chongqing, China) after the addition of H2O2 (Chuandong
Chemical Industry, Chongqing, China) to the samples [21]. Urease activities were determined in
0.1 M phosphate buffer at pH 7; 1 M urea (Chuandong Chemical Industry, Chongqing, China)
and 0.03 M Na-benzoyl-argininamide (BAA) (Fusheng Industry, Shanghai, China) were used as
substrates, respectively. A total of 2 mL of buffer and 0.5 mL of substrate were added to 0.5 g of soil
sample, and then incubated at 37 ◦C for 24 h. The activities of urease were determined by the NH+

4
released [22]. Acid phosphatase, which breaks phosphoester bonds and releases inorganic phosphorus,
was measured by p-nitrophenyl phosphate disodium colorimetry, and expressed as mg p-nitrophenol
released per gram dry soil over 24 h at 37 ◦C. The sucrase activity was determined using sucrose as the
substrate, and the activity was expressed as mg glucose g−1·dw 24 h−1 [23].

Soil microbial biomass C, N and P (SMC, SMN, and SMP) concentrations were determined by
the chloroform fumigation extraction method. Specifically, for each soil sample, 25 g (fresh weight)
pre-incubated soil was used for chloroform fumigation, and the same weight soils without chloroform
fumigation were also conducted for the control. Then, 100 mL 0.5 mol·L−1 K2SO4 extract was used
for the extraction of SMC and SMN [24,25]. Besides, biomass P was measured in 5 g (fresh weight)
fumigation soil, with the non-fumigation soil as the control, and 100 mL 0.5 mol L−1 NaHCO3 extract
was used for the extraction of SMP [26]. The following formulas were used to calculate the soil
microbial biomass:

SMC = EC/kEC (1)

SMN = EN/kEN (2)

SMP = EP/kEP (3)

EC, EN, and EP were the differences in extractable fractions between fumigated and unfumigated
soil. kEC, kEN, and kEP were conversion coefficients, and had values of 0.38, 0.45, and 0.40,
respectively [27].

2.4. Statistics Analysis

To determine significant differences between the activities of soil enzymes or edaphic properties
after revegetation, one-way analysis of variance (ANOVA) was used, followed by LSD’s test.
The difference was reported as significant when p < 0.05. Redundancy analysis (RDA) with the
Monte Carlo permutation test (499 permutations) was performed to determine if soil enzyme activities
were correlated with soil properties or microbial biomass. Statistical procedures were conducted using
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SPSS version 18.0 (IBM, Armonk, NY, USA), MS Excel (Microsoft, Redmond, WA, USA), and Canoco
version 4.5 (Microcomputer Power, Ithaca, NY, USA).

3. Results

3.1. The Edaphic Physicochemical Properties

Soil physicochemical properties are shown in Table 2. Although soil pH values in the planted
plots were a little bit lower than the neutral value of 7, indicating a slightly acidic soil, there was no
significant difference in soil pH among the three groups. However, bald cypress soils had the highest
SOC when compared to that of Bermuda grass and unplanted soils. The planted soils, including both
bald cypress and Bermuda grass soils, displayed much higher TN, WC, and porosity than unplanted
soil, with a 97% and 58% increase in TN, 41% and 33% increase in WC, and 17% and 28% enhancement
in porosity, respectively. In contrast, AN content of planted soils was significantly lower than that of
unplanted soil. Moreover, soil density varied among different treatments, with the highest value being
found in Bermuda grass soil. The soil density of Bermuda grass was significantly higher than that of
bald cypress soil, whereas the soil density of bald cypress showed no obvious difference compared to
that of unplanted soil.

Table 2. Comparisons of soil physicochemical properties under different vegetation types (Means ±
SE, n = 3).

Soils
Covered by
Vegetation

pH
SOC

(g·kg−1)
TN (g·kg−1) TP (g·kg−1)

AN
(mg·kg−1)

AP
(mg·kg−1)

WC (%)
Density

(g·cm−3)
Porosity (%)

T. distichum 6.84 ± 0.06a 14.76 ± 1.42a 1.32 ± 0.09a 1.14 ± 0.01a 72.31 ± 2.13b 1.04 ± 0.11a 47.7 ± 0.90a 2.48 ± 0.05b 35.25 ± 1.64a
C. dactylon 6.94 ± 0.06a 10.20 ± 2.21b 1.06 ± 0.11a 0.82 ± 0.08a 75.51 ± 2.21b 0.96 ± 0.01a 45.1 ± 1.11a 2.78 ± 0.56a 38.68 ± 7.15a

CK 7.14 ± 0.18a 9.88 ± 0.54b 0.67 ± 0.08b 0.74 ± 0.27a 85.26 ± 1.90a 1.02 ± 0.11a 33.8 ± 1.39b 2.55 ± 0.01ab 30.04 ± 0.35b

Note: CK referred to as unplanted treatment. Different lowercase letters represent significant differences (p < 0.05)
among different treatments. The same below. SOC: soil organic carbon; TN: total nitrogen; TP: total phosphorus;
AN: available nitrogen; AP: available phosphorus; WC: Water content.

3.2. Soil Microbial Biomass

The bald cypress soil exhibited significantly or extremely significantly higher SMC and SMP than
the other two soils (Figure 1a,c). Meanwhile, the SMC of Bermuda grass soil was also significantly
higher than that of unplanted soil. However, no significant difference was observed for SMP between
Bermuda grass and unplanted soils. Compared to the lowest SMN of unplanted soil, the SMN values
of revegetated soils were significantly increased by 273% and 203% after revegetation, respectively.

0

90

180

270

360

450

SM
C

 m
g·

kg
1

Treatment

T.distichum  C.dactylon  CK
a

b

c

(a)

0

10

20

30

40

50

SM
N

 m
g·

kg
1

Treatment

a

a

b

(b)

0

5

10

15

20

25

SM
P 

m
g·

kg
1

Treatment

a
b b

(c)

Figure 1. (a) Variations in SMC under different treatments, (b) Variations in SMN under different
treatments, (c) Variations in SMP under different treatments CK: unplanted treatment, SMC: Soil
microbial biomass C, SMN: Soil microbial biomass N; SMP: Soil microbial biomass P. Different lowercase
letters represent significant differences (p < 0.05) among different treatments.
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3.3. Soil Enzyme Activities

Soil enzyme activities of bald cypress and Bermuda grass soils displayed a similar trend,
while showing no significant difference between each other. When compared to the unplanted
soil, the activities of all enzymes except phosphatase were strongly augmented after re-vegetation.
The activities of catalase, sucrase, and urease of bald cypress soils were significantly increased by 17%,
220%, and 47%, respectively. Likewise, the activities of catalase, sucrase, and urease of Bermuda grass
soils were also significantly increased by 9%, 172%, and 65%, respectively.

3.4. Threshold Elemental Ratios of CNP and Stoichiometric Homeostasis

The soil C/N ratio under bald cypress vegetation was significantly higher than that of unplanted
soil, but no significant difference in the C/N ratio was observed between the two planted soils or
between Bermuda grass and unplanted soils. In contrast, the highest value of microbial C/N ratio
occurred in the unplanted soil, which was significantly higher than that of Bermuda grass soil. The ratio
of C/P, including both in the soil and in the microbial biomass, displayed a significantly greater value
in planted soils than that in unplanted soils. Among the three treatments, the ratios of microbial
biomass C, N, and P to soil total C, N, and P correspondingly varied between 2–6%, 1–4%, and 1–2%.
The stoichiometric ratios of SMC/SOC and SMN/TN in both bald cypress and Bermuda grass soils
were significantly higher than in the unplanted soil, whereas SMP/TP of bald cypress soil showed no
obvious difference with that of the unplanted soil.

We analyzed the associations between nutrient elemental ratios in soils and microbial biomass
elemental ratios in microbes, and the H value was used to evaluate the strength of soil stoichiometric
homeostasis in the present study plots. In the planted soil, the H value was larger than 1, whereas the
H value in unplanted soil was around 1.

3.5. Correlations between Soil Variables and Enzyme Activity

Results from the RDA identified that the first two axes could explain 89.8% of the variance caused
by soil edaphic properties and microbial biomass. However, only the SMP and SMC significantly
positively correlated with soil enzyme activities, which explained 50% (p = 0.002, F = 7.03) and 16%
(p = 0.048, F = 2.7) of the variances of the total variability of soil enzyme activity, respectively.

4. Discussion

4.1. Edaphic Physicochemical Properties

In our current study, the revegetation with either bald cypress or Bermuda grass modified the
soil conditions in the riparian zone of the TGDR (Table 2), which was mainly attributed to the inputs
of litter and root exudes. The spatial differences in soil moisture content can partly be ascribed to
the differences in throughfall, the vegetative (tree and grass) cover, and water loss through the soil
evaporation, since throughfall and evaporation strongly correlate with the gap fraction [28]. In addition,
without vegetative covering such as in the group CK, the unplanted soil tends to have a coarser texture
and lower porosity, and some soil nutrients might be easily extracted or removed by the water flooding
under the dynamic hydrological regime of the TGDR.

4.2. Edaphic Enzyme Activities and Soil Microbial Biomass

Divergence of nutrient availabilities and soil moisture can give feedback to soil microbes’
resource requirements, which in turn may influence the microbial biomass [29]. In the present study,
the discrepancy of plant characteristics may result in a difference of soil microbial biomass. The leaf
type would be a primary factor of microbial biomass accumulation in surface soils due to differences
in leaf litter chemistry. The higher SMC in bald cypress soil may be attributed to its higher content
of SOC. Meanwhile, in Bermuda grass soil, cellulose represents a crucial proportion of plant detritus
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that returned to the soil. The inflexible ingredient makes cellulose difficult to decompose in the soil.
Additionally, previous studies reported that the SMP is a very important P pool in the organic layer
of P-poor soil [30]. In the riparian zone of TGDR, though the P (TP and AP) content displayed no
significant difference among the three treatments, the uptake of P was increased by soil microbes
in bald cypress soils, which is most likely due to the larger mass of SOC (Table 2) that existed in
bald cypress soil through overcompensating for the lower SMP [31]. This result illustrated that the
microorganisms in bald cypress soils were capable of immobilizing available P much more efficiently
than in the Bermuda grass and unplanted soils, leading to the low P mineralization rates.

Moreover, the more extensive rooting systems and protective canopies of the bald cypress and
Bermuda grass will protect the vegetated soil from erosion and maintain more favorable conditions for
plant and microbial growth, which were conducive to the accumulation of microbial biomass. In the
TGDR region during summer time, the climate was both very hot (the average temperature reaching
37 ◦C) and dry (the relative humidity index being −0.62), thus promoting extensive evapotranspiration
in the studied riparian zone. Consequently, soil impoverishment and nutrient unavailability might
occur much more commonly in bare (unplanted) soil compared to that in planted soil which was
covered by vegetation, thus leading to the inactive status of the microbes [32]. The active soil microbes
under bald cypress and Bermuda grass could build up their new biomass, but, on the contrary,
the inactive ones are incapable of accumulating carbon in biomass, even possibly depleting their C
by respiring [33]. In such circumstances, the microorganism would also almost completely decrease
the production of enzyme, as well as metabolic activities related to decomposition [34], which were
consistent with the lower enzyme activities in unplanted soils. However, although the soil microbial
biomass under the two re-vegetation schemes in our present study was different, their enzyme activities
displayed a similar value. It is also possible that, while the soil microbial community as a whole shifted,
the relative abundance of enzyme producers did not [13].

Besides, the soil aggregation could also influence the microbial biomass. A portion of
microorganisms live on or closer to the aggregate surface. The increase of microbial biomass as
soil aggregate size decreases may depend on the presence of small pore-size microaggregates [35].
This may protect microorganisms from predation by protozoa or from desiccation [36]. Fang et al. [37]
also documented that smaller aggregate sizes in the soil have a higher specific surface for microbial
cells to attach to, which was of benefit to the build-up of microbial biomass. After the revegetation
in the riparian zone of the TGDR, with the root penetrating into the riparian soil, their soil aggregate
would be shrunken. However, the unplanted soil maintains its bigger size aggregation without plant
effects. The increasing soil aggregation in the CK would prevent the soil enzyme from accessing
carbon and nitrogen substrates inside aggregates [38], which was in accordance with the lower nutrient
content and enzyme activities in the CK in the present study.

The higher enzyme activities of the soil after revegetation confirmed our first hypothesis, for which
one possible reason should be owing to the accumulated microbial biomass. Because the soil enzymes
are mainly excreted by microbes to mineralize soil carbon, nitrogen, and phosphorus from SOC,
the activities of enzymes could therefore be partially explained by the distribution of soil microbial
biomass. Furthermore, soil enzyme activities were also affected by soil water content. In unplanted
soil, the water content was significantly lower than that of the planted soils (Table 2), which reduced
the diffusion of soil soluble substrates. In such a less hydrologic environment, both the substrate and
water become limited, and the soil microorganism down-regulates enzyme production [37,39].

In the riparian zone of the TGDR, as the soil experienced inundation in winter, and strong soil
weathering in summer, this resulted in the leaching of nutrient elements of the riparian soil, followed
by a decline in the soil nutrients availability [40,41]. According to the lower AN content in planted
soil, we could infer that the soil N has a limited availability, and the microbial organism needs to
secrete corresponding enzymes to meet their N demand [42]. Therefore, soil urease activities increased
significantly in the planted soils. However, the phosphatase activities exhibited no significant difference
among the three groups, for which the result was consistent with the undifferentiated P content across
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the soils of the three groups, further indicating that the P in the riparian soil may not be a limiting
nutrient for aboveground productivity in the TGDR region. The former research also pointed out
that some enzymes involved in P acquisition seem to be correlated better with the environmental
requirement of P [43]. Other studies, however, have reported that the higher N content could stimulate
enzyme activities in acidic soil, particularly for phosphatase activity enhancement [44,45]. Under acidic
soil conditions, the plant roots would release protons and organic ligands, and thus the rhizosphere
would be stimulated and promote the acid phosphatase activity [46]. In our research plots, although
the soil TN contents under bald cypress and Bermuda grass were higher than those under unplanted
soil, the pH value tended to be neutral, and the moderate pH might weaken the function of soil N or
root exudates. Moreover, Cleveland et al. [47] reported that there was similar soil phosphatase activity
under both forest and pasture for an oxisol in Costa Rica, and they also found a higher soil microbial
biomass under forest than that under pasture. The extremely low activities of catalase throughout
unplanted soil profiles suggested that oxygen availability may be a major control factor for catalase,
because soil redox status is also an important microbial driver in surface soils [48], particularly in the
frequently inundated riparian zone of the TGDR.

4.3. Elemental Ratios in Soils and in Soil Microbial Biomass

Ecological stoichiometry is an important tool to study nutrient cycling and understand the
ecosystem dynamics and functioning [49]. Former research showed that, though the soil nutrient
ratios varied through the latitude, they did not vary significantly between forests and grasslands [50].
In our present study, the ratios of C/N and C/P in the bald cypress and Bermuda grass soil in the
TGDR also revealed no significant difference (Table 3), which is consistent with the finding reported
by the previous study [50]. This may be attributed to the fact that the plants are the major sources of
soil C and N in the revegetated soils, while because of a lack of litter input into the soil, the ratios of
C/N and C/P maintained a relatively lower value in the unplanted soil. Besides, the large amount of
needs of N during photosynthesis of the plants from the soil, could lead to a higher ratio of C/N in the
revegetated soils as well [50]. In general, biological organisms have an ordered chemical composition,
and recent analyses have shown that most plants have relatively constrained element ratios [51]. In the
riparian zone of the TGDR, soil microbial C/N ratios varied between 4 and 7 in our present study,
which was slightly different to the result obtained from the research conducted in Mongolian grassland,
whose soil microbial C/N ratios ranged from 5 to 9 [52]. However, the total soil C/P ratios falling
in between 5 to 8 were also different from the result carried out in a hilly area [53]. This kind of
divergence in soil C/N and C/P ratios could be mainly generated by the varied environmental habitats
and biomes. Furthermore, the ratio of C/N can reflect the overall investment in structural cellular
material by soil microbial biomass, for example, the relatively high ratio of C/N representing the high
abundance of fungi [51].

Table 3. The element ratio of soil and microbial C, N, P, and stoichiometric homeostasis.

Soils Covered
by Vegetation

C/N(S) C/P(S) C/N(M) C/P(M) SMC/SOC (%) SMN/TN (%) SMP/TP (%) H(C/N) H(C/P)

T. distichum 6.62 ± 0.08a 7.54 ± 0.68a 10.68 ±
0.19ab 31.08 ± 1.09a 5.25 ± 0.57a 3.12 ± 0.30a 1.32 ± 0.04ab 4.48 2.69

C. dactylon 5.38 ± 0.64ab 7.08 ± 0.85a 8.78 ± 0.06b 25.39 ± 1.64a 4.85 ± 0.41a 3.37 ± 0.26a 1.53 ± 0.14a 434.78 9.61
CK 4.37 ± 0.63b 5.83 ± 0.56b 14.21 ± 1.80a 15.06 ± 1.75b 2.84 ± 0.11b 1.86 ± 0.39b 1.11 ± 0.05b 1.42 1.00

C/N (S), and C/P (S) refer to the ratio of C/N and C/P in the soil; C/N (M) and C/ P (M) refer to the ratio of C/N
and C/P in the microbial biomass. H = 1/K. In equation, K is the slope of ln C:N (S) versus ln C:N (M) or slope of ln
C:P (S) versus ln C:P (M).

The higher ratios of SMC/SOC and SMN/TN in planted soils reflected the faster nutrient turnover
rate after revegetation. The results might be correlated with the higher activities of sucrase and urease
(Figure 2), because with the assistance of soil enzymes, the accumulation of elements in the microbes
would be accelerated. This finding also indicated that the microbial cells follow the mechanism in
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terms of element assimilation across C, N, and P, in order to meet the functional demands of microbial
progress [54].

Stoichiometric homeostasis can reflect the allocations of different elements in organisms
and indicate the stage of microorganism response to variations in soil condition [55] When the
stoichiometric composition of the organism does not vary with changes in resource stoichiometry,
it is considered to be homeostatic [56]. In order to test the strength of stoichiometric homeostasis,
we analyzed the associations between soil nutrient ratios and microbial biomass elemental ratios in the
present research. Based on all the soil data, as well as microbial biomass C, N, and P stoichiometric
values, a strong community-level elemental homeostasis in both the bald cypress and Bermuda grass
soils was detected. Both the H (C/N) and H (C/P) were in close proximity to 1, indicating the
unstable condition in unplanted soils in the TGDR region. Thereby, microorganisms could adjust their
physiological metabolism to regulate their requirement of C, N, and P resources, thereby acclimating
to various habitats [57].
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Figure 2. Radar graphs illustrating enzyme activities after revegetation. * and ** refer to significant
differences between planted and unplanted soils at p < 0.05 and p < 0.01, respectively; ns refers to no
significant difference.

4.4. Correlations between Enzyme Activities and Soil Parameters

Soil enzyme activities may also reflect the availability of different substrates, as well as microbial
energy and nutrient demand, and are often related to C/N ratios of the microbial biomass or of the
SOC [58]. In the present study, we found that enzyme activities were more closely correlated to soil
microbial biomass than to soil nutrient content, especially to SMC and SMP (Figure 3). This was
consistent with the former study conducted by Sari Stark [39], who found that the potential activities
of enzymes for nutrient acquisition were not affected when the soil nutrient content increased. In the
present study, although the soil physical and chemical parameters did not display direct significant
correlations with the enzyme activities, we argued for the potential controls of the physicochemical
properties over both soil enzyme activities and microbial biomass. The results may also indicate that
for some litter types, such as bald cypress and Bermuda grass, or under some circumstances, such as
drying-wetting events, C and P release are more closely coupled [43].
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Figure 3. The redundancy analysis (RDA) used to identify the relationship between the soil variables
and enzyme activity. The arrows indicate the soil parameters, and the red one indicates significant
impacts of the soil parameters on soil enzyme activities (p < 0.05). The explained proportion of
variability by Monte Carlo permutation is shown at the bottom.

5. Conclusions

Because many soil enzymes and microbial biomass are immediately responsive to soil restoration,
they can be used as indices of environmental stability and soil quality for riparian sustainable
management. Our results showed that soil enzyme activities and microbial biomass, however, tend to
stabilize in the revegetated bald cypress and Bermuda grass soils after revegetation, and the bald
cypress showed more preponderance. Therefore, temporal changes in enzyme activities should
be accounted for when evaluating the sustainability of revegetation in the TGR region. Besides,
the revegetation of bald cypress and Bermuda grass enhanced the ratios of C/N, C/P, SMC/SOC,
and SMN/TN, in revegetated soils, indicating a faster nutrient turnover rate after revegetation of the
degraded riparian zone of the TGR.
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Abstract: Phosphorus (P) is one of the most important factors influencing the growth and quality
of larch plantations. A systematic knowledge of the dynamic changes of P in soil–plant systems
can provide a theoretical basis for the sustainable development of larch plantations. We determined
the concentration, biomass, and accumulation of P in five tree components (i.e., leaf, branch, bark,
stem, and root), and the concentrations of various soil P fractions of larch plantations in 10-, 25-,
and 50-year-old stands in northeast China. Our results showed that the N:P ratio and P concentration
in leaves increased with stand age, indicating that the growth of larch plantations might be limited
by P in the development of stands. The N:P ratio and P concentration in roots, and P resorption
efficiency, increased with stand age, indicating the use efficiency of P could be enhanced in older
stands. The concentrations of soil-labile P fractions (Resin-P, NaHCO3-Pi, and NaHCO3-Po) in 25-
and 50-year-old stands were significantly lower than those in 10-year-old stands, indicating the
availability of soil P decreases with the development of larch plantations.

Keywords: leaf N:P ratio; P resorption efficiency; soil P fractions; P stock; stand age

1. Introduction

Larch (Larix kaempferi) is a major plantation species that is widely planted in northeast China
because of its high yield and timber quality [1]. Since the 1960s, to meet the great demand for timber,
large amounts of secondary forests in northeast China have been replaced by larch plantations [2].
However, due to a lack of efforts to convert larch plantations into mixed forests and the use of improper
harvesting and thinning types (whole-tree thinning and harvesting methods) for larch plantations,
there has been a decline in soil nutrients in these areas [3–5]. Among these depleted soil nutrients,
phosphorus (P) has gradually become a major element affecting the growth of larch plantations with
the increase of stand age [6,7].

The dynamic change of P is crucial to assess the growth and function of a forest. Further, it is
closely related to the ability of soil to supply P, and the ability of plants to extract available P from
the soil and to cycle absorbed P among different plant components [8–10]. Soil P exists in many
chemical forms, including labile P and stable P forms in Hedley fractionation [11]. The transformation
between different soil P forms is important for the availability of soil P for plants [12]. Although a few
studies have reported on the changes of soil P fractions in larch plantations, these studies did not focus
on the long-time variation of P throughout the development of larch plantations. Thus, knowledge
of the variations in soil P fractions across the chronosequence can help us better understand the
supply capacity of soil P with forest development. The concentration and accumulation of nutrients in
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different components of plants are important factors influencing plant growth [13]. Many studies have
reported biomass- and nutrient-allocation strategies in plants [8,13–16]. However, these studies were
not based on a destructive sampling method, especially the above- and below-ground components
along a chronosequence. Moreover, few studies have focused on the study of the combination of P
between soil and plants with the development of pure plantations.

In this study, we examined the changes in soil P fraction concentration and plant P allocation
in larch plantations across different age classes (10-, 25-, and 50-year-old) in northeast China.
The objectives of the study were to (1) reveal the variation of P distribution in soil–plant systems along
an age sequence of a larch plantation, and (2) assess the availability of soil P and the ability of plants to
use P across the chronosequence. We hope to provide a theoretical basis for effective P management
strategies for the sustainable development of larch plantations.

2. Materials and Methods

2.1. Site Description and Experimental Design

The study was conducted at the Qingyuan Forest CERN (Chinese Ecosystem Research Network),
Chinese Academy of Sciences in Liaoning Province, China (41◦51′ N, 124◦54′ E). The climate of
this region belongs to the continental monsoon climate, with humid and rainy summers and cold
and dry winters. The annual temperature is 4.7 ◦C and the minimum monthly and maximum
monthly temperatures are –12.1 ◦C in January and 21.0 ◦C in July, respectively [17]. Annual rainfall is
700–850 mm, with more than 80% falling from July to August [1].

The study site was firstly occupied by primary mixed broadleaved Korean pine forests until the
1930s and was subsequently subjected to decades of unregulated timber removal. In the early 1950s,
the original forests at this study site were completely cleared off by a large fire, and then the forest
was replaced by a mixture of naturally regenerating broadleaved native tree species. Since the 1960s,
the secondary natural forests at the study site were cleared for larch plantations [2].

Three stands of larch plantations, 10-year-old (young), 25-year-old (half-mature), and 50-year-old
(mature) stands, were selected. Each stand was selected on a narrow range of altitudes (525–650 m)
and slopes (13–17◦) to minimize the differences caused by topographical features. The soil of all
stands is typical brown forest soil according to the second edition of the United States Department
of Agriculture soil taxonomy, with 25.6% sand, 51.2% silt, and 23.2% clay, on average, and soil depth
of 40–50 cm [2]. All of the stands were in their first rotation and were developed by replacing the
secondary forests. Therefore, all the stands shared similar geology, microenvironment conditions,
and previous land uses, varying only in the age of the plantations. Thus, the preconditions of all the
stands were appropriate for our chronosequence study. In each stand, three 20 × 20 m sample plots
were laid out with three >10 m buffer zones between them. The diameter at breast height (DBH) and
height of all the individual trees in each sample plot were measured. The trees in each stand were
divided into 5 DBH classes based on DBH distribution. Five sample trees from each sample plot with
different DBHs were selected within each stand. The basic information of the stands is presented in
the Table 1.
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Table 1. Summary of stand properties of the three age classes of larch plantations.

Stand Properties
Stand Age (Years)

10 25 50

Elevation (m) 525 (3) 620 (3) 650 (5)
Slope (◦) 13 (0.7) 15 (0.9) 17 (0.6)

Density (trees ha−1) 3688 (320) 1966 (220) 960 (130)
DBH (cm) 6.15 (0.1) 15.25 (0.2) 25.08 (0.4)

Tree height (m) 7.20 (0.3) 18.24 (0.1) 24.38 (0.6)
Soil type Typical brown forest soil Typical brown forest soil Typical brown forest soil

Soil bulk density (g cm−3) 1.41 (0.05) 1.13 (0.07) 1.23 (0.06)
SOC (%) 2.57 (0.24) 3.00 (0.09) 3.14 (0.39)

Soil total Fe (%) 2.47 (0.13) 2.88 (0.11) 2.32 (0.07)
Soil total Al (%) 6.33 (0.56) 6.34 (0.31) 5.98 (0.54)

Soil pH 5.98 (0.09) 5.79 (0.11) 5.84 (0.06)

Values in the table are the means (standard errors) of the 3 plots per stand n = 3. DBH: diameter at breast height;
SOC: soil organic carbon.

2.2. Plant Sampling and Analysis

The sample trees of each stand were cut down in August 2015 as leaf biomass reached its peak
and nutrient concentrations were stable. The stem of the sample tree was divided into segments with a
length of 1 m. Next, the branch was cut down from the stem. All leaves attached to branches were
picked off and divided into upper, middle, and lower layers. The roots were dug out completely,
and the soil and rocks attached to the roots were cleaned away. The fresh weight of each component
was immediately measured with an electronic scale. After weighing, a stem sample with a width of
2 cm was collected from each segment. In the middle of each stem segment, a 10 cm length of bark was
stripped as the bark sample. A leaf sample was collected from the three layers. The root sample was
collected according to the diameter of the root. At the end of September 2015, when the leaves of the
larch plantation were freshly senesced, 10 litter collectors were laid out in each sample plots to obtain
the senesced leaf samples. The samples of each component were immediately sent to the laboratory
for drying at 65 ◦C until the weight was unchanged to obtain the moisture content. The biomass of
each different component was obtained by adjusting the fresh weight with the respective moisture
content. The P accumulation in each component was calculated by multiplying the P concentration by
its respective biomass. The total biomass and P accumulation of each individual tree was calculated
by summing the different components. The P resorption efficiency (PRE) was calculated as follows:
PRE (%) = ((Pg − Ps × MLCF)/Pg) × 100, where Pg and Ps represent P concentrations in green and
senesced leaves. The mass-loss correction factor (MLCF) value was 0.745 for conifers [18]. The larch P
concentration was determined by H2SO4-H2O2 digestion, and the amount of P in each component
was determined by the Murphy and Riley method [19].

2.3. Soil Sampling and Analysis

Soil bulk density samples were collected by a known volume soil cutting ring for each sample
plots, then dried at 105 ◦C for 12 h, and reweighed to measure soil bulk density. An S-shaped curve
(5 sampling plots) was randomly arranged to collect the soil cores at depths of 0–20 cm in each sample
plot in July 2015. The 5 soil cores were then mixed into a composite soil sample for each sample
plot. Therefore, there were 3 soil samples for each stand. The soil samples were air-dried, ground,
and passed through a 0.15 mm sieve for the analysis of soil P fractions.

Soil P fractions were determined by the modified Hedley sequential extraction method [11,20].
Half a gram of each soil sample was weighed into a 50 mL centrifuge tube, and different soil P fractions
were sequentially extracted by the following extraction steps: (I) Resin-P: soil was extracted with 30 mL
of deionized water and a resin strip. (II) NaHCO3-P: the residue from the first extraction was further
extracted with 30 mL of 0.5 M NaHCO3 (adjusted to pH 8.5). One set was oxidized to determine the
total NaHCO3-P (NaHCO3-Pt). The other set was used for the determination of NaHCO3 inorganic P
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(NaHCO3-Pi). (III) NaOH-P: the residue from the second extraction was then extracted with 30 mL
of 0.1 M NaOH. One set was oxidized for the determination of total NaOH-P (NaOH-Pt). The other
set was used for the determination of NaOH inorganic P (NaOH-Pi). (IV) HCl-P: the residue from
the third extraction was further extracted with 30 mL of 1 M HCl. (V) Residual-P: the residue from
the last extraction was overdried at 60 ◦C and transferred to a conical flask and digested with conc.
H2SO4 and HClO4. The amount of Residual-P was determined by the Murphy and Riley method [19].
The amounts of other soil P fractions were determined by the malachite green method [21].

2.4. Statistical Analysis

A one-way ANOVA test was conducted to evaluate the influence of stand age on soil P fractions,
larch P concentrations, and N:P ratio. LSDs based on multiple posthoc comparisons (p < 0.05) were
performed to evaluate the difference between the three stand ages. All statistical analyses were
performed using SPSS software package version 23.0.

3. Results

3.1. P Distribution Changes in Tree Components with Stand Age on Larch Plantations

Generally, the concentration of P in different tree components showed a consistent tendency in
the three stands; P concentration decreased in the order of leaf > branch > root > bark > stem. The P
concentration observed in leaves was approximately 10 times greater than that in the stems. Stand age
had a significant influence on the concentration in the leaves, branches, and roots. The concentration of
P in leaves decreased with increased stand age. P concentration in the roots in the 50-year-old stand was
significantly higher than that in the 10- and 25-year-old stands. Stand age had no significant influence
on the P concentration of the bark and stem (Table 2). The green-leaf N:P ratio significantly increased
from 13.9 in the 10-year-old stand to 15.4 and 18.4 in the 25- and 50-year-old stands, respectively.
The senesced leaf N:P ratio showed consistent tendency with green leaves, ranging from 6.3 to 32.6.
In contrast, the root N:P ratio significantly decreased with stand age, ranging from 23.3 to 11.0,
while stand age had no significant influence on the N:P ratio of the bark and stem (Table 2).

Table 2. P concentrations and N:P ratio in different larch-plantation components.

Tree Component
Phosphorus (P) Concentration (g kg−1)

10-Year-Old 25-Year-Old 50-Year-Old

Green leaf 1.8 (0.04) A 1.6 (0.02) B 1.0 (0.01) C
Root 0.3 (0.01) B 0.3 (0.01) B 0.5 (0.01) A
Bark 0.2 (0.02) A 0.2 (0.01) A 0.2 (0.03) A

Branch 0.5 (0.02) C 0.8 (0.01) A 0.7 (0.05) B
Stem 0.1 (0.01) A 0.1 (0.01) A 0.1 (0.01) A

Senesced leaf 1.3 (0.02) A 0.9 (0.01) B 0.2 (0.01) C

N:P Ratio

Green Leaf 13.9 (0.22) C 15.4 (0.56) B 18.8 (0.42) A
Root 23.3 (0.32) A 15.8 (0.40) B 11.0 (0.58) C
Bark 12.5 (0.24) A 12.9 (0.12) A 12.7 (0.36) A

Branch 7.5 (0.47) A 4.8 (0.36) C 6.1 (0.67) B
Stem 18.2 (0.46) A 20.0 (0.84) A 18.8 (0.64) A

Senesced leaf 6.3 (0.21) A 8.1 (0.34) B 32.6 (1.21) C

Values in the table are the means (standard errors) of the three plots per stand n = 3. The different letters indicate
groups with significant differences between different stand ages in each tree component (p < 0.05).

On the whole, total tree biomass increased from 9.62 kg tree−1 in the 10-year-old stand to 119.79
and 372.38 kg tree−1 in the 25- and 50-year-old stands, respectively (Table 3). Individual P accumulation
for the 10-, 25-, and 50-year-old stands was 5.64, 35.95, and 62.20 g tree−1, respectively. In increasing
order, P was contained in the bark (i.e., 3%, 6%, and 10% in the 10-, 25-, and 50-year-old stands,
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respectively) and the roots (i.e., 8%, 10%, and 19% in the 10-, 25-, and 50-year-old stands, respectively).
The relative contribution of leaves to total P accumulation decreased from 47% in the 10-year-old stand
to 17% and 10% in the 25- and 50-year-old stands, respectively. The relative proportion of branches
to total P accumulation was 35%, 60%, and 53% in the 10-, 25-, and 50-year-old stands, respectively.
The relative share of stems in total P accumulation was 7%, 8%, and 8% in the 10-, 25-, and 50-year-old
stands, respectively (Figure 1).

Table 3. Biomass of each tree component for different stand ages in larch plantations.

Tree Component
Biomass (kg tree−1)

10-Year-Old 25-Year-Old 50-Year-Old

Leaf 1.50 3.86 5.87
Root 1.69 13.84 52.77
Bark 2.00 21.47 33.23

Branch 0.76 10.85 35.80
Stem 3.67 69.77 244.71

Total tree 9.62 119.79 372.38

The total tree values were obtained as the sum of all components.

Figure 1. Individual P accumulation of each tree component for different stand ages in larch plantations.

3.2. Variation of Soil P Fractions with Stand Age of Larch Plantations

The concentration of each type of soil P fraction of different stand ages is presented in Figure 2.
Generally, Resin-P accounted for around 1% of the soil total P. The proportion of soil P held in the
available P form (NaHCO3-P) was decreased from 18.0% in the 10-year-old stand to 10.5% in the
25-year-old stand and 10.0% in the 50-year-old stand. NaOH-P, which is known as a moderately stable
P, accounted for the second-largest fraction of the soil total P in each stand, with a fraction of 40.0%,
35.7%, and 32.8% in the 10-, 25-, and 50-year-old stands, respectively. HCl-P accounted for the 12.2%,
11.4%, and 5.3% of the soil total P in the 10-, 25-, and 50-year-old stands, respectively. The percentage
of residual P, which belongs to the most stable P pool, increased from 39.6% in the 10-year-old stand to
44.7% in the 25-year-old stand and 53.3% in the 50-year-old stand (Figure 2).

151



Forests 2018, 9, 563

Figure 2. Distribution of soil P fractions for different stand ages on larch plantations. NaHCO3-P is the
sum of NaHCO3-Pi and NaHCO3-Po. NaOH-P is the sum of NaOH-Pi and NaOH-Po.

With an increased stand age, the concentrations of soil inorganic P fractions, such as Resin-P,
NaHCO3-Pi, and HCl-P, significantly reduced. The highest concentration of each of these inorganic
fractions was observed in the 10-year-old stand and was approximately triple of that in the 50-year-old
stand. The soil organic P fractions (NaHCO3-Po and NaOH-Po) and the Residual-P in the 25-year-old
stand were significantly lower than those in the 50-year-old stand. In contrast, the concentration of
NaOH-Pi in the 25-year-old stand was much higher than that in the 50-year-old stand (Table 4).

Table 4. Variations of soil P fractions for different age classes of larch plantations.

Stand Age
(years)

Resin-P
(mg kg−1)

NaHCO3-P
(mg kg−1)

NaOH-P
(mg kg−1)

HCl-P
(mg kg−1)

Residual-P
(mg kg−1)

NaHCO3-Pi NaHCO3-Po NaOH-Pi NaOH-Po

10
4.3 19.8 24.0 29.3 125.8 47.2 153.4

(0.06) A (0.23) A (1.88) A (0.65) B (3.97) A (0.82) A (7.27) A

25
3.7 11.8 13.7 34.9 52.1 27.7 108.9

(0.18) B (0.81) B (1.35) B (1.43) A (6.33) C (0.45) B (5.45) B

50
1.9 5.2 21.5 14.9 74.3 14.4 145.1

(0.08) C (0.30) C (1.21) A (1.52) C (8.38) B (0.67) C (5.90) A

Values in the table are the means (standard errors) of the three plots per stand n = 3. Pi: inorganic P; Po: organic P.
Different letters indicate groups with significant differences between different stand ages in each soil P fraction
(p < 0.05).

Soil labile P is usually obtained as the sum of Resin-P, NaHCO3-Pi, and NaHCO3-Po [11].
The highest concentration of soil labile P was observed in the 10-year-old stand, which was 40%
higher than that in the 25- and 50-year-old stands. Furthermore, there was no significant difference in
soil labile P between the 25- and 50-year-old stands (Figure 3).
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Figure 3. Variations in the concentration of soil labile P (the sum of Resin-P, NaHCO3-Pi,
and NaHCO3-Po) with stand age on larch plantation. Thick bars represent the means and thin
bars represent standard errors for n = 3. Different letters indicate group with significant differences for
p < 0.05.

3.3. Stock of Soil Labile P and Larch P

The stock of soil labile P at 0–20cm was obtained as: soil labile P stock (kg ha−1) = soil labile P
concentration (reported in Figure 3) × soil depth × soil bulk density (reported in Table 1). P stocks
in the soil labile P pool for the 10-, 25-, and 50-year-old stands were 135.61, 66.15, and 70.53 kg
ha−1, respectively. The stock of larch P was obtained as: larch P stock (kg ha−1) = individual tree
P accumulation (reported in Figure 1) × stand density (reported in Table 1). The stock of larch P,
which increased with the stand age, varied from 15.87 kg ha−1 in the 10-year-old stand to 50.15 and
65.07 kg ha−1 in the 25- and 50-year-stands, respectively. The highest P stock in green leaves was
observed in the 25-year-old stand, with a value of 11.91 kg ha−1. The P stocks in green leaves at the 10-
and 50-year-old stands were 9.79 and 5.47 kg ha−1, respectively. The P stocks in senesced leaves in
the 50-year-old stand was 0.93 kg ha−1, which was almost five times lower than that in the 10- and
25-year-old stands. The PRE increased with the stand age and varied from 44.60% to 83.71% (Table 5).

Table 5. The stock of soil labile P and larch P.

Stand Age
(years)

Soil Labile P Stock
(kg ha−1)

Larch P Stock
(kg ha−1)

Green Leaf P Stock
(kg ha−1)

Senesced Leaf P Stock
(kg ha−1)

PRE
(%)

10 135.61 15.87 9.79 5.42 44.60
25 66.15 50.15 11.91 5.01 58.01
50 70.53 65.07 5.47 0.93 83.71

The soil labile P stock is the sum of the soil Resin-P, soil NaHCO3-Pi, and soil NaHCO3-Po stocks in 0–20 cm soil.
PRE: P resorption efficiency.

4. Discussion

4.1. Variations of Larch N:P Ratio, PRE, P Concentration, and P Accumulation across the Larch-Plantation
Chronosequence

N:P stoichiometry is widely used as an indicator of N and P balance and sources of ecosystems [22].
The distribution of nutrient concentrations in different tree components is closely related to nutrient use
strategies of trees in certain conditions [23]. In our study, the N:P ratio and P concentration in the roots
increased with stand age, while the root N:P ratio and P concentration in the leaves decreased with
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stand age. These variations of N:P ratio and P concentration might be caused by the different nutrient
use strategies at different growth stages of the trees on larch plantations. Some previous studies
reported that nutrient use efficiency and retranslocation efficiency in older stands were significantly
higher than those in young stands [24–26]. Therefore, older larches tend to decrease P concentration in
leaves and resorb more P with forest development. Leaf N:P is usually considered to be a predictor
to evaluate the limitation of N and P on the plant [22]. Variations in the larch N:P ratio may indicate
that the growth of a larch plantation could be limited by P with the development of stands. The PRE
increased with stand age, ranging from 44.60% to 83.71%. The PREs in larches are higher than in other
plants. This may be due to the fact that the larch is a kind of deciuous confier that can use its high
PRE to make itself less dependent on soil P supply [23,27]. Our findings are consistent with the results
of Chen et al., and Yan et al. [6,7], indicating that the larch plantations in northeast China are facing
increasing P limitation.

In our study, we observed that the larches increased the relative share of biomass in the remaining
component (stem) and decreased the relative share of biomass in the returning components (leaf and
branch) with forest development. As for underground biomass allocation, the relative share of the
biomass of the roots increased from 12% in the 10-year-old stand to 14% in the 50-year-old stand.
Similar findings were also observed in three woody species [28]. Some studies have reported that
plants can increase root-biomass allocation and decrease leaf-biomass allocation in response to nutrient
limitations [13,29]. However, there is no direct evidence in our study to prove that the different
above-ground and below-ground biomass allocation may result from P limitation. The changes in
biomass allocation might be mainly caused by stand age.

Our results showed that the relative share of P accumulation in the crown components (the sum of
leaf and branch) decreased with stand age. Sardans and Peñuelas [30] found that the allocation of P in
leaves has a closer relationship with above-ground growth. The higher portion of P accumulation in the
crown components of the 10- and 25-year-old stands may be due to the allocation of more nutrients to
leaves and branches in response to rapid growth [31], while the lower relative share of P accumulation
in the crown components of the mature stand may result from the trees’ nutrient allocation strategies
for adapting to soil-fertility conditions [13]. Our results showed the relative contribution of root P
concentration and accumulation increased with stand age. Similar findings observed in pines [32]
indicated that plants may increase their root allocation to strengthen P acquisition in response to
P limitation.

By analyzing the variations of P accumulation in different components, we found that stems
constitute less than 10% of the total P accumulation. while P content in leaves, branches, and roots
accounts for more than 80% of total P accumulation. Our results may indicate that P loss could be
alleviated by leaving the leaf, branch, and root components in the field when larch plantations are
thinned and harvested.

4.2. Variations of Soil P Fractions across the Larch-Plantation Chronosequence

In our study, the content of soil labile P was significantly lower in the 25- and 50-year-old stands
than that in the 10-year-old stand, while there was no significant difference between the 25- and
50-year-old stands. A possible explanation for the decline of soil labile P in the 25-year-old stand is an
improper-harvesting scenario. The whole-tree thinning and harvesting method for larch plantations
around the age of 25 years is common in northeast China and can cause a large loss of the amounts of
soil nutrients and the depletion of soil P [4]. The variations of soil labile P in the 25- and 50-year-old
stand may be the result of increased PRE. According to our results, the PRE in the 50-year-old stand
is much higher than that in the 25-year-old stand, indicating that older larches could reduce their
dependence on soil P supply. The variations of soil Resin-Pi, NaHCO3-Pi, and NaHCO3-Po fractions
during forest development may result from differences in behavior, mobility, and availability [33].
Among these labile P fractions, Resin-P can be absorbed directly by the plant, and NaHCO3-Pi can
adhere to the solid phase and become the available P for the plant when the concentration of Resin-P
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decreases [34]. Some of the moderately stable P pool (especially NaOH-P) can also contribute to the
labile P pool under certain conditions [35,36]. In our study, we observed a decrease of NaOH-Po
and an increase of NaOH-Pi in the 25-year-old stand. Similar findings were observed in the Luquillo
experimental forest [37]. The content variation of NaOH-Po with stand age may be due to the
mineralization. The mineralization of organic P forms plays an important role in supplying P nutrients
under P deficiency [36]. Although we do not have direct evidence that larches have used the stable
P forms in the old stand, the increase of the soil inorganic P fractions and decrease of soil organic
P fractions in the 25-year-old stand may help support the increase in mineralization of organic P.
In our study, residual P accounted for the largest fraction of the soil total P in each age-class stand,
and decreased in the order of 10- > 50- > 25-year-old stand. Higher residual P contents in the youngest
plantation (10 years) may be the result of the remainder of the harvest and removal from the prior
secondary forest. Our results are in agreement with Walker and Syers’ findings, which indicated that
soil P is dominated by organic P and occluded P in the late stages of soil development [38].

4.3. Stock of Larch P and Soil Labile P

Soil labile P is considered to be the pool of P most likely to contribute to plant-available P.
By measuring the stock of labile P and larch P for the 10–50-year-old stands, we found that the decline
of labile P stock is about the same as the increase of larch P stock. This implies that there might be a
close balance between the uptake of P from the soil and the increase in P in the biomass. In our study,
the stock of larch P increased in the order 10- > 25- > 50-year-old stands, while the stock of soil labile P
decreased in the order 10- > 50- > 25-year-old stands. The difference of larch P stock and soil labile P
stock with stand age may be caused by the following reasons. First, the peak of larch growth occurs
between 10- and 25-years and needs large amounts of P to maintain the plants’ rapid growth [39].
Soil labile P is considered to be the pool of P most likely to contribute to the plant-available P [37].
Therefore, the increase of larch P stock and the decline of soil labile P stock mainly occur between
the 10- and 25-year-old stands. Second, nutrient resorption is one of the most important nutrient use
strategies of plants [23,39,40]. In our study, the highest PRE was observed in the 50-year-old stand,
and was around two times higher than that in the 10-year-old stand. Therefore, the 50-year-old stand
could resorb more nutrients from senescing leaves and reduce its dependence on the soil labile P
supply. Third, the primary source of P was from rock weathering, which occurs at an extremely slow
rate [38]. Thus, P recovery could be very difficult when P output exceeds P input for the ecosystem,
especially for those in an infertile environment.

5. Conclusions

Leaf N:P ratio increased with stand age, and the content of soil labile P of larch plantations
decreased with stand age. This might indicate that larch plantations in northeast China are facing
increasing P limitation and the availability of soil P has decreased with the development of larch
plantations. Decreased P concentration and the relative share of P accumulation in the leaves, increased
P concentration and the relative proportion of P accumulation in the roots, and increased PRE across
the chronosequence indicate that larches might improve their use efficiency of P in response to
increasingly acute P limitation in older stands. We should pay attention to increasing P limitation
across the larch-plantation chronosequence in order to maintain the sustainable development of larch
plantations. Nevertheless, the change of P in soil–plant systems is a multifactor effect that depends on
soil properties, rhizosphere, microbial activities, plant process, etc. Further research is necessary to
better understand these multiple effects and interactions on the growth of larch plantations.
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Abstract: To understand the differential effects of altitudinal gradient on soil inorganic nitrogen
concentration and associated ammonia-oxidizingbacteria (AOB) and archaea (AOA), intact soil cores
from a primary coniferous forest were in situ incubated in an alpine forest at a 3582-m altitude (A1)
and transplanted to subalpine forests at a 3298-m altitude (A2) and 3023-m altitude (A3) on the eastern
Tibetan Plateau. Transplant cooled the soil temperature of A2 but warmed the A3 soil temperature.
Both AOA and AOB were found at the three altitudes. Compared to A1, A2 had greater AOA and
AOB abundance, but A3 showed lower AOA abundance in organic soil. The AOA abundance was
negatively correlated with ammonium concentration at all three altitudes, but AOB showed the
reverse trend. Our results suggested that the soil nitrogen process responded differentially to soil
core transplanting at different altitudes.

Keywords: alpine forest; ammonia-oxidizing bacteria; ammonia-oxidizing archaea;
ammonium; nitrate

1. Introduction

Ongoing climate change, characterized by warming winters, snow cover decline and extreme
weather events, is changing the processes of terrestrial ecosystems in cold biomes. Until now, direct
soil warming and snow removal experiments along latitudinal and altitudinal gradients have been
widely used to understand the effects of climate warming on soil processes [1–4]. However, different
soil processes have been observed during cold winters in many areas, and increasing air temperatures
in the winter have led to soil cooling [5–7]. Therefore, direct soil warming experiments cannot fully
reflect the impact of climate warming on soil processes in cold regions. In the alpine-gorge area, the
duration and depth of seasonal snow cover, seasonal freeze-thaw cycles, and temperature vary along
the altitudinal gradient within a small range [8], which provides an ideal platform for investigating
the effects of warming, snow cover decline, and seasonal freeze-thaw cycles on soil processes.

As a main limiting factor for plant growth and net primary productivity, soil nitrogen availability
and its responses to global environmental changes are crucial in terms of understanding how an
ecosystem will be affected by climate change [9,10]. The changes of environmental factors, such as
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temperature, water, and soil freezing, may consequently affect plant, soil and microbial processes and
nutrient losses, and thus influence soil nitrogen process [6,11]. In high altitude and latitude regions,
different elevations can lead to a continuous change in environmental factors, such as temperature,
precipitation, and freeze-thaw characteristics [12–14], and the consequence of these factors may affect
the soil nitrogen dynamics. To fully understand the nitrogen cycle under climate change scenarios, it is
necessary to investigate the changes in soil nitrogen pools at different altitudes.

Ammonia oxidation is the first and rate-limiting step of nitrification, which plays a crucial role in
the global nitrogen cycle [15]. Along with ammonia-oxidizing bacteria (AOB), ammonia-oxidizing
archaea (AOA) have also been detected in extreme environments, such as deep marine areas, hot
springs, and soils [16–19]. The active expression of AOA and AOB genes also has been detected in
alpine areas [4,20–22]. In cold biomes, the seasonal soil freeze-thaw cycles create extreme conditions
for soil microorganisms [23]. The dramatic temperature fluctuations lead to seasonal variations in the
abundance and structure of AOA and AOB communities in alpine areas [4,23,24]. Although previous
studies have documented that warming decreases the abundance of ammonia oxidizing bacteria
and archaea under nitrogen fertilization [24] and the temperature influences the ammonia oxidizer
population [25], the responses of AOA and AOB abundance to altitudinal gradient in both organic and
mineral soils remain poorly understood.

The Tibetan Plateau is one of the most sensitive areas to global climate change [26]; it has
experienced pronounced warming in recent decades that is expected to increase by 2.6–5.2 ◦C
by 2100 [27]. Alpine forests in the upper reaches of the Yangtze River and the eastern Tibetan
Plateau play important and irreplaceable roles in conserving water and soil, harboring biodiversity,
sequestering atmospheric carbon dioxide, and indicating climate change [28]. As the area is affected
by low temperatures and frequent geological disasters, the forest soils are characterized by a thick
organic soil and a thin mineral soil [29]. However, how the inorganic nitrogen concentration and
ammonia-oxidizing microbial community in both the organic and mineral soils respond to different
altitudes remains unknown.

In this study, an altitudinal gradient experiment in combination with soil core transplanting was
conducted to investigate the changes of soil nitrogen processes and the related ammonia-oxidizing
microbial community (AOA and AOB) at different altitudes. We hypothesized that soil core
transplanting might (1) increase the soil temperature at the two lower altitudes and (2) enhance
the soil inorganic nitrogen concentration and related microbial abundance.

2. Materials and Methods

2.1. Site Description

This study was conducted at the Long-term Research Station of Alpine Forest Ecosystems in the
Miyaluo Nature Reserve (102◦53′–102◦57′ E, 31◦14′–31◦19′ N, 2458–4619 m a.s.l.), which is located
in Li County, western Sichuan, China (Figure 1). This is a transitional area situated between the
Tibetan Plateau and the Sichuan Basin. The mean annual temperature is approximately 3 ◦C, with
maximum and minimum temperatures of 23 ◦C (July) and −18 ◦C (January), respectively. The annual
precipitation is approximately 850 mm. The forests consist of conifers and natural mixed hardwoods
depending on the altitude and are mainly dominated by Minjiang fir (Abies faxoniana Rehd. et Wils.),
Dragon spruce (Picea purpurea Mast.), and Red birch (Betula albosinensis Burk.). The forest soils are
classified as Cambisols [30]. Seasonal soil freezing and thawing are observed in this area [31].
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Figure 1. Location of experimental sites in this study.

2.2. Temperature Monitoring

Air temperature at 2 m height in the study site and soil temperatures (5 and 20 cm depths) were
recorded at three locations using buried Thermochron iButton DS1923-F5 Recorders (Maxim/Dallas
Semiconductor Corp, Sunnyvale, CA, USA) every hour between May 2010 and April 2011.

2.3. Soil Incubation

A 3 × 3 m sampling plot was randomly selected in a representative primary conifer alpine forest
dominated by Minjiang fir at 3582 m. The basic properties of the organic and mineral soils are shown
in Table 1. After clearing plants and fresh litter from the ground, Polyvinyl Chloride (PVC) cylinders
(20 cm in length, 5 cm in diameter) were inserted into the soil to take undisturbed soil cores; forty-five
soil cores were taken from this plot in May 2010. These soil cores were divided into three groups
(fifteen cores in each group) and incubated in the 3582-m (A1, in situ incubate), 3298-m (A2) and
3023-m (A3) altitude sites.

Table 1. The basic properties of the soil organic layer and mineral soil layer in the eastern Tibetan forest.

Organic Carbon
(g·kg−1)

Total Nitrogen
(g·kg−1)

NH+
4

(mg·kg−1)

NO−
3

(mg·kg−1)

Bulk Density
(g·cm−3) pH

Organic soil 138.56 ± 4.04 7.28 ± 0.07 18.73 ± 0.36 140.75 ± 2.73 1.09 ± 0.05 5.6 ± 0.3
Mineral soil 25.03 ± 0.88 1.69 ± 0.03 11.32 ± 1.35 14.04 ± 1.45 1.2 ± 0.03 5.3 ± 0.2

2.4. Sample Collection

One incubated soil core was retrieved from each sampling plot during the early growing season
(EGS, 24 May to 12 August 2010), late growing season (LGS, 12 August to 17 October 2010), onset of
the freezing period (OFP, 17 October to 23 December 2010), freezing period (FP, 23 December 2010 to
3 March 2011), and thawing period (TP, 3 March to 19 April 2011). Soil samples of the organic and
mineral soils were collected in each plot [32]. All soil samples were hand-sorted to remove gravel and
coarse roots. The samples were stored in freezer boxes, transported to the laboratory within 24 h, and
stored at −20 ◦C. Soils were sieved through a 2-mm mesh before chemical analysis.

2.5. Inorganic Nitrogen Concentration

Ammonium (NH+
4 ) and nitrate (NO−

3 ) concentrations in the extract were measured using
indophenol-blue and phenol disulfonic acid colorimetry. A 10-g soil sample from each soil core
was taken, to which 50 mL 2 M KCl at room temperature was added. The mixture of soil and extractant
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was shaken for 1 h. After shaking, the soil suspension was filtered (Whatman filter paper, 12.5 cm in
diameter). Soil solutions were kept frozen prior to analysis for ammonium and nitrate using a TU-1901
Analyzer (Beijing Purkinje General Instrument Co. Ltd., Beijing, China).

2.6. DNA Extraction

DNA was extracted from 0.8 g to 1.0 g (fresh weight) of soil using the E.Z.N.A.® Soil DNA Kit
(Omega Bio Inc., Norcross, GA, USA). The extracted DNA was checked on 1% agarose gel, and the
concentration was determined using a Nanodrop® ND-1000 UV-Vis spectrophotometer (Nano-Drop
Technologies, Wilmington, DE, USA).

2.7. Quantification of amoA Genes by Real-Time PCR

The amoA gene cloning and the method to create standard curves were as previously described [21].
The primer pairs Arch-amoAF/Arch-amoAR [33] and amoA-1F/amoA-2R [34] were used for real-time
polymerase chain reaction (PCR) quantification of the archaeal and bacterial amoA genes, respectively.
Real-time PCR was performed using the CFX96 System (Bio-Rad Laboratories Inc., Hercules, CA,
USA) in 25 μL reactions containing 12.5 μL of SYBR® Premix Ex TaqTM (TaKaRa Biotechnology Co.
Ltd., Dalian, China), 0.4 mg·mL−1 of bovine serum albumin, 200 nmol·L−1 of each AOA primer or
400 nmol·L−1 of each AOB primer, and 1 μL of DNA (1–10 ng) as the template. Three analytical
replicates were performed for each soil sample. Amplifications were carried out as follows: 95 ◦C for
1 min followed by 40 cycles of 10 s at 95 ◦C, 25 s at 63 ◦C for AOA or 57 ◦C for AOB, and 1 min at
72 ◦C. The plates were read at 72 ◦C after each cycle. The product specificity was confirmed using a
melting curve analysis (65–95 ◦C, 0.5 ◦C per read with a hold time of 5 s) at the end of each PCR run.

2.8. Statistical Analyses

All statistical tests were performed using the software Statistical Package for the Social Sciences
(SPSS Inc., IBM, Armonk, NY, USA) version 16.0. Data were subjected to one-way analysis of variance,
and significant differences between treatment means for each variable were compared by the LSD post
hoc test at p < 0.05. The relationships between the abundances of AOA and AOB, ammonium and
nitrate concentration at each altitude were tested by Pearson correlation analyses.

3. Results

3.1. Air and Soil Temperatures

The temperature dynamics of air and soil at the three altitudes from May 2010 to April 2011 are
shown in Figure 2. Air temperature increased with a decrease in altitude; compared with A1, A2 and
A3 increased by 1.39 ◦C and 2.64 ◦C, respectively. However, the soil annual temperature displayed
different characteristics at different altitudes. Generally, compared to A1, A3 increased by 1.03 ◦C and
1.08 ◦C, but A2 decreased by 0.26 ◦C and 0.25 ◦C in the organic and mineral soils, respectively.
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Figure 2. Daily and annual air and soil average temperatures at different altitudes. A1: 3582-m altitude;
A2: 3298-m altitude; A3: 3023-m altitude. The inserts represent the mean values at the A1 (black), A2
(open) and A3 (gray) sites.

3.2. Inorganic Nitrogen Concentration

Transplanting soil significantly affected the soil inorganic nitrogen (ammonium and nitrate)
concentration in both soil layers. With respect to organic soil, A3 had the highest ammonium and
nitrate concentration during most of the sampling period except for the ammonium concentration
during the onset of the freezing and thawing periods (Figure 3a,c). However, with respect to mineral
soil, A3 showed the lowest ammonium concentration during the onset of the freezing period and
during the freezing period (Figure 3a,c). In both soil layers, A2 had the highest ammonium and nitrate
concentrations during the early growing season, but a lower ammonium concentration during the
onset of the freezing period and the thawing period was found in the organic soil (Figure 3c). At all
altitudes, the change in inorganic N concentration in the soil organic layer was more sensitive than
that in the mineral soil (Figure 3c).

 

Figure 3. Cont.
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Figure 3. Ammonium (NH+
4 ) and nitrate (NO−

3 ) concentrations in (a) organic and (b) mineral soils
and (c) the effect size of soil core transplanting in different periods. The effect size is the average
difference in the ammonium and nitrate concentration at A2 or A3 with respect to the original site (A1),
A2 = (A2 − A1)/A1 and A3 = (A3 − A1)/A1. EGS: early growing season, LGS: late growing season,
OFP: onset of freezing period, FP: freezing period, TP: thawing period. A1: 3582-m altitude; A2: 3298-m
altitude; A3: 3023-m altitude. * indicates a significant difference (p < 0.05) between different altitudes.

3.3. Abundance of amoA Genes

Both archaeal amoA genes (8.15 × 104 to 1.50 × 109 g−1 soil) and bacterial amoA genes (1.11 × 105

to 1.20 × 108 g−1 soil) were detected in the soil at the three altitudes (Figure 4). Compared to A1, A2
had greater AOA and AOB abundance at most sampling times, except for the AOA abundance during
the early growing season in the organic soil and the AOB abundance during the freezing stage in the
mineral soil (Figure 4c). A3 had lower AOA abundance but greater AOB abundance in organic soil
compared to A1. Regarding mineral soil, A3 had lower AOA and AOB abundance during the early
growing season and at the onset of the freezing period, but greater abundance was observed during
other sampling periods. The abundance of AOB and AOA showed significant correlations with the
ammonium and nitrate concentration, respectively, at 3023 m altitude (Table 2).
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Figure 4. (a) Bacterial and (b) archaeal amoA gene copy numbers at different altitudes (mean ± SD,
n = 3) and (c) the effect size of soil core transplanting in different periods. The effect size is the
average difference in the ammonium and nitrate concentration at A2 or A3 with respect to the original
site (A1). A2 = (A2 − A1)/A1 or A3 = (A3 − A1)/A1. A1: 3582-m altitude; A2: 3298-m altitude;
A3: 3023-m altitude. EGS: early growing season; LGS: late growing season; OFP: onset of freezing
period; FP: freezing period; TP: thawing period. * indicates a significant difference (p < 0.05) between
different altitudes.
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Table 2. Correlation analyses among the abundances of AOA, AOB and NH+
4 , NO−

3 at
different altitudes.

Altitude Abundance of AOB Abundance of AOA NH+
4 NO−

3

3582 m

Abundance of AOB 1 0.632 * 0.251 0.445
Abundance of AOA 1 −0.323 −0.163

NH+
4 1 0.478

NO−
3 1

3298 m

Abundance of AOB 1 0.777 ** 0.389 0.486
Abundance of AOA −0.093 0.076

NH+
4 0.741 *

NO−
3 1

3032 m

Abundance of AOB 1 −0.060 0.677 * 0.392
Abundance of AOA −0.493 −0.772 **

NH+
4 0.420

NO−
3 1

AOB is ammonia-oxidizing bacteria, AOA is ammonia-oxidizing archaea, NH+
4 is ammonium, NO−

3 is nitrate.
** indicates significant difference at p < 0.01 (two-tailed). * indicates significant difference at p < 0.05 (two-tailed).

4. Discussion

Soil nitrogen cycling is one of the most important ecological processes in forest ecosystems [35].
Previous studies subdivided N cycling into decomposition processes, assimilative processes and
dissimilative processes [36]. The uptake and utilization of ammonium or nitrate by plants and
microorganisms for growth and replication were included in assimilative processes [36]. This soil
core transplanting experiment was used to study the change and relationship between inorganic
nitrogen (ammonium and nitrate) concentration and N-related (AOA and AOB) microorganisms.
The observation in this study indicated that the soil transplant cooled A2 but warmed A3 winter soil
temperature, respectively. This change may be related not only to the air temperature but also to
the winter snow cover. The depth and duration of the snowpack is considered to be the important
indirect effect of winter climate change [37,38]. Our previous study demonstrated that the snow depth
decreased with decreasing altitude in this area [39]. The thickest snow cover in A1 may offer an ideal
combination of moister and warmer soil conditions that can keep the soil warm [39,40]. However, the
thinner and shorter duration of snow cover at A3 had a more sensitive response to solar radiation [41],
which may produce a higher soil temperature.

Soil microorganisms are important drivers of soil quality and ecosystem function. Research
on the spatial variations of AOB and AOA activity and their unique contributions to nitrification is
needed [42]. Changes in environmental factors, such as elevation, N fertilization, temperature, and pH,
may affect ammonia-oxidizing microorganisms in soil ecosystems. A previous study has pointed out
that AOB were significantly higher than AOA during a soil warming and fertilization treatment [24],
but the AOA were more abundant than AOB in a long-term fertilized soil [16]. This suggests that AOA
may be more active than AOB in acidic soils, whereas this may be the opposite in alkaline soil [42].
However, the key factors are still difficult to assess [43]. A study at Mount Everest indicated that
the AOA abundance increased along an altitudinal gradient decrease, whereas that of AOB did not
shift significantly with altitude, suggesting that AOA may be more sensitive than AOB in response to
elevated soil conditions [4]. In this study, we found that the samples at A2 had greater abundance of
AOA and AOB than A1 at most sampling times, except for AOA in the early growing season and AOB
in the freezing period in organic and mineral soils, respectively. Although previous studies have shown
that a lower temperature may prevent microbial activity and even kill certain microbes [21,44], some
tolerant or adaptive species may survive and replicate [45–47], to improve the microbial abundance of
A2. At A3, the abundance of AOA and AOB was inconsistent in organic and mineral soils. In contrast
to a previous study, temperature had a negative correlation with AOB but a positive correlation
with AOA in a temperate beech forest soil [48]. However, AOA and AOB abundance was positively
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correlated with temperature [49]. Increased temperature at A3 resulted in a lower abundance of AOA
and a greater abundance of AOB in the organic soil. This may be affected by the different responses to
the environmental variation of AOA and AOB in alpine areas [4,50,51].

Inorganic N, as a common substrate, influenced AOA and AOB abundance. The concentration of
ammonium in soil has been identified as an important factor driving the relative distributions of AOA
and AOB [52]. In the investigated alpine forest, the abundance of AOA varied almost inversely with
the measured ammonium concentration at all sampling altitudes, while that of AOB varied positively
with ammonium concentration (Table 2), suggesting that ammonium may drive the separation between
AOA and AOB [53]. In this study, the abundance of AOB was higher at A2 and A3 during most of the
sampling period (Figure 4c). Higher ammonium concentration was observed only in the early growing
season and later growing season, likely due to N mineralization over the winter [41]. This result
suggests that inorganic N may determine the distribution of AOA and AOB in alpine forest soils by
providing the substrate for microbial mineralization.

5. Conclusions

In summary, AOA and AOB abundance was recorded in winter in this alpine forest. Although
the soil temperature was cooled at A2, higher microbial abundance was observed at A2. The increased
temperature at A3 decreased the AOA abundance in the organic soil. The concentration of ammonium
was positively correlation with AOB abundance and negatively with AOA abundance.
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Abstract: The productivity of forests is often considered to be limited by the availability of phosphorus
(P). Knowledge of the role of organic and inorganic P in humid subtropical forest soils is lacking.
In this study, we used chemical fractionation and 31P nuclear magnetic resonance (NMR) spectroscopy
to characterize the form of P and its distribution in undisturbed perhumid Taiwan false cypress
(Chamaecyparis formosensis Matsum.) forest soils. The toposequence of transects was investigated for
the humic layer from summit to footslope and lakeshore. The clay layer combined with a placic-like
horizon in the subsoil may affect the distribution of soil P because both total P and organic P (Po)
contents in all studied soils decreased with soil depth. In addition, Po content was negatively
correlated with soil crystalline Fe oxide content, whereas inorganic P (Pi) content was positively
correlated with soil crystalline Fe oxide content and slightly increased with soil depth. Thus, Pi may
be mostly adsorbed by soil crystalline Fe oxides in the soils. Among all extractable P fractions, the
NaOH-Po fraction appeared to be the major component, followed by NaHCO3-Po; the resin-P and
HCl-Pi fractions were lowest. In addition, we found no typical trend for Pi and Po contents in soils
with topographical change among the three sites. From the 31P-NMR spectra, the dominant Po

form in soils from all study sites was monoesters with similar spectra. The 31P-NMR findings were
basically consistent with those from chemical extraction. Soil formation processes may be the critical
factor affecting the distribution of soil P. High precipitation and year-round high humidity may be
important in the differentiation of the P species in this landscape.

Keywords: Chamaecyparis forest; humic substances; 31P nuclear magnetic resonance spectroscopy
(31P NMR); P species; topography
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1. Introduction

In terrestrial environments, mountainous forest is one of the canonical ecosystems that provide
various ecosystem services such as maintaining biodiversity, water conservation [1] and carbon
sequestration [2]. Meanwhile, it is also a vulnerable ecosystem that can be influenced by different
soil nutrients [3]. Thus, understanding the soil nutrient distributions in a forest ecosystem is vital
to maintain ecosystem functions and productivity [4]. In such ecosystems, phosphorus (P) can be a
limiting element because unlike nitrogen (N), which is mainly deposited from the atmosphere [5], P is
mostly acquired from weathering soil parent material and is continuously lost due to soil erosion [6–8].
The bioavailability of P in soils further relies on the chemical/physical conditions that fractionate the
total P into different species [9,10]. Understanding P availability and its transformation among each
fraction will help assess the P supply capacity of the soil over the long term and to adapt management
practices [11].

Some isolated P fractionation pools have key functions in the P cycle and plant nutrition [11–15].
The organic and inorganic forms of P are usually separated and quantified by their plant availability.
The mineralization of organic P is generally responsible for most of the P supply to plants [16,17],
especially in mountain forest ecosystems [4,11,18]. Actually, the sequential fraction can provide a
general indicator of how biological and geochemical forms of P change during soil weathering in
mountain forest ecosystems. In general, organic P was found to be the dominant fraction of total P (TP)
in these forest ecosystems, and available P content was determined by the mineralization processes of
organic P [11,19]. Productivity, including plant growth and biomass production of trees in afforested
mountain areas, is largely influenced by mineralization and microbial processes of organic P as well as
soil organic matter.

However, identifying different fractions of P and evaluating their bioavailability are difficult because
of spatial inconsistency and the complexity of geochemical properties. Several wet-chemical methods
for determining P fractionations have been established and used in various ecosystems [20–23]. Also,
31P-nuclear magnetic resonance (NMR) spectroscopy has been used for determining the composition
of soil P [24–26]. De Feudis et al. [27] determined the P availability in subalpine forest soils in
Italy and found organic P, bioavailable P contents and alkaline mono-phosphatase activity were all
increased with altitude. Similarly, Doolette et al. [28] analyzed P composition in five alpine and
subalpine forest soils and found that 54% to 66% of extractable P was contributed by organic P such
as phosphomonoesters and inositol phosphonates, and the organic P composition was affected by
temperature and soil moisture.

To our knowledge, studies of P fractionation in forests were mostly performed in temperate
ecosystems [10,29,30], with relatively fewer studies from subtropical and tropical alpine forests. In this
study, to evaluate the pedogenetic effects on the forms of P, we determined the composition of soil P
with both chemical extraction and 31P-NMR methods along a toposequence in a pristine subtropical
subalpine forest. Because the changes in soil oxidation–reduction status affect the formation of iron (Fe)
and consequently the P status in such humid forest soils, we hypothesized that the content of labile P
associated with Fe oxides increases with changing topographic sequence from the summit to lakeshore
because of leaching and soil erosion, whereas recalcitrant organic P, which is more complex-formed,
will remain in the summit.

2. Materials and Methods

2.1. Study Sites

This study was conducted in the Yuanyang Lake forest ecosystem (24◦35′ N, 121◦24′ E) in
northeastern Taiwan. The study sites covered an elevation of 1700 to 2000 m a.s.l., with an average
annual temperature of 12.5 ◦C and a mean annual precipitation of more than 4000 mm. The ecosystem
consists of a primary forest dominated by Taiwan false cypress (Chamaecyparis obtusa var. formosana)
and an evergreen broadleaf shrub (Rhododendron formosanum Hemsl.). The bedrock of the study sites
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is composed of interbedded Tertiary shale and sandstone [31]. This locality can be described as a
temperate, very wet and mountainous ecosystem. It has been established as a Nature Reserve and
selected as one of the long-term ecological research sites in Taiwan. The forest soils are divided into
three main groups, which are closely related to the topography. The soil at the summit, with a slope of
about 15◦, is classified as Typic Hapludult (Ultisols) [32], which is relatively well-drained and develops
clear eluvial and illuvial boundaries. The footslope, with a slope of about 28◦, is dominated by Typic
Dystrochrept (Inceptisols), where poor drainage caused by the clay and silty clay mineral horizon
beneath the organic layer limits the downward movement of soluble compounds and thus hampers
the soil profile development. Lithic Medihemist (Histosols) stretches from the lakeshore to the toeslope,
about 1.5 m above the lake and with a slope of about 10◦, which is inundated by occasional storms.
Details of the environment of this ecosystem are described elsewhere [33]. Briefly, the soils at the
summit and footslope are derived from partially podzolized soils and pure peats, while the soils at the
lakeshore are mostly derived from peat, and directly lie on the bedrock [33].

2.2. Soil Sampling

A pedon sample was collected from each site to the bedrock. However, the pedon sample
at the lakeshore was limited to the O horizon because no mineral layers were developed on
the bedrock. Each horizon in the pedon was collected separately to determine the basic soil
physiochemical properties.

To further determine the P fractionation along the topography, soil samples were collected from
three selected sites along a topographic sequence in the forest that covered the summit, footslope and
lakeshore. At each sampling site, three composite samples, each containing five subsamples, were
collected with a soil auger with 8 cm in diameter and 10 cm in depth (Oe and Oa horizons).

Visible coarse organic materials, such as roots and litter were manually removed before sieving.
The remaining soil samples were air dried and sieved through a 2-mm sieve for chemical analysis.

2.3. General Soil Chemical Properties

Soil pH was measured at a soil:water ratio of 1:1. Total organic C (TOC) and total N (TN) contents
in the soil were determined with an NCS Elemental Analyzer (Model NA1500 Fisons, Milan, Italy).
Cation-exchange capacity was determined by the NH4/Na exchange method [34]. Crystalline Fe (Fed)
and Al (Ald) oxide contents were calculated by difference between dithionite and oxalate contents with
following the experiments of previous study [35]. Amorphous Fe (Feo) and Al (Alo) oxide contents
were measured by an ammonium oxalate extraction method [36].

2.4. Sequential Fractionation of P

Sequential fractionation was performed as described in [37]. The sequential fractionation
procedure removes progressively less available P with each subsequent soil extraction [38].
The fractionation started with 0.5 g dried sieve soil. An anion exchange resin was used first to
extract plant-available inorganic P (resin-Pi) [39]. Then, the other Pi content was determined directly
in 0.5 M NaHCO3, 0.1 M NaOH, 1 M HCl and concentrated HCl extractions. The extracted solutions
were then digested with H2SO4 (97%) and H2O2 (30%) at 300 ◦C to determine the total dissolved P
(Pd) content of each fraction. The organic P (Po) content was calculated by subtracting Pi content from
Pd content in each fraction (Po = Pd − Pi). The remaining soil was digested with H2SO4 (97%) and
H2O2 (30%) at 300 ◦C to determine the residual P content. All extracts and digestions obtained were
measured colourimetrically by the malachite green procedure [40].

Summed Pi content was calculated as the sum of all analyzed Pi fractions including resin-Pi,
NaHCO3-Pi, NaOH-Pi, HCl-Pi and cHCl-Pi. Summed Po content was calculated as the sum of
all analyzed Po fractions including NaHCO3-Po, NaOH-Po and cHCl-Po. Summed P content was
calculated as the sum of Pi, Po and residual P content. Total P content of the soil samples was
determined by digestion with H2SO4 (97%) and H2O2 (30%) at 300 ◦C.
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2.5. 31P-NMR Measurements

Air-dried soil (5 g) was dispersed in 20 mL of 0.25 M NaOH-0.05 M EDTA for 2 h, and the
suspension was centrifuged at 12,100× g for 30 min. The extractant was then reacted with chelating
resin for 6 h at room temperature to reduce the paramagnetic interference of iron and other metals
in the NMR spectra. After being stirred, the resin was separated by filtration through Whatman 42
filter paper. The extract was freeze-dried for storage. A freeze-dried sample (0.1 g) of NaOH-EDTA
extractant was dissolved in 0.5 mL of 0.5 M NaOH; then, 0.1 mL D2O was added, and the solution
was transferred to a 5-mm NMR tube for 31P-NMR analysis [41]. The 31P-NMR spectra were obtained
at 242.86 MHz and 25 ◦C on a Bruker-600 NMR spectrometer with 60◦ pulse, 3.5-s delay and 0.33-s
acquisition time. The 31P-NMR spectra were proton-decoupled by using an inverse-gated pulse
sequence to overcome the nuclear Overhauser enhancement and for quantification [40,41]. Depending
on the P content in the alkaline extract, 500–2500 scans were used for an acceptable signal-to-noise
ratio. Spectra were recorded with a line-broadening of 20 Hz. The chemical shift was measured
relative to an external 85% H3PO4/D2O standard. The assignment of signals was based on Newman
and Tate [42], Dai et al. [43], Condron et al. [24], and Robinson et al. [41]. Contents of the various P
components (phosphonate, inorganic orthophosphate, orthophosphate monoesters, orthophosphate
diesters, pyrophosphate, polyphosphates) were determined according to relative resonance areas
obtained by electronic integration. Inorganic orthophosphates and orthophosphate monoesters signals
were separated by using a boundary determined from the valley between the two signals to the
baseline [44].

2.6. Statistical Analyses

All extraction experiments were carried out in triplicate. Simple linear regression was used to
compare the relation between soil P and soil Fed, Feo Ald and Alo concentrations. Differences in the P
factions among the three sites were analyzed using one-way analysis of variance (One-Way ANOVA)
and Tukey’s honestly significant difference (HSD) test. JMP 11.0 (SAS Inc., Cary, NC, USA) was used
for these statistical analyses. p < 0.05 was considered as statistically significant.

3. Results

The basic chemical properties of the studied soils are in Table 1. The soils were strongly acidic;
pH values ranged from 3.3 to 4.5 in the three sampling sites. Both TOC and TN contents were high
in the O horizon and decreased from the surface to the low horizons. Similarly, the cation-exchange
capacity basically decreased from the surface to the low horizons. Total P content also decreased from
the surface to the low horizons, but the difference was much less than for TOC and TN contents.

The Feo, Fed, Alo and Ald contents peaked in the Bt2 horizon at the summit site and in the Bw2

horizon at the footslope site. Pi content was associated with amorphous (Feo and Alo) and crystalline
(Fed and Ald) Al and Fe oxide contents and migrated vertically through the horizons with illuviation.
Moreover, Pi and Fed contents were positively correlated, and Po and Fed as well as Po and Feo

contents were negatively correlated in the soil samples (Figure 1a). However, the relation between
Pi and Feo contents was not statistically significant (Figure 1b). In addition, only Pi and Alo contents
were positively correlated; Po and Ald contents were negatively correlated but not Pi and Ald nor Po

and Alo contents (Figure 2a,b).
Contents of total P and summed P and Pi in the O horizons were greater at the footslope than the

lakeshore, whereas the values in the summit site were in between those at the footslope and lakeshore.
In addition, summed Po and residual P contents were similar among the three sites (Table 2). HCl-Pi

and cHCl-Pi contents were similar among the three sites, whereas cHCl-Po content in the footslope soil
was similar to that at the lakeshore but higher than that at the summit. NaOH-Pi content was higher
at the footslope than the summit and lakeshore. In addition, NaOH-Po content was higher at the
summit than the footslope and lakeshore. NaHCO3 extracted Pi content was higher at the summit than
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the footslope and lakeshore, whereas NaHCO3-Po content was the highest at the footslope and was
similar at the summit and lakeshore. Resin-Pi content was higher at the lakeshore than the footslope,
and resin-Pi content at the summit was in between that at the other two sites.

Figure 1. Correlations of contents of Pi and Po with Fed (a) and Feo (b) in the pedon samples collected
from the three sampling sites. * Statistically significant at p < 0.05.

Figure 2. Correlations of contents of Pi and Po with Ald (a) and Alo (b) in the pedon samples collected
from the three sampling sites. * Statistically significant at p < 0.05.

Organic P was the dominant P fraction in the mountain forest soils of the three sites (Table 3).
Moreover, NaOH-Po represented the major P fraction and contributed to more than 40% of the summed
P content at the three sampling sites. NaHCO3-Po was the second most abundant P fraction among
the three sites and contributed more than 20% of the summed P content. Summed Pi content (resin-Pi

+ NaHCO3-Pi + NaOH-Pi + HCl-Pi + cHCl-Pi) in surface soils of all study sites contained less than 18%
of summed P, and NaOH-Pi was the major Pi fraction in total Pi.
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Table 3. Relative proportions of total P extracted for inorganic (Pi) and organic (Po) forms in
NaOH-EDTA extracts from humic soil samples (O horizon) determined by chemical extraction and
31P-NMR spectroscopy.

Soil
Pi Po

Chemical § NMR Chemical § NMR

%
Summit 17.2 ± 2.8 17.5 ± 1.2 77.5 ± 2.9 82.5 ± 3.7

Footslope 16.3 ± 2.1 17.3 ± 1.4 80.0 ± 2.4 82.7 ± 2.7
Lakeshore 16.9 ± 1.4 11.6 ± 1.7 81.1 ± 1.5 88.4 ± 5.7

§ Pi: sum of resin-Pi + NaHCO3-Pi + NaOH-Pi + HCl-Pi + cHCl-Pi. Po: sum of NaHCO3-Po + NaOH-Po + cHCl-Po.

Spectra obtained from 31P-NMR analysis of NaOH-EDTA extracts revealed inorganic orthophosphate,
orthophosphate monoesters, orthophosphate diesters, pyrophosphates, and phosphonates in the soil
extracts (Figure 3).

Figure 3. 31P-NMR spectra for NaOH-EDTA extracts from soils at different sites. a: phosphonate,
b: inorganic orthophosphate, c: orthophosphate monoesters, d: orthophosphate diesters,
e: pyrophosphate.

Organic P compounds identified in the NaOH-EDTA extracts included orthophosphate
monoesters, orthophosphate diesters, and phosphonates. Orthophosphate monoesters were the
predominant species of extracted organic P in soil from all sites and contributed to more than 60%
of the total P fractions (Figure 4). The proportion of orthophosphate diesters was much lower than
that of orthophosphate monoesters and only contributed 15% to 20% of the total P pools. Content of
phosphonates (18.7 ppm) ranged from only 2.2% to 4.0% of extracted P from the three sites, and the
highest content was found at lakeshore, with waterlogged conditions.

Inorganic P compounds identified in the NaOH-EDTA extracts included orthophosphate and
pyrophosphates. Inorganic orthophosphate signals at 6.1–6.3 ppm ranged from 11.6% to 17.3% of
the spectral area for all study sites (Table 3). The highest inorganic P content was found at the
footslope. In addition, small additional pyrophosphate resonance (−4.3 ppm) was observed only at
the summit site.

176



Forests 2018, 9, 294

 
Figure 4. Proportion of extracted P in various classes from humic samples at different sites determined
by 31P-NMR spectroscopy. Error bars indicate standard deviation.

4. Discussion

4.1. Soil Physiochemical Properties and Chemical Extractable P

The soil in this study site contains high moisture because of the year-round high precipitation [45].
High soil moisture in mountainous forests retards decomposition of soil organic matter, and high
precipitation increases the loss of cations, thereby resulting in decreased soil pH and Eh [38,46,47].
This explains our observations of low soil pH in the studied sites. Moreover, our previous study at the
same sites revealed a clay and silt-clay layer under the organic layer [45]. This clay layer may retard
the percolation [48] and therefore result in reduced soil TOC, TN and TP contents with increasing
soil depth.

The high Feo, Fed, Alo and Ald contents in the B horizons implied that iron moved downwards
and accumulated in the subsoil. Because high soil moisture and rich organic matter decreased soil
redox potential in the surface layer, reduced Fe and Al ions moving from surface to the bottom layer
were re-oxidized in the B horizons [49,50]. This formation of accumulated Fe, which may due to the
redoximorphic process [51,52], created a placic-like horizon and resulted in slow permeability of P in
such perhumid forest soil [49].

The positive correlations between Pi and Fed but not Pi and Feo contents implied that most
inorganic P may be adsorbed by crystalline Fe oxides in soils, whereas the negative correlation between
Po and Fed as well as Po and Feo contents implied that organic P was in a complex formation in the
soils. In addition, the vertical increase in Pi content, with an opposite trend to Po content, in each
soil profile was significantly related to the content of amorphous and crystalline Fe oxides but not
crystalline Al oxides. This observation implied that Fe oxides, rather than Al oxides, may chemically
bind with Pi, and the accumulation of Pi in the subsoils could relate to the downward percolation
and reoxidation of Fe. Sollins et al. [53] found that soil with high Fe hydrous oxides content tends
to irreversibly fix polyvalent oxyanions such as phosphate because of chemosorption and occlusion.
A similar trend was found in our previous study of subalpine forest soils [54], in which significant
sorption of Pi to sesquioxides was via downward migration.

In addition, acidic soil conditions (pH < 4) typically facilitate Fe oxides reduction (i.e., Fe2+),
which may help the mobility of Fe in soil [55]. The acidic soils at this study site may further affect the
mobility of Pi, thereby resulting in low Pi content at the three study sites.

The depth of O horizons increased from the summit to the lakeshore, which suggests a process
of erosion–deposition. In addition, because the mineral clay layer and placic-like horizon reduced
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vertical percolation, most of the soil organic matter in the water flow is transported laterally [33,45].
This can help the downhill movement of soil nutrients in the O horizon [45,49] and may explain
the increased soil TOC and TN contents from the summit to the footslope. In addition, because the
soils at the summit and footslope were relatively well-drained while the soils at the lakeshore were
poorly-drained [33], this may help the accumulation of organic matter and result in a thick O horizon
at the lakeshore.

4.2. Chemical Extraction of Soil P

Because of the low overall Pi concentrations in the three study sites, the different chemical
extractable Pi contents increased downhill but not significantly. In addition, the low labile P fractions,
NaHCO3-Pi and NaOH-Pi, at the lakeshore may also be due to the vigorous fluctuation of the water
level of the lake after showers or storms, which could remove the suspended particles or detritus of
litter with the flooding and reduce the accumulation of P in the soil near the lakeshore [30]. This was
indirectly supported by the elevated TP concentration in the epilimnion of lake after medium rainfall
events (256–620 mm) [56].

Po appeared to be the predominant fraction in the perhumid forest and was mostly non-acid
extractable. Because the soil is acidic at the study sites, most Po fractions may not be labile and
remained at higher values at the summit than at the lakeshore. The increase in total Po content in the
surface horizon has been attributed to the input and accumulation of organic matter [57] and factors
affected by topography can influence the availability of soil P [58].

Extracted soil P compounds showed that the contents of highly labile (NaHCO3-Po), long-term P
transformation (NaOH-Po) and stable residual pool (cHCl-Po) fractions changed between different
sites, which showed that slope position affects the various P pools [59]. As shown in Table 2, the sum
of the highly labile Po fraction (NaHCO3-Po) and long-term P transformation (NaOH-Po) contributed
more than 75% of the total extractable P in soils of all study sites, so organic P was the major P
source in these soils. The Po accumulation in soil surfaces resulted from the biological cycling of P
through the plant litter to the soil surface. In addition, we were aware that the density and height of
understory Rhododendron were higher at the lakeshore than the footslope and summit, although we did
not measure the abundance/density of the plants among the three sites. It could also be a potential
factor causing the differences in Po accumulation.

The cHCl-Pi extract has recalcitrant P forms associated with mainly Fe oxides and/or P derived
from non-alkaline extractable debris, whereas cHCl-Po may include both stable, little and/or
bioavailable (non-alkaline extractable) P forms. However, the proportions of cHCl-extractable Pi

and Po were only about 4.5% to 7.5% of sequentially extracted total P in soils of all study sites. The
residual P is associated with highly organic materials such as lignin and organometallic complexes [60],
but we have no information on the composition of organic matter in this fraction.

4.3. Spectra of 31P-NMR Analyses

Orthophosphate monoesters are the most common forms of organic Po in soils [61–63].
Monoester P includes high proportions of inositol phosphate, sugar phosphate and choline phosphate
primarily derived from plant, animal, and microbial residues [64].

Depending on the soil types, inositol phosphates are reported to be the predominant organic P
forms in Podosols [28], whereas α- and β-glycerophosphate are the predominant organic P forms in
Vertosols [65]. In addition, high inositol phosphate contents were reported from several studies with
cold and wet climates [66–68].

Inositol phosphates are typically considered of limited bioavailability because of the complex
structure with soil minerals, clays, and humic compounds [62,69]. Although 31P-NMR analysis in our
study had limited resolution to identify the inositol phosphates content, the low temperature and high
precipitation of the study site may likely result in high inositol phosphates content in the soil.
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Orthophosphate diesters at about 0 ppm [42] can be further classified into nucleic acids
(−1–0 ppm) and phospholipids (0–2 ppm) [62]. Orthophosphate diesters, including nucleic and
phospholipids, more frequently accumulate in cool and moist acidic forest soils with low microbial
activities than in agricultural soils [70–72]. In acidic or wet soils, diester P proportion is between 10%
and 36% of extracted P [72–74]. Our findings are consistent with previous studies because the diester
P proportion was between 15% and 20% of extracted P in the study sites.

A higher proportion of diester P providing a labile source for available P [75] was found at
the footslope site, with poor drainage, than at the other sites. The lower orthophosphate diesters
than monoesters content at the three study sites may contribute to the complexity of the chemical
compounds. Orthophosphate diesters are more rapidly mineralizable than monoesters because they
are generally less adsorbed to soil colloids than monoesters and can be easily hydrolyzed [24,61,76].

The content of phosphonates in soil are due to bacteria such as Bacillus cereus, which has a
phosphonatase enzyme that produces phosphonates, but the bacteria are less prevalent in acidic
soil [44,74,77]. This observation may explain the low phosphonates concentrations observed at the
study sites.

A small amount of pyrophosphate resonance (−4.3 ppm) was observed in spectra of soils at
the three sites. Pyrophosphate is believed to be involved in biological P cycling in the soils and
may be present in relatively well-drained soil that provides a proper environment for microbial
activity and fungus [78]. In addition, pyrophosphate is contributed by fungal P compounds [79].
Because the surface soil of the three sites contained high soil organic matter and high soil moisture,
it may provide a less favorable environment for microbial and fungal activities, resulting in low
pyrophosphate concentrations.

Organic P represented between 82–88% and 77–81% of total P extracted by NaOH-EDTA and by
chemical extraction from all sites studied, respectively. This result is similar to research byCade-Menun
and Preston [80], who found 77% to 83% of Po in a low-pH forest perhaps because of the low
decomposition of Po compounds in acidic forest soils that reduced the Pi concentrations [44].

The signal intensity of 31P-NMR spectra caused by paramagnetic Al, Fe and Mn in soils may
reduce the spectra quality [47,81,82]. Moreover, chemical hydrolysis of Po to Pi may occur during
alkaline extractions [80,83]. However, in general, the results from NMR analysis were consistent with
those of chemical fractionation in this study and other alpine and subalpine forest soils [28,49,54,68].

5. Conclusions

This study demonstrated that soil chemical extractable Pi and Po can be vertically affected by the
formation of Fe oxides in soils. Because of a clay layer combined with a placic-like horizon in the subsoil
in our test site, both total P and Po contents were decreased with increasing soil depth, with Pi content
slightly increased in different soil horizons. The low permeable soil layer also favored downhill run-off,
however, because Pi contents were relatively low compared with Po contents; the contents did not
significantly differ among the three study sites. Because most of the P was in organic forms, a negligible
amount of Pi may be released to the lake along the slope. Therefore, although topography and soil
formation processes affect the distribution of soil P, high precipitation and year-round high humidity
might be important for differentiation of the P species in this landscape. Moreover, the similarity of
the 31P-NMR spectra among the three sampling sites supports the alleviated differentiation of the P
species in this landscape. Preserving plant abundance and plant litters should be able to maintain soil
P cycles and prevent the P discharge from subtropical alpine forest ecosystems.
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Abstract: The effect of climatic factors on soil nutrients is significant. Identifying whether soil
nutrients respond to local climate and how the forest types modulate this responsiveness is critical
for forest management. Therefore, six soil nutrients from five main forest types found for a range of
sites within the Daxing’an Mountains, China, were investigated. Climatic factors were obtained from
the WorldClim dataset. Pearson correlations and stepwise regressions were employed to elucidate
and model the response of the six soil nutrients to the four different climatic factors in this study.
On the whole, climate was correlated with all the nutrients. Further, from stepwise regressions,
climatic factors could affect soil nutrients in distinct forests. Our findings suggest that climatic factors
are instrumental in affecting soil nutrients in different forest types. Identifying the relationships
between soil nutrients, climatic factors and forest types, as suggested in this research, can provide
theoretical foundations to further comprehend nutrient cycling in the forest ecosystem.

Keywords: Daxing’an Mountains; climatic factors; soil nutrients; forest types; principal component
analyses

1. Introduction

Climate changes have significant effects on ecosystems. In the present paper, with the primary
focus on the links between ecosystems and climate change, gradients of natural climate are noteworthy
in studying the interactions between climate and variation in forest ecosystem processes. Terrestrial
ecosystems play a dominant and irreplaceable role, due to the functions of releasing and absorbing
greenhouse gases in such climate-feedbacks, while storing a great deal of carbon in vegetation and
soil, thus serving as the global carbon sink [1]. Some studies have shown that there are strong
linkages between climate change and soil. The study of Brittany et al. showed that the gradient of
climates (precipitation and temperature) has obvious regulating effects on the physical and chemical
properties of soil, such as pH, Mg2+, N, P and K content [2]. The effects of climatic factors on SOC
(soil organic carbon) density were obvious and stronger than those of grassland and farmland [3].
Furthermore, regression analysis showed that temperature has a negative correlation with SOC content,
and precipitation has a positive correlation with SOC content, but using multiple regression analysis,
temperature and precipitation explained 43% of total variance in the SOC variables [4,5]. Soil organic
matter related to SOC, total nitrogen (TN), total phosphorus (TP), total potassium (TK), available P
(AP) and available K (AK) has been extensively used to evaluate soil quality [6–9]. Moreover, forest
types can impact the cycling and amounts of the nutrients, and nutrients have been confirmed to be
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influenced by the upper layer [10]. However, the impacts of tree species upon soil nutrients varied
depending upon the type of bedrock, climate and forest management [11]. Therefore, understanding
the relationships between soil nutrients and climate change in different forest types will provide
more reliable information to prudently manage forest resources and promote sustainable forestry
development under climate change in the future.

The Daxing’an Mountains forest area is in the mid-latitude and high-latitude area that is
extremely sensitive to global warming [12]. The Daxing’an Mountains forest area is the main forest in
China. It plays an important role in carbon sequestration management and ecological environment
construction. Nevertheless, under the influence of climate change, the edge of the forest has retreated
140 km over the past century in this region [13]. Therefore, the soil nutrients of different vegetation
types in this region have attracted widespread attention. Jiang et al. [14] studied the soil nutrients of
different forests. However, there is less research focused on the soil nutrient characteristics in different
forest types in the Daxing’an Mountains forest area. Although the distribution of SOC, N, P, and K
in the Liaodong Mountains area [15] and the correlations between SOC, inorganic carbon and soil
nutrients in the northeast of China [16] have been studied, studies reporting research related to the
comprehensive evaluation of soil nutrients from different forest types in the Daxing’an Mountains
forest area are scarce.

In this study, the soil nutrients of a total of 230 sample plots collected from five main forest
types were measured from the Daxing’an Mountains, and four bioclimatic variables (mean annual
temperature (MAT), temperature seasonality (TS), mean annual precipitation (MAP) and precipitation
seasonality (PS)) were obtained from the WorldClim dataset. We hypothesized that climatic factors
could affect soil nutrients in different forest types. Thus, identifying whether soil nutrients respond to
local climate and how the forest types modulate this responsiveness is critical for forest management.

2. Methods

2.1. Site Description

The forest in the Daxing’an Mountains is one of the most important areas in China: the lush
natural forest is distributed widely. It is an important production base for forest trees in China,
and also an important ecological barrier in northeastern China. The study area comprises about
86,000 km2 and belongs to the cool coniferous forests. The investigated forest plots are shown in detail
in Figure 1 [17]. Five main forest types were chosen, including pure Larix gmelinii (Rupr.) Kuzen
forest (PL) (87 samples, altitude: 235–1023 m), pure Betula platyphylla Suk. forest (PB) (64 samples,
altitude: 160–1003 m), pure Quercus mongolica Fisch. ex Ledeb. forest (PQ) (36 samples, altitude:
240–771 m), Larix gmelinii (Rupr.) Kuzen and Betula platyphylla Suk. mixed forest (MLB) (25 samples,
altitude: 247–1038 m) and pure Pinus sylvestris L. var. mongolica Litv. forest (PP) (18 samples, altitude:
296–905 m). The study was conducted in the eastern forest zones of the Daxing’an Mountains area
(45◦59′–53◦19′ N, 119◦47′–130◦53′ E), Heilongjiang Province and Inner Mongolia Autonomous Region.
This region has a continental monsoon climate, and receives a mean annual precipitation (MAP) of
764 mm. The temperature varies between −41 ◦C in January–February and 35 ◦C in July–August,
with a mean annual temperature (MAP) of −2.8 ◦C.

2.2. Field Soil Sampling and Preliminary Analysis

The forest-covered area of the Daxing’an Mountains was systematically divided into 30 km × 30 km
grids using ArcGIS 10.0 (Esri, Redlands, CA, USA) as the meshing tool. The exact latitude and
longitude for each grid were recorded with a GPS system (Google, Mountain, CA, USA) [18,19]. Soil
sample depth was 0–20 cm [3,4], taken from 3–7 plots (30 m × 30 m each) in each 30 km × 30 km grid
(total grids = 52), and 3–7 plots were chosen based on the investigation areas. As much as possible,
we chose plots from the central region of the grid; the distance of each plot to the edge of the grid must
be more than 15% of the length on the side of the grid. A total of 230 sample plots were included in
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this study, and the geometric center coordinates for each sample plot were input into Excel, saved in
CSV (Comma Separated Value) format, and the ArcGIS 10.0 software was used to extract the climatic
data for each sample plot [19].

SOC was determined by external heating with the potassium dichromate oxidation method; TN
was determined by the Semi-micro Kjeldahl method; TP and TK were determined by the method of
the NaOH melt—Mo-Sb Colorimetry; AP was determined by the method of the HCl-NaOH extracts;
AK was determined using the flame photometry method [20,21].

Figure 1. Map of the study area and investigated plots of five forest types in the Daxing’an Mountains.
PP = pure Pinus sylvestris L. var. mongolica Litv. forest, PQ = pure Quercus mongolica Fisch. ex Ledeb.
forest, MLB = Larix gmelinii (Rupr.) Kuzen and Betula platyphylla Suk. mixed forest, PL = pure
Larix gmelinii (Rupr.) Kuzen forest, PB = pure Betula platyphylla Suk. forest.

2.3. Climatic Data

Climatic data were obtained from the WorldClim database (http://www.worldclim.org/),
the accuracy class of which is a spatial resolution of approximately 1 km2. The WorldClim data
are collected from weather stations across the globe, which include altitude, temperature, and rainfall
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(period 1950–2000) [22]. In the present study, four bioclimatic variables (MAT, TS, MAP and PS)
were considered to assess the current climatic conditions. The IPCC 4th assessment data provided
information for the future climate projections [23].

2.4. Statistical Analyses

The multivariate statistical analysis method has been employed to determine the minimum
dataset under the hypothesis that soil nutrients significantly impact forest type. Principal component
analysis (PCA) has previously been applied in different research fields to identify nutrients in semiarid
soils [24,25] and soil pollutant sources [26] as well as to assess the effect of tillage on soil quality and
yield [27–30]. Dimension reduction analysis by using the PCA method to reduce the dimensional data
and eliminate the redundant data [31,32]. In our research, we built a hypothesis about which principal
components (PCs) possess the highest eigenvalues, variables, and absolute eigenvectors and may best
express the minimum dataset.

Pearson correlation coefficients were employed to evaluate the correlations between climatic
factors and soil nutrients. Analyses of regression are helpful for inspecting differences among group
comparisons; therefore, they are suitable for assessing the variation of soil nutrients under diverse
climatic factors. To test whether the climatic factors (MAT, TS, MAP, and PS) affected the soil nutrients
(SOC, TN, TP, TK, AP, and AK), a simple linear regression was used for each biological element of
the 230 sites with the four climatic factors. To study forest types, specifically the response to climate
changes, the climate-change response trends were compared among the forest types. The slopes of the
regression lines were used to indicate the different responses of forest types to the climate changes.
Linear models compared with non-linear models (Spearman Rank Correlation) gave the best regression
results. In addition, stepwise regression between climatic factors and soil nutrients in five main forest
types was also analyzed (F-to-enter p ≤ 0.05, F-to remove p ≥ 0.10).

The statistical analyses were conducted using SPSS 17.0 software, while the graphs were made
using OriginPro 9.0 software (OriginLab Corporation, Northampton, MA, USA).

3. Results

3.1. Variation of Soil Nutrients and Climatic Factors in Different Forest Types

In Figure 2, the contents of SOC, TN, TK, TP, AK and AP in five main forest types averaged at
28.23 g·kg−1, 4.03 g·kg−1, 26.23 g·kg−1, 1.70 g·kg−1, 158.68 mg·kg−1 and 21.46 mg·kg−1, respectively.
In particular, SOC, TN, TK, TP, AK and AP contents in the PQ were lower than those in the other four
forest types.

Figure 2. Cont.
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Figure 2. Variation of soil properties in different forest types. SOC = soil organic carbon, TN = total
nitrogen, TP = total phosphorus, TK = total potassium, AP = available phosphorus, and AK = available
potassium. PP = pure Pinus sylvestris L. var. mongolica Litv. forest, PQ = pure Quercus mongolica Fisch.
ex Ledeb. forest, MLB = Larix gmelinii (Rupr.) Kuzen and Betula platyphylla Suk. mixed forest, PL = pure
Larix gmelinii (Rupr.) Kuzen forest, PB = pure Betula platyphylla Suk. forest. A, B, C, D, E and F were
respectively represent for SOC, TN, TP, TK, AP and AK content of five forest types. “�” = average
value, “×” = outliter.

The averages of the MAT and MAP were −1.74 ◦C and 534.93 mm, respectively; the ranges of the
TS and PS were 14,772–16,885 and 95–116, respectively (Figure 3). MAT and PS were higher in the PQ
than in the other four forest types, while TS showed the opposite trend (Figure 3).

Figure 3. Variation of climatic factors in different forest types. MAT = mean annual temperature,
TS = temperature seasonality, MAP = mean annual precipitation, and PS = precipitation seasonality.
PL = pure Larix gmelinii (Rupr.) Kuzen forest, PB = pure Betula platyphylla Suk. Forest, MLB = Larix gmelinii
(Rupr.) Kuzen and Betula platyphylla Suk. mixed forest, PQ = pure Quercus mongolica Fisch. ex Ledeb.
forest, PP = pure Pinus sylvestris L. var. mongolica Litv. Forest. A: MAT of five forest types, B: TS of five
forest types, C: MAP of five forest types, D: PS of five forest types. “×” = average value, “�” = outliter.
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3.2. Principal Component Analysis of the Different Forest Types and the Soil Nutrients

The results of the PCA showed the variables that characterized the soil nutrients of the different
forest types (Figure 4). PCs 1–6 explained 100.0% of the variation, and can be broken down as follows:
95.55%, 2.22%, 1.13%, 0.73%, 0.24% and 0.12%, respectively, as shown in Table 1. Principal component
1 can reflect most of the variation; it includes TN (0.296), TK (0.816), TP (−0.263), AP (0.749), AK (0.447)
and SOC (−1.302). As shown in Figure 4, five main forest types showed PQ separated from other types.

Figure 4. Principal component analysis (PCA) of the different forest types and the soil nutrients.
PL = pure Larix gmelinii (Rupr.) Kuzen forest, PB = pure Betula platyphylla Suk. Forest, MLB = Larix gmelinii
(Rupr.) Kuzen and Betula platyphylla Suk. mixed forest, PQ = pure Quercus mongolica Fisch. ex
Ledeb. forest, PP = pure Pinus sylvestris L. var. mongolica Litv. Forest. SOC = soil organic carbon,
TN = total nitrogen, TP = total phosphorus, TK = total potassium, AP = available phosphorus, and
AK = available potassium.

Table 1. Total variance explained.

Component

Initial Eigenvalues Extraction Sums of Squared Loadings Rotation Sums of Squared Loadings

Total
% of

Variance
Cumulative % Total

% of
Variance

Cumulative % Total
% of

Variance
Cumulative %

1 5.733 95.551 95.551 5.733 95.551 95.551 3.363 56.058 56.058
2 0.133 2.217 97.768 0.133 2.217 97.768 2.503 41.710 97.768
3 0.068 1.134 98.903
4 0.044 0.733 99.635
5 0.015 0.244 99.880
6 0.007 0.120 100.000

Extraction Method: Principal Component Analysis.

3.3. Correlations between Climatic Factors and Soil Nutrients

The relationships between soil nutrients and climatic factors are shown in Table 2. MAT was
negatively correlated with SOC, TN, TK, AK and AP, while it was positively correlated with TP
(r = 0.187) (p < 0.01). TS was positively correlated with SOC, TN, TK, AK and AP (r = 0.307–0.417),
while it was negatively correlated with TP (r = −0.405) (p < 0.01). In contrast to TS, the relationships
between PS and soil nutrients showed the opposite trend (p < 0.01). MAP was positively correlated
with SOC, TN, AK and AP, while it was negatively correlated with TK and TP (p < 0.01).
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Table 2. Correlation coefficient matrix for soil nutrients and climatic factors.

Nutrient MAT TS MAP PS

SOC −0.223 ** 0.417 ** 0.311 ** −0.4700 **
TN −0.101 0.341 ** 0.411 ** −0.414 **
TK −0.052 0.312 ** −0.411 ** −0.378 **
TP 0.187 ** −0.405 ** −0.383 ** 0.471 **
AK −0.106 0.365 ** 0.384 ** −0.425 **
AP −0.050 0.307 ** 0.385 ** −0.367 **

N = 230. SOC = soil organic carbon, TN = total nitrogen, TP = total phosphorus, TK = total potassium, AP = available
phosphorus, and AK = available potassium. MAT = mean annual temperature, TS = temperature seasonality,
MAP = mean annual precipitation, and PS = precipitation seasonality. (** p < 0.01).

Moreover, relationships between soil nutrients and climatic factors in the five main forest types
were also observed. In Table 3, p (*, **) value represents whether climatic factors are correlated with soil
nutrient contents, so as to determine whether there is statistical significance. The r value indicated the
correlation between climate factors and soil nutrient contents. MAT was significantly and positively
correlated with nutrients in PL, PB, and MLB, except for SOC in PB. TS had no effect on almost all
nutrients but positively correlated with SOC in PB. MAP was similar to MAT in PL, PB, and MLB;
in addition, MAP was also significantly correlated with TN, TK, TP, AK, AP in PP and TN, TP in PQ.
Although the correlation between PS and nutrients was unimpressive compared with MAT and MAP
in five forest types, it was negatively correlated with SOC in PL, TN, TP and TK in MLB, as well as
SOC and AK in PP.

Table 3. Pearson correlations (r) between soil nutrients and climatic factors in the five main forest types.

Types Nutrient MAT TS MAP PS Types Nutrient MAT TS MAP PS

PL

SOC 0.287 ** 0.130 0.543 ** −0.235 *

PB

SOC 0.188 0.261 * 0.542 ** −0.223
TN 0.380 ** 0.010 0.603 ** −0.140 TN 0.364 ** 0.176 0.600 ** −0.148
TK 0.376 ** 0.030 0.579 ** −0.142 TK 0.387 ** 0.191 0.586 ** −0.165
TP 0.349 ** 0.040 0.614 ** −0.173 TP 0.284 * 0.235 0.609 ** −0.222
AK 0.379 ** 0.058 0.586 ** −0.172 AK 0.345 ** 0.227 0.550 ** −0.173
AP 0.485 ** −0.06 0.542 ** −0.061 AP 0.365 ** 0.204 0.519 ** −0.154

MLB

SOC 0.362 * 0.151 0.358 * −0.274

PQ

SOC 0.199 0.301 0.322 −0.271
TN 0.46 ** 0.151 0.455 ** −0.337 * TN 0.295 0.202 0.426 * −0.215
TK 0.546 ** 0.157 0.407 * −0.316 TK 0.121 0.047 0.201 0.059
TP 0.549 ** 0.197 0.434 ** −0.384 * TP 0.141 0.383 0.454 * −0.332
AK 0.537 ** 0.188 0.418 * −0.349 * AK 0.219 0.171 0.219 −0.128
AP 0.556 ** 0.060 0.437 ** −0.246 AP 0.168 0.329 0.337 −0.227

PP

SOC 0.309 0.126 0.360 −0.470 *
TN 0.206 0.069 0.629 ** −0.453
TK 0.270 0.044 0.614 ** −0.336
TP 0.176 0.088 0.621 ** −0.436
AK 0.273 0.056 0.619 ** −0.485 *
AP 0.205 0.028 0.611 ** −0.464

SOC = soil organic carbon, TN = total nitrogen, TP = total phosphorus, TK = total potassium, AP = available
phosphorus, and AK = available potassium. MAT = mean annual temperature, TS = temperature seasonality,
MAP = mean annual precipitation, and PS = precipitation seasonality. PL = pure Larix gmelinii (Rupr.) Kuzen forest,
PB = pure Betula platyphylla Suk. Forest, MLB = Larix gmelinii (Rupr.) Kuzen and Betula platyphylla Suk. mixed
forest, PQ = pure Quercus mongolica Fisch. ex Ledeb. forest, PP = pure Pinus sylvestris L. var. mongolica Litv. Forest.
(* p < 0.05; ** p < 0.01).

3.4. Stepwise Regressions between Climatic Factors and Soil Nutrients

Step regression between soil nutrients and climatic factors in the five main forest types is shown
in Table 4. In the case of PB, the four climatic factors could affect all the six soil nutrients, and MAP
was the first parameter entered into the model. In the case of MLB and PP, MAP and MAT were the
key factors for influencing the five soil nutrients (TN, TP, TK, AP and AK). For PL, MAT, MAP and TS
mainly affected SOC, TN, TP, TK and AK. However, for PQ, MAP was the key factor for TN and TP,
and no parameters were entered into the model of SOC, TK, AP and AK. In all, we found that there
were different influencing factors in various forest types.
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Table 4. Step regressions between soil nutrients and climatic factors in the five main forest types.

Forest Types Soil Nutrients R R2 Adjusted R2 Standard Error of the Estimate

PL

SOC 0.715 0.512 0.488 0.45880
TN 0.741 0.549 0.539 0.19099
TP 0.734 0.538 0.527 0.10257
TK 0.717 0.513 0.502 0.21375
AP 0.759 0.576 0.566 0.08648
AK 0.726 0.527 0.516 2.61645

PB

SOC 0.762 0.580 0.552 0.50973
TN 0.852 0.727 0.708 0.16591
TP 0.829 0.687 0.665 0.10871
TK 0.853 0.728 0.709 0.17232
AP 0.812 0.660 0.637 0.08950
AK 0.844 0.713 0.694 2.29320

MLB

SOC 0.606 0.367 0.307 0.60923
TN 0.803 0.644 0.611 0.17465
TP 0.809 0.654 0.621 0.09086
TK 0.767 0.588 0.550 0.20503
AP 0.740 0.548 0.520 0.09897
AK 0.784 0.614 0.578 2.40780

PQ

SOC – – – –
TN 0.782 0.612 0.557 0.15610
TP 0.454 0.206 0.172 0.16556
TK – – – –
AP – – – –
AK – – – –

PP

SOC 0.470 0.221 0.172 0.50111
TN 0.787 0.619 0.569 0.16243
TP 0.759 0.576 0.520 0.08790
TK 0.817 0.667 0.520 0.16327
AP 0.768 0.590 0.535 0.10037
AK 0.822 0.676 0.633 2.13592

Note: SOC = soil organic carbon, TN = total nitrogen, TP = total phosphorus, TK = total potassium, AP = available
phosphorus, and AK = available potassium. PL = pure Larix gmelinii (Rupr.) Kuzen forest, PB = pure Betula platyphylla
Suk. Forest, MLB = Larix gmelinii (Rupr.) Kuzen and Betula platyphylla Suk. mixed forest, PQ = pure Quercus mongolica
Fisch. ex Ledeb. forest, PP = pure Pinus sylvestris L. var. mongolica Litv. Forest, “–” = there is no value.

4. Discussion

4.1. Forest Types Influence Soil Nutrient Contents

The relationships between soil nutrients and forest types have been presented previously [3].
In addition, northeastern China has been considered as one of the regions with the most abundant soil
nutrition [16,33]. To confirm the influencing trends of the variation of soil nutrient contents to forest
types, PCA was carried out on the collected data. From the distribution of the loading plot in the PCA
space, it was found that the forest type influenced the soil nutrients. For instance, SOC, TP, TN, AK,
AP and TK were higher in PL, PB, MLB and PP in this study, while these soil nutrients showed the
opposite trend. So, we suspect that there were certain correlations between soil nutrients and forest
type. In addition, the differences caused by vegetation effects in the responses of the nutrients may be
due to slight distinctions in parent material in different forest types [34,35].

From the above results, it was found that the distributions of soil nutrients from different forests
were different. These values were influenced by the forest site conditions, advantageous tree species
and different amounts of forest litter as well as the composition and decomposition levels, so the
differences in the forest soil nutrients are very obvious. For instance, the distribution of SOC was
ranged in order PL > MLB > PB > PP > PQ with the SOC average content being 28.68, 28.46, 28.43,
28.28 and 26.68 g·kg−1 respectively. From the viewpoint of succession, PL, MLB and PP were in the
top stage of succession—the complexity of the tree species composition increased the possibilities
of the accumulation of organic matter [36]—but PB and PQ were the secondary forests which were
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disturbed more frequently in recent years. So, the SOC content of PL, MLB and PP should be larger
than that of PB or PQ [37]. However, the SOC content in PP was minimal, even lower than in PB.
This phenomenon was unexpected, and it is possible that it is related to the terrain: the slope is large,
litter does not accumulate as much, and in addition to the soil acidity, the litter layer was difficult
to decompose; therefore, the conditions are not conducive to the formation of organic matter, which
means that the SOC content is low [3]. This also means that SOC stock will continue to increase if the
interference is ended and the forest is developed toward the climax community; otherwise, the forest
can turn into PQ and the stock of SOC will decrease, especially in the rich PB forest region.

Statistically, the distributions of TN and SOC were identical. A large number of data analysis
results show that the TN was positively correlated with SOC. The order was PL > MLB > PB > PP > PQ
with the contents being 4.2, 4.12, 4.11, 4.02 and 3.50 g·kg−1 respectively. The distribution of TN
identified in this study was in accordance with that presented by Zu et al. [16] and Jiang et al. [14].
The order of the TP content was PP > PL = MLB > PB > PQ and the contents were 1.81, 1.76, 1.76, 1.70
and 1.35 g·kg−1 respectively. The correlations of the AP and SOC were identical but opposite to that of
TP. The same phenomenon appeared with AK and TK, and this could be explained by the composition
of TP and TK, which is very complex, with the existence of inorganic and organic states, and AP and
AK being only part of them. This trend may have been due to the influence of various factors such
as the climate. In addition, although AP content decreased with the MAP and MAT increasing, TP
content increased [32,33]. This confirms that the vegetation type is a key factor that affects the soil
nutrients of the Daxing’an Mountains ecosystems.

4.2. Soil Nutrient Responses to Climatic Factors

The study of Harradine, F. et al. indicated that climate (especially precipitation and temperature)
has significant effects on pedogenesis and macronutrient cycling in soil [38]. It is a challenge to isolate
each of the individual soil forming factors such as climate, vegetation, parent material and so on,
due to the frequent co-variance of many factors [39]. For instance, changes in species vary with the
climate and location. In the present paper, with the primary focus on the links between ecosystems
and climate change, gradients of natural climate are noteworthy in studying the interactions between
climate and variation in forest ecosystem processes.

On the whole, it was found that SOC decreased with increasing MAT, and SOC increased with
increasing MAP (Table 1). This trend may be due to the hydrothermal conditions of Daxing’an
Mountains area. The MAT in Daxing’an Mountains is −3.69 ◦C and the MAP is 481.2 mm. The region
is rich in forest resources, and rainfall is abundant which is conducive to the growth of plants, while
the low temperature is beneficial to the accumulation of biomass. Yimer, F. et al. suggested that some
other factors, such as erosion, leaching of cations and variations in biomass production may influence
soil property [39]. Our results were consistent with previous research which showed that increasing
temperature leads to the growth of microorganisms [40], thus increasing the decomposition rate of
SOC [41,42]. Precipitation change will affect the content of plant-available water and the length of the
growing season; a reduction in precipitation can limit plant growth [30], and the soil microbial number
will surge after rain [43], thus reducing the SOC content in soil. In this study, a similar conclusion can
be drawn.

More than half of the soil nutrients were significantly linked with variations in the climatic factors,
but PQ had weak correlations between climatic factors and soil nutrients, showing that the soil nutrient
distribution characteristics were affected by forest types. TN was affected by MAP, MAT and TS, while
TP was susceptible to MAP in PQ (Table 3). However, MAT and MAP were the key factors for most
soil nutrients in PB, PL, MLB and PP (Table 3), indicating that MAP and MAT played key roles in
the accumulation of biomass matter in this region. In addition, the weak correlations between soil
nutrients and the climatic factors (PS, TS) indicated that the changes in temperature and precipitation
affected the time scale of soil nutrients.
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The wide distribution of the forested land resulted in the higher storage of soil nutrient elements
in the Daxing’an Mountains area than in other areas of China, even though the contents vary between
the different forest types. Although determining the mechanism through which climate acted on the
forest types proved difficult, the spatial distribution of the soil nutrients was related to vegetation in
the Daxing’an Mountains.

5. Conclusions

The results of this study revealed obvious differences in the variation of soil nutrients. The content
of each nutrient in PP was minimal, in obvious contrast to other forest types. Correlations between
the soil nutrients and climatic factors were found in this paper. Climatic factors could affect soil
nutrients in different forest types. We confirmed that climatic factors (MAT and MAP) are instrumental
in affecting soil nutrients (SOC, TN, TP, TK, AP and AK) in five main forest types in the Daxing’an
Mountains. Identifying the relationships between soil nutrients, climatic factors and forest types, as
suggested in this research, can provide theoretical foundations to further comprehend nutrient cycling
in the forest ecosystem.
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Abstract: Soil degradation has been reported worldwide. To better understand this degradation,
we selected Pinus armandii and Quercus aliena var. acuteserrata forests, and a mixed forest of Q. aliena
var. acuteserrata and P. armandii in the Qinling Mountains in China for our permanent plots and
conducted three investigations over a 20-year period. We determined the amounts of available
nitrogen (N) and phosphorus (P) in the soil to track the trajectory of soil quality and compared these
with stand characteristics, topographic and climatic attributes to analyze the strength of each factor
in influencing the available N and P in the soil. We found that the soil experienced a severe drop in
quality, and that degradation is continuing. Temperature is the most critical factor controlling the
soil available N, and species composition is the main factor regulating the soil available P. Given the
huge gap in content and the increasing rate of nutrients loss, this reduction in soil quality will likely
negatively affect ecosystem sustainability.

Keywords: soil degradation; soil available nitrogen; soil available phosphorus; temperature;
stand density

1. Introduction

Soil degradation is a global threat to land ecosystems [1]. The Qinling Mountains in China
are not immune to this global trend [2,3], with an average soil loss of about 42 Mg/ha/y for crop
lands and as high as 300 Mg/ha/y for individual fields [4]. The pressure from changing climate and
biota population, together with other abiotic, biotic, and political factors, have already resulted in
severe soil degradation, which appears to be worsening [5–7]. In a forest ecosystem, soil degradation
causes trees, shrubs, and herbs to be more vulnerable. Soil degradation may alter the stability of the
forest ecosystem due to the progression in vegetation cover, and changes in community diversity and
density [8]. Increasing knowledge of soil degradation in forest ecosystems is critical for maintaining
these ecosystems.

Soil degradation is defined as the decline in soil quality. Soil nitrogen (N) and phosphorus (P),
especially the amounts available for plant uptake, are essential indicators of soil nutrient status [9].
N and P are present in many forms, including inorganic, organic, and particulate forms. Atmospheric N
is the main reservoir for N and phosphate is the main reservoir for P, and the majority of these elements
are unavailable to most plants. N and P are available to plants as ammonium, nitrate, and phosphate
ions, but N and P also exist in complex organic forms and the residue requires several years in soil
before N and P are available for plant use [10]. The abundance of soil available N and P can be the
determining limitation to plant growth and productivity.
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Analyzing the abundance of soil available N and P in forest ecosystems is used to determine
plant N and P limitation. N limitation has been reported in many ecosystems, such as grasslands,
freshwater systems, and in forest systems [11–13]. P limitation and N–P coupled limitation have
been repeatedly reported [14,15]. A wide variety of ecosystems have demonstrated the importance
of N and P limitation to plants. In forest ecosystems without human interference, changing climate
and community population are the most important factors, which affect the soil available N and P.
Generally, an increase in temperature will accelerate the decay of soil organic matter, accumulating
more soil available nutrients [16]. However, in some regions, with global warming, the available
nutrients for plant uptake continue to decrease [17]. The aim of this work was to determine how the
soil available N and P are influenced by different factors.

The major objective of this work was to investigate the changes in soil available N and P over
time. The Qinling Mountains are a natural boundary between North and South China and support
a wide variety of plant and animal life, some of which is found nowhere else on earth. The selected
forest plots in the Qinling Mountains can be an ideal choice for study. The goals of this study were to
(i) investigate the abundance of soil available N and P in the Qinling Mountains forest system; (ii) to
determine the status of the former reported soil degradation in the Qinling Mountains forest system;
and (iii) to explore the factors influencing the abundance of soil available N and P.

2. Materials and Methods

2.1. Site Description

This was a long-term, local-scale study, and the experimental platform was based on the Qinling
National Forest Ecosystem Research Station and on the Huoditang Experimental Forest of Northwest
Agriculture and Forestry University, Shaanxi Province, China, with a total area of 2037 ha. The study
area is located at 33◦18′–33◦28′ N and 108◦21′–108◦39′ E. The altitude is 800–2500 m, with a mean
annual precipitation of 900–1200 mm, and a mean annual temperature of 8–10 ◦C. The frost-free period
is 170 days, and the climate is categorized as warm temperate. The topography mainly consists of
granite and gneiss, with a 35◦ mean slope. The soils of the region are acidic and the soil units are
Cambisols, Umbrisols and Podzols. Most forests are secondary natural forests with a mean age of
60 years comprising several age classes. The study forests underwent intensive selective logging in the
1960s and 1970s, but since then, no significant anthropogenic disturbances have occurred, except for
lacquer tree tapping and occasional illegal tree felling. Since a natural forest protection project was
initiated in 1998, anthropogenic disturbances of any kind have been absent in the region.

Pinus armandii and Quercus aliena var. acuteserrata are the most widely distributed and dominant
tree species in the study area. A total of 18 forest plots were chosen with characteristics shown in Table 1,
cited from Yuan [18]. Six were P. armandii and Q. aliena var. acutiserrata mixed species-dominated forest
sample plots, and six were pure single species-dominated forest sample plots of each of these two
species. In this study, the investigated forests were natural secondary forests, all 40 years old in 1996.
The P. armandii forest was dominated by P. armandii, with a forest canopy density of 65%. The mean
stand height and diameter at breast height (DBH) were 14 m and 21 cm, respectively. The Q. aliena var.
acuteserrata forest was dominated by Q. aliena var. acuteserrata, with a forest canopy density of 75%.
The mean stand height and DBH were 12 m and 18 cm, respectively. In the shrub layer, height varied
from 45 cm to 650 cm, and the percent cover was 25%. The mixed forest was dominated by Q. aliena
var. acuteserrata (40% of the trees) and P. armandii (50% of the trees), with a forest canopy density of
70%. The mean stand height was 14 m, and mean DBH was 20 cm.
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Table 1. Plot characteristics in the main types of forests at the Huoditang Experimental Forest Farm in
the Qinling Mountains, China.

Sample Plot Latitude and Longitude Altitude (m) Aspect Slope Stand Density (Trees/ha)

Q. aliena var. acuteserrata 1# 33◦20′55′ ′ N 108◦23′54′ ′ E 1597 318◦ 32◦ 1183
Q. aliena var. acuteserrata 2# 33◦19′20′ ′ N 108◦25′48′ ′ E 1641 14◦ 28◦ 1482
Q. aliena var. acuteserrata 3# 33◦20′49′ ′ N 108◦25′58′ ′ E 1620 277◦ 26◦ 1232
Q. aliena var. acuteserrata 4# 33◦19′10′ ′ N 108◦28′48′ ′ E 1640 260◦ 23◦ 1024
Q. aliena var. acuteserrata 5# 33◦20′08′ ′ N 108◦28′12′ ′ E 1671 240◦ 30◦ 1086
Q. aliena var. acuteserrata 6# 33◦20′42′ ′ N 108◦29′21′ ′ E 1534 218◦ 18◦ 1584

P. armandii 1# 33◦19′26′ ′ N 108◦27′10′ ′ E 1410 288◦ 34◦ 1628
P. armandii 2# 33◦19′30′ ′ N 108◦27′54′ ′ E 1460 198◦ 32◦ 1486
P. armandii 3# 33◦22′54′ ′ N 108◦28′02′ ′ E 1483 245◦ 27◦ 1712
P. armandii 4# 33◦23′10′ ′ N 108◦28′10′ ′ E 1532 194◦ 22◦ 1426
P. armandii 5# 33◦21′10′ ′ N 108◦32′39′ ′ E 1540 243◦ 29◦ 1267
P. armandii 6# 33◦22′01′ ′ N 108◦32′19′ ′ E 1983 245◦ 15◦ 1834

Mixed forest 1# 33◦22′24′ ′ N 108◦27′10′ ′ E 1580 257◦ 22◦ 1354
Mixed forest 2# 33◦19′01′ ′ N 108◦30′24′ ′ E 1481 204◦ 24◦ 1288
Mixed forest 3# 33◦20′10′ ′ N 108◦30′42′ ′ E 1424 255◦ 32◦ 1078
Mixed forest 4# 33◦21′05′ ′ N 108◦24′48′ ′ E 1582 73◦ 26◦ 1041
Mixed forest 5# 33◦21′20′ ′ N 108◦26′50′ ′ E 1798 182◦ 31◦ 1121
Mixed forest 6# 33◦23′18′ ′ N 108◦25′40′ ′ E 1627 202◦ 21◦ 1311

2.2. Sampling Work

In the summer of 1996, we selected P. armandii, Q. aliena var. acuteserrata forests, and a mixed
forest of Q. aliena var. acuteserrata and P. armandii for our permanent plots, and randomly established
six sample plots with an area of 60 m × 60 m in each of the forest types. To reduce disturbance,
these sample plots were protected by an enclosure. Each sample plot was located at least 50 m from the
forest edge and was separated from other plots by a buffer strip of at least 100 m. We assumed that the
annual average precipitation was the same in these sample plots. The annual average temperature and
precipitation were sourced from the unpublished Qinling long-term ecological monitoring database
and were measured using a HMP45C weather station (Vaisala, Helsinki, Finland) located 1612 m above
sea level in this region at 33◦20′16” N and 108◦26′45” E. The 2017 mean annual climate data were
calculated by combining those of 2016 and the existing record of 2017. We also assumed a standard
lapse rate of 0.7 ◦C in this forest area [18], and estimated the annual average temperatures in these
sample plots.

We dug soil pits and then sampled the soil with a soil corer (Φ50.46 × 50 mm). Five profiles were
sampled at fixed depths (0–10, 10–20, 20–40, and 40–60 cm) in each plot, and every sample was weighed
immediately on site to calculate the soil water content. Each subsample contained the same amount of
soil taken from these four fixed depths. We pooled the five subsamples to form one composite sample
per plot. The samples were crushed, after separating the stones and root fragments that had been
mistakenly collected. A 2-mm sieve was used for further sieving. Soil available N and P was analyzed
following the methods described by Liu [19]. Plot characteristics and soil nutrient measurements were
initially conducted in July of 1996. Two other soil nutrient measurements were conducted in July 2012,
and July 2017, providing a total of three measurements during this 20-year study.

2.3. Data Analysis

R Studio version 3.2.3 and Origin 9.0 were used to perform the data analysis and to construct the
figures. The significant differences over time were tested using one-way ANOVA with SAS 8.0 software
(SAS Inc., Cary, NC, USA). All soil nutrient variables, referring to the abundance of soil available N and P
at each site along the time scale, were displayed by box plot with standard errors. Stand density (SD);
stand types (ST, referring to tree species), mean annual temperature (MAT); mean annual total
precipitation (MAP); and topography status (TG), including aspect, slope, and elevation were considered
as factors influencing the abundance of soil available N and P. When analyzing the effect of each of
these factors on the abundance of soil available N and P, partial methods of redundancy analysis (RDA),
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relying on the R function “Vegan”, were used to remove the effect of conditioning or background
variables before completing RDA. We used an RDA model (X ~ Y + Z) to extract components of variance
and calculate the attributes of factor Y, cleansed of the effect of Z. By dividing the total inertia value by
the constrained inertia value of Y, we obtained the explanatory influence of Y expressed as a percentage.

3. Results

3.1. Change in Soil Available N and P over Time

In the Qinling Mountains forest ecosystem, the abundance of soil available N has significantly
decreased over time, especially in the Q. var. acuteserrata related forest (Figure 1). The soil available N
in the Q. var. acuteserrata and mixed forest, between Q. var. acuteserrata and P. armandii, ranged from
34 mg/kg to 58 mg/kg in 1996, from 16 mg/kg to 26 mg/kg in 2012, and finally from 11 mg/kg
to 17 mg/kg in 2017. The soil available N in the P. armandii forest ranged 18 mg/kg to 30 mg/kg,
15 mg/kg to 24 mg/kg, and 13 mg/kg to 20 mg/kg at the same sampling points in time, respectively.
The soil available N loss in the Q. var. acuteserrata related forest was high between 1996 and 2012.
An obvious decline in the concentration of soil available N can be seen in Figure 1. In the P. armandii
forest, the decline in soil available N concentration is also clear.

Figure 1. The loss in soil available nitrogen (N) along a 20-year time scale in the Qinling Mountains
forest ecosystem. “AN” represents the soil available N at a given time, “Pinus” represents the P. armandii
forest, “Mingled” represents the mixed Q. var. acuteserrata and P. armandii forest, and “Quercus”
represents the Q. var. acuteserrata forest.

When examining the amount of P available in the soil in the Qinling Mountains forest ecosystem
(Figure 2), the Q. var. acuteserrata and the mixed Q. var. acuteserrata and P. armandii forest ranged from
5.8 mg/kg to 8.0 mg/kg in 1996, from 5.0 mg/kg to 7.2 mg/kg in 2012, and finally from 0.8 mg/kg
to 3 mg/kg in 2017. The soil available P in the P. armandii forest ranged 8.5 mg/kg to 9.4 mg/kg,
6.5 mg/kg to 7.1 mg/kg, and 1.5 mg/kg to 2.8 mg/kg along this same time scale, respectively. Overall,
a trend in soil nutrient degradation in the soil available P was also demonstrated. Numerically,
the abundance loss is not that significant, but the decreasing scale is large. Notably, in the 5-year period
from 2012 to 2017, more available P in the soil was lost than in the prior 15-year period, from 1996
to 2012.
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Figure 2. The loss of soil available phosphorus (P) along a 20-year time scale in the Qinling Mountains
forest ecosystem. “AP” represents the soil available P, “Pinus” represents the P. armandii forest,
“Mingled: represents the mixed Q. var. acuteserrata and P. armandii forest, and “Quercus” represents the
Q. var. acuteserrata forest.

The loss of soil available N and P over time is obvious. We can see large differences between the
different sampling dates (Table 2). The one-way ANOVA results showed that time had a significant
effect on the decline of soil available N and P in all the plots except the decline of soil available P over
the first period from 1996 to 2012 in the mixed forest (capital letters in Table 2). In the next period,
from 2012 to 2017, the abundance of soil available P in the mixed forest also experienced a significant
decline and a huge loss of soil available P.

Table 2. The one-way ANOVA results of soil available N and P loss over time.

Nutrient Elements Forest Types
Year

1996 2012 2017

N
Q. aliena var. acuteserrata 39.50 (5.68) A 18.36 (1.54) B 14.21 (1.02) C

Mixed forest 51.75 (6.82) A 20.87 (5.34) B 13.54 (1.34) C
P. armandii 24.67 (4.44) A 19.14 (1.78) B 16.15 (1.23) C

P
Q. aliena var. acuteserrata 6.62 (0.64) A 5.65 (0.58) B 1.59 (0.95) C

Mixed forest 6.95 (0.59) A 6.57 (0.49) A 1.46 (0.22) B
P. armandii 8.94 (0.27) A 6.81 (0.20) B 2.20 (0.49) C

Standard errors are shown in parentheses, and different capital letters within the same row indicate significant
differences among means (p < 0.05).

3.2. Factors Influencing the Abundance of Soil Available N and P

Good climate data records and topography information were available for all forest plots used in
this study. We analyzed the strength of the TG, including plot elevation, slope, and aspect; climate factors,
including MAP and MAT, together with the ST and SD, influencing the abundance of soil available
N and P.

MAT has an influential role in soil available N loss (Figure 3). MAT explained 2% of the loss in
soil available N in 1996, 5% in 2012, and 15% of the loss in 2017. The SD had a slightly increasing role
in explaining the amount of soil available N, from 14% to 17%, over the study period. The TG, MAP,
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and ST did not show a uniform trend in affecting soil available N. The influence of all the unconstrained
factors decreased gradually from 30% to 27%, and finally to 16% in 2017. We conclude that MAT was
the main driver of the decline in soil available N concentrations, whereas the SD contributed minimally.

Figure 3. Influence of factors on soil available N throughout the sampling period. MAP represents
mean annual precipitation, MAT represents mean annual temperature, TG represents topography
indicators including aspect, slope and elevation. ST represents stand type, SD represents the stand
density, “Other” represents all the unconstrained factors.

In explaining the concentrations of soil available P, the SD was the dominant factor (Figure 4).
The effect of SD on soil available P was 3% in 1996, 5% in 2012 and 14% in 2017. All other factors,
including the TG, MAP, ST and Other, did not show a uniform trend in affecting the soil available
P content. The influential strength of all the unconstrained factors increased from 18% to 24% and then
decreased to 20%. Although not strong, the influence of SD became more important with time, so we
conclude that the changing SD is the main driver of soil available P loss.

Figure 4. Influence of factors on soil available P throughout the 20-year time span, where
“MAP” denotes mean annual precipitation, “MAT” represents mean annual temperature, and “TG”
represents topography indicators including aspect, slope, and elevation. “ST” represents stand type,
“SD” represents the stand density, and “Other” represents all the unconstrained factors.

4. Discussion

This study has two main advantages in understanding the change in concentrations of soil
available N and P in forests of the Qinling Mountains. This work quantitatively demonstrated the
change in abundance of soil available N and P during the 20-year period and demonstrated that
the trend in soil degradation with respect to available N and P is continuing in the forests of the
Qinling Mountains. We also calculated the strength of various factors influencing the abundance of
soil available N and P. A longer study period would be more persuasive in describing the trajectory
of the change in soil available N and P contents. The interactions of unknown factors, classified as
“Other”, was ignored and might affect the veracity of the results when calculating the specific strength
of the factors.

In our study, the mixed forests had more soil available N than the oak-dominated forest
and had much higher amounts than in the pine-dominated forests. In terms of soil available P,
the pine-dominated forests had the highest concentrations, while the mixed forests and oak-dominated
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forests had slightly lower amounts. Climate will have a profound effect on the decline of soil available
N and P [20]. Temperature may enhance the soil microbial process and soil biochemical processes,
such as denitrification, which are positively related to temperature [21]. Tree species can have a strong
influence on soil properties [22]. Different vegetation types can have varying influence on the rate of
soil N and P input, and these can affect the soil nutrient accumulation and loss [23,24].

Soil N and P use efficiency can vary among plant species, and the abundance of soil available
N and P in this study was influenced by exploitation of soil nutrients by different species. This is
consistent with our findings that the concentrations of soil available N and P were species-dependent.
Discussions about the pros and cons of tree species richness for soil nutrients and other ecosystem
aspects date back to the early 19th century [25,26], when higher levels of soil N were found in forests
with more tree species [27]. The decomposition rate of soil N has been found to be directly affected by
tree species [28], which may result in the difference in the abundance of soil available N in different
areas. Our findings for the soil available N content are consistent with these findings. The soil available
N content was positively correlated with the species richness.

Over the studied time period, the forest soil experienced a degradation in available nutrient
concentrations. The decreasing amount of soil available N and P will limit the forest’s productivity,
threatening the stability of the ecosystem. Global climate change has complicated effects on global
N and P cycles [29]. Soil N can be lost through emissions of ammonia, nitrous oxide, and nitric
oxide. Increases in soil enzyme activity, related to soil microbial metabolism, can leads to soil N loss.
N-binding agents (especially tannins) have been reported as enzyme inhibitors, so we speculated that
the influence of tannins from leaf litter of some species could inhibit mineralization of organic N [30].
Other factors like nitrification and subsequent leaching can be also responsible for soil available N
loss [31]. Soil P loss is predominately caused by surface runoff. Overland flow and leaching contribute
to the loss of soil P [32]. As a consequence of soil available P consumption (such as plant uptake),
declines in sources of organic P and loss of soil available P are inevitable in these forests.

The losses of soil available N and P, which govern the N and P cycling patterns in forest systems,
have a wide range of controlling factors, including climate factors, soil homeostasis, stand traits, and
vegetation type [33,34]. The abundance of soil available N and P is probably dependent on all of
these mentioned factors. In 1996, MAT was found to explain only 2% of the variation in soil available
N. The influence increased over the 20-year period. When examining the trend in global warming,
declines in soil available N and P may exhibit similar trends. Aspect and slope also regulate overland
runoff, light availability and radiation. Temperature and precipitation are also related to elevation,
which is why topographic factors have an important influence on the concentrations of available N
and P. The decreasing influential effect of topographic factors over the study period implies they may
continue to decline in the future. The advantages of higher N and P input and higher organic matter
decomposition rate, caused by increasing temperature, may be offset by increasing uptake by the forest
biomass. As a result, the increasing influence of stand density on available P concentration over time
is understandable.

5. Conclusions

In the forests of the Qinling Mountains, the concentrations of soil available N and P are
species-related and are positively related to species richness. The reduction in soil quality is concerning,
especially given the large decrease in available N and P contents and the continuing decline over the
study period. Mean annual temperature will be a critical factor regulating soil available N, and stand
density will be the critical factor affecting soil available P in the Qinling Mountains forest system.
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Abstract: Given the lack of recommendations for the fertilization of Eucalyptus clones in the second
production cycle, the effects of fertilizer rates and the number of sprouts per strain in terms of the soil
chemical attributes, biometric characteristics, and the concentrations of N and P in the leaves and in
the litter of Eucalyptus L’Hér. in the Brazilian Cerrado were evaluated. The experimental design was
a randomized block with four replicates, arranged in a 2 × 4 factorial scheme: one or two sprouts
per strain; four fertilizer rates (0, 50, 100, or 200% of 200 kg ha−1 of the formula 06-30-06 + 1.5% Cu
+ 1% Zn) applied immediately after sprout definition. The option of one sprout per strain yielded
higher contents of organic matter (K, S, B, and Mn) in the 0.20–0.40-m layer, the leaf chlorophyll
index, the diameter at breast height, and the height of the Eucalyptus 44 months after the definition of
sprouts. However, N and P leaf concentrations and the wood volume did not differ as a function
of the sprout numbers. The fertilizer dosage did not influence the wood volume, even in sandy soil
with low fertility. Approximately 86% of the wood volume was obtained from the supply of soil and
root nutrient reserves and 14% of this productivity is due to fertilization minerals. The adequate
fertilization in the first cycle of the Eucalyptus supplies almost the entire nutritional demand of the
forest in the second production cycle.

Keywords: Eucalyptus sp.; wood volume; second production cycle; annual increment average;
soil fertility; nutrient cycling

1. Introduction

Brazil is a country known for its forestry. It is estimated that the area occupied by forests planted
in 2016 was 7.74 million hectares, about 0.9% of the national territory and a growth of 0.5% compared
to the area in 2015 [1]. Eucalyptus L’Hér. planted in 2016 amounted to 5.7 million hectares in the states
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of Minas Gerais (24%), São Paulo (17%), and Mato Grosso do Sul (15%). There was an increase of
400 thousand hectares of Eucalyptus in the period between 2015 and 2016 [1].

Eucalyptus presents a high mobilization of nutrients due to its rapid growth. The harvesting of
wood in Brazil is generally carried out when trees are seven years old and in cycles ranging from 7 to
21 years (one to three production cycles during these periods). The removal of biomass results in a large
decreases in nutrients, consequently reducing their availability for future plantations. The Eucalyptus
tree trunk is the largest biomass accumulator among all the parts of the plant, accounting for about
65–80% of the total accumulated biomass [2]. It is, therefore, responsible for the largest removal of
nutrients. The total biomass extracted and its compartmentalization determine the degree of the
removal of nutrients [2]. Faria et al. [3] found an average decrease of 52% in productivity from the
first to the second production cycle of the Eucalyptus, which they attributed to the nutrient removal,
especially of K, in the previous cycle. Rocha et al. [4] reported that even if forest residues from the
first to the second Eucalyptus production cycle are maintained, there may be a 6% reduction in the
productivity of the wood, and it may take up to 16 years for a site to recover completely when the
plant residues are removed.

This situation is made worse by the fact that most plantations in the Brazilian Cerrado region are
concentrated in soils with low natural fertility [5,6], where the nutritional deficit is mainly accentuated
for N, P, K, Ca, Mg, S, B, and Zn [7]. These generally sandy soils present high levels of aluminum
and low water availability, which may compromise the Eucalyptus’ productivity over time. Therefore,
the maintenance of the productivity of the forest requires the replacement of nutrients removed by the
harvest and lost by other processes such as leaching. According to Costa et al. [8], fertilization leads to
a 30–50% increase in the productivity of Eucalyptus forest sites.

Studies have shown that the application of fertilizers to Eucalyptus plantations can represent
gains ranging from 5% to 90% in the volume of wood (VW). This response to fertilizers, especially N
fertilizers, is even more significant in future rotations with more productive genetic materials and the
removal of large amounts of nutrients from stands grown in sandy soils [9].

The lack of nutrient fertilization is one of the causes of the reduced productivity of Eucalyptus
plantations in areas with low fertility soils, such as those in the Brazilian Cerrado. In most of these
areas with low soil fertility, the responses to fertilization with N, P, K, S, and B are positive [10].
The application of fertilizer alters the tree’s growth, the cycling and nutrient stocks in biomass of the
trees, the understory, and the soil [11].

The sprouting of strains is an interesting and common technique in Eucalyptus plantations; it can
be about 40% more economical than planting seedlings. The management of forests via clear cutting
and regeneration through the sprouting of the strains has the advantage of having a high initial
growth rate of sprouts compared with plants of the first production cycle, particularly since these first
plants have a root system that contains organic and inorganic reserves that can be readily used [12,13].
These roots also facilitate the uptake of water and nutrients. Additionally, because of the high root
to shoot ratio, the assimilates are preferably allocated with regard to the shoot formation, thereby
increasing the differences in the growth rate compared to plants of the first rotation. This rapid
initial growth of shoots may result in maximum wood yields earlier than those of the first rotation.
Despite this apparent advantage, it has been recorded that many Eucalyptus forests in subsequent
cycles have exhibited a decrease in productivity that is not always associated with the reduction in the
number of trunks of the original settlement [12].

Given that nutrient cycling and productivity are favored by a greater availability of nutrients,
the second production cycle of Eucalyptus has a root system that is almost completely formed. However,
though the use of root reserves can be the key to the success of the second Eucalyptus production cycle,
their impact on mature roots and sprouts is uncertain.

Due to the lack of recommendations for the fertilization of Eucalyptus clones in the second
production cycle in the Brazilian Cerrado, it is necessary to define the best dose of fertilizers for one or
two sprouts per Eucalyptus strain because the nutritional requirements can vary. The nutrient demand
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in the management of two sprouts per Eucalyptus strain, as well as the response to mineral fertilization,
tends to be higher. The objective of this research was to evaluate the effect of mineral fertilizer rates
and the number of sprouts per strain on the chemical attributes of the three layers of soil, the biometric
characteristics, and the concentrations of the N and P in the leaves and in the litter of Eucalyptus during
the second production cycle in the Brazilian Cerrado. Additionally, another objective of this research
was to better understand what contributes the most in this system to the wood volume productivity
and the supply of soil and roots with nutrient reserves or fertilization minerals.

2. Material and Methods

2.1. Location and Climate

The experiment set up in a commercial Eucalyptus field, managed by Cargill Agrícola S/A
and located in the municipality of Três Lagoas in the state of Mato Grosso do Sul at a latitude of
20◦45′ South, a longitude of 51◦40′ West (Figure 1), and an altitude of approximately 320 m. It is in
this Brazilian Cerrado region that the Eucalyptus cultivation proceeds the fastest. The largest paper
and pulp industries in the world are located here. Prior to the first cycle production of the Eucalyptus
in the sample area, there was a degraded brachiaria (Urochloa brizantha (Hochst. ex A.Rich.) R.Webster)
pasture. The soil of the experimental area is an Arenosols, according to the World Reference Base for
Soils (WRB) or an orthosic Quartzarenic Neosol (Entisols) according to the Embrapa classification
system [14].

Figure 1. The study area at the Cargill Agrícola S/A (The municipality of Três Lagoas, state of Mato
Grosso do Sul, Brazil; 20◦45′ S and 51◦40′ W, altitude 320 m).

The results of the soil chemical analysis of the experimental area at a depth of 0.00–0.20 m were
determined prior to the installation of the experiment, according to the methodology proposed by Raij
et al. [15]. We noted the following results: P resin = 4 mg dm−3, pH CaCl2 = 4.0; organic matter (OM)
= 11 g dm−3; K, Ca, Mg, H + Al = 0.4, 1.0, 1.0, and 25.0 mmolc dm−3, respectively. The contents of
S-SO4, B, Cu, Fe, Mn, and Zn (diethylentriamene pentaacetate—DTPA) were 3.0, 0.23, 0.5, 24.0, 2.6,
and 0.6 mg dm−3, respectively, with a base saturation (V%) of 7% and an aluminum saturation (m%)
of 83%. We observed that the soil was acidic with a low content of OM. The soil was deficient in the
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contents of macro and micronutrient (that is, below that which is considered as adequate for the good
development of Eucalyptus). Fertility levels like those of this soil are commonly found in this region.

The climate in the region is Aw, according to the Köppen’s classification system [16], characterized
as humid tropical with a rainy season in the summer and a dry season in the winter.

2.2. Treatments and Experimental Design

The experimental design was a randomized block with eight treatments and four replicates
arranged in a 2 × 4 factorial scheme. The first number in the scheme being the number (one or two) of
sprouts per strain in the second cycle. It has four fertilizer rates (0, 50, 100, or 200% of 200 kg ha−1

of the formula 06-30-06 + 1% Ca + 3% S + 1% Mg + 1.5% Cu + 1% Zn, which is commonly used in
the region) applied soon after the definition of the sprout, in April 2013. The scheme of the eight
treatments are listed below:

- one sprout per Eucalyptus strain without fertilization;
- one sprout per Eucalyptus strain with 50% fertilization;
- one sprout per Eucalyptus strain with 100% fertilization;
- one sprout per Eucalyptus strain with 200% fertilization;
- two sprouts per Eucalyptus strain without fertilization;
- two sprouts per Eucalyptus strain with 50% fertilization;
- two sprouts per Eucalyptus strain with 100% fertilization;
- two sprouts per Eucalyptus strain with 200% fertilization.

Each plot was composed of 49 plants distributed in seven rows with seven plants in each row,
with a line of Eucalyptus plants as a border at the ends. In all, the total plot area with a border was
367.5 m2.

2.3. Management History

The Eucalyptus urophylla S.T.Blake clone (Eucalyptus urophylla × Eucalyptus grandis W. Hill
ex Maiden) is the most commonly planted Eucalyptus species in the region and in Brazil. It is
commonly planted with a spacing of 3.0 × 2.5 m. In the first cycle of Eucalyptus production in
the entire experimental area, the following operations were performed: (a) sampling and soil analysis
in the 0–0.20-m and 0.20–0.40-m depth layers; (b) the control of ants; (c) chemical weeding over the
total area; (d) liming with 1.5 t ha−1 of limestone (Relative total neutralizing power—RTNP = 88%);
(e) the application of 250 kg ha−1 of gypsum (with 14% S and 17% Ca) after liming; (f) felling: furrows
were opened with a depth of 0.50 m in the planting line (on 13 December 2006); (g) the planting of
200 kg ha−1 of formula 06-30-06 fertilizer, enriched with 1.0% Ca + 3.0% S + 1.0% Mg + 1.5% Cu +
1.0% Zn, in the planting groove at a depth of 0.15 m; (h) the first topdressing fertilization using 120
kg ha−1 of formula 18-00-18 + 6% S + 0.5% B (300 kg of potassium chloride + 282 kg of ammonium
sulfate + 368 kg of ammonium nitrate + 50 kg of Borogran with 10% B) 60 days after planting, applied
manually in the form of a crown or semicircle 0.30 m away from the seedling neck on the soil and
without incorporation into the soil; (i) the second topdressing fertilization using 270 kg ha−1 of formula
18-00-18 + 6% S + 0.5% B (300 kg of potassium chloride + 282 kg of ammonium sulfate + 368 kg of
ammonium nitrate + 50 kg of Borogran) 10 months after planting, applied mechanically in a continuous
fillet on the ground about 0.60 m away from the stem of the plant; (j) the third topdressing fertilization
using 350 kg ha−1 of formula 15-00-20 + 10% S + 0.5% B (333 kg of potassium chloride + 417 kg of
ammonium sulfate + 368 kg of ammonium nitrate + 50 kg of Borogran) 14 months after planting,
applied mechanically in a continuous fillet on the ground about 0.60 m away from the stem of the
plant; and (k) the Eucalyptus harvest was carried out 6 years after planting. The average productivity
was 392 m3 ha−1 of wood.
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2.4. Experiment Management

Based on the soil analysis (Section 2.1) and the requirement of the Eucalyptus crop, two months
before the Eucalyptus harvest of the first production cycle or rotation, the application of liming and
gypsum were performed again in the experimental area. We applied 2 t ha−1 of limestone (RTNP = 88%)
in order to increase the saturation of the bases to 60% in the total area and without the incorporation of
this correction. After liming, 700 kg ha−1 of gypsum (with 14% S and 17% Ca) was applied next to the
planting line in a range of 0.7–1.0 m on the soil surface and without incorporation into the soil.

After the harvesting of Eucalyptus during the rainy season, the strains that were covered with
vegetal residue were cleaned within a 15 cm radius of the border of the strain in order to avoid
impairing the emission of the sprouts. The thinning was conducted in April 2013 when the sprouts
were, on average, 2.5–3.0 m long (the diameter at breast height was between 6.0 and 9.0 cm).

With respect to the selection of sprouts, regardless of the choice of one or two sprouts (Figure 2),
we selected more vigorous sprouts located at the top of the strain (the upper side of the strain).
In the plots in which the plants exhibited two sprouts, the sprouts were chosen in opposite positions,
if possible, so that the opposition of one sprout to the other was in the direction of the planting line.
The purpose here was to avoid or reduce the breakage or tipping of the sprouts when in contact with
the machines and equipment that transit between the lines of the plantations during the fertilization
operations and the maintenance of the forest.

Figure 2. The two sprouts (A) and one sprout (B) per Eucalyptus strain. Três Lagoas, state of Mato
Grosso do Sul, Brazil, 2017.

The mineral fertilizer treatments described above were performed manually and in a semi-circle
in April 2013. Weed control and plant pest control were performed when necessary.

2.5. Evaluations

2.5.1. Soil Chemical Analysis

Forty-four months after the definition of sprouts and after mineral fertilization, which corresponds
to four years of Eucalyptus harvest cultivated in the first cycle, soil samples were obtained at depths
of 0–0.20, 0.20–0.40, and 0.40–1.00 m in the Eucalyptus planting line. The planting line was fertilized
in a semi-circle at eight points per plot to form a composite sample. We evaluated the alteration of
the chemical attributes of the soil according to the protocol by Raij et al. [15]. The OM content in the
soil was estimated by the Walkley–Black method. The available amounts of P, Ca2+, K+, and Mg2+
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in the soil were estimated by an ion-exchange resin procedure with B in hot water and Cu, Fe, Mn,
and Zn in DTPA. The concentration of P, Al, and B in the soil extracts was quantified by a colorimetric
method. The Ca, Mg, Cu, Fe, Mn, and Zn concentrations were determined by an atomic absorption
spectrophotometer (AAS) (VARIAN SpectrAA 220FS) and the K using a flame-photometer (METEOR
NAK-II). The available amount of S-SO4 was estimated using a solution of calcium phosphate (Ca
(H2PO4) 0.01 mol L−1) and the quantification was determined by turbidimetry. The exchangeable
aluminum was extracted with a 1 M KCl solution and determined by titration with 0.025 M of NaOH.
The total acidity (H + Al) was extracted with a buffer solution of calcium acetate with a pH of 7.0 and
determined by titration with ammonium hydroxide (0.025 M). From these values, the sum of bases (SB)
{SB = Ca2+ + Mg2+ + K+}, the total cation exchange capacity (CEC) at a pH of 7.0 (CEC = SB + (H + Al)),
the saturation of exchangeable cations (V%) {V% = SB × 100)/CEC}, and the aluminum saturation
(m%) {m% = (Al3+ × 100)/(SB + Al3+)} were obtained.

2.5.2. Concentrations of N and P in Leaves and Litter

At the same time (that is, 44 months after the definition of the sprouts and the mineral fertilization),
samples (150 g each) of the Eucalyptus leaves and litter were collected from six representative trees or
from near these plants. From the leaflet samples deposited on the soil and the biomass of the leaves of
the Eucalyptus trees, the N and P concentrations were determined using the methodology described by
Malavolta et al. [17].

2.5.3. The Height of the Plants

The height of the plants (H) is an essential piece of information for determining the VW of the
trees. At an age of 44 months, the height of the three representative plants, sectioned at the level
of the soil per plot, was measured using a scale. In order to better measure the height, 10 plants
per plot were measured using a Forestor Vertex apparatus, which is composed of a hypsometer and
a transponder [18].

2.5.4. Diameter at Breast Height

We used a graduate student and a forest compass to measure the diameter at a breast height (DBH)
of 1.30 m. This evaluation was also performed 44 months after the definition of the sprouts and the
mineral fertilization in the three representative plants sectioned at the soil level per plot. In addition,
in order to better measure the DBH, 10 plants per plot were measured.

2.5.5. Total Wood Volume with Bark

Based on the plant height and the DBH evaluations noted above, the total VW with the bark
(m3 ha−1) was calculated using the following formulae:

VW = ∑
VWi
Ai

1000 (1)

VWi =
π(DBHi)

2 · ff · H
4

(2)

where VWi = the volume of the wood with the bark from each tree i; A = the area of the useful
plot (367.5 m2); VW = the total volume with bark (m3 ha−1); DBHi = the DBH from each tree (m);
ff = the form factor. In this case, a value of 0.5 was assigned and regionally defined for the clone used.
Additionally, Hi = the total height of each tree (m).
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2.5.6. Average Annual Increment

The average annual increment (AAI) in m3 ha−1 year−1 was calculated using the following formula:

AAI =
VW

t
(3)

where AAI = the average annual increment (m3 ha−1 year−1); VW = the total volume with bark
(m3 ha−1), and t = the time (year).

2.5.7. Leaf Chlorophyll Index

We determined the leaf chlorophyll index (LCI) indirectly at the same time as the other variables
by examining the last fresh leaves of the middle third of the plant in 10 leaves per plot, using a portable
digital chlorophyllometer (Falker Agricultural Automation, Porto Alegre, Brazil).

2.6. Statistical Analysis

We analyzed the results using a variance analysis (F test) and Tukey’s test at a 5% probability
level to compare the number of sprouts. A polynomial regression was applied to verify the effect of the
fertilizer rates. All the statistical analyses including the Pearson correlation (p < 0.05) were performed
using the SAS system (SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Soil Chemical Analysis

The chemical attributes of the soil at a depth of 0–0.20 m at 44 months after choosing the Eucalyptus
sprouts are listed in Table 1. The pH values of the soil under the Eucalyptus plants indicated the acid
reaction and did not vary as a function of the sprout numbers per strain or the fertilization rates.
Such variation was noted for the other parameters studied, with the exception of the K and Mn
concentrations. We verified that there were higher contents of K and Mn when we selected one sprout
per strain. However, we observed that an increase in the fertilization rate decreased the Mg content,
the sum of bases (SB), the CEC, and the V% and that it increased the iron content up to 106.6 kg ha−1

at a depth of 0–0.20 m. However, there was an increasing linear response for the P and Cu contents of
the soil, as well as an increase in m%.

Table 1. The soil chemical attributes at a depth 0–0.20 m, 44 months after choosing the Eucalyptus
sprouts as a function of the number of sprouts per strain and the fertilization rates.

P Resin O.M. pH CaCl2 K Ca Mg H + Al SB CEC

(mg dm−3) (g dm−3) (mmolc dm−3)

Sprouts per strain

1 6.83a 12.92a 4.12a 0.63a 4.92a 4.00a 24.92a 9.55a 34.47a
2 7.67a 12.42a 4.09a 0.42b 3.83a 3.75a 24.83a 8.01a 32.84a

S.M.D. (5%) 1.89 1.34 0.20 0.14 1.79 1.52 2.93 2.83 3.19

Fertilizing (%) +

0 4.00 (1) 13.67 4.15 0.58 4.67 4.83 (2) 25.33 10.08 (3) 35.42 (4)

50 5.00 12.33 4.20 0.52 5.33 5.17 23.83 11.02 34.85
100 5.33 12.50 4.07 0.43 4.00 3.17 25.33 7.60 32.93
200 14.67 12.17 4.00 0.58 3.50 2.33 25.00 6.42 31.42

F Test

Sprout (S) 0.89 ns 0.64 ns 0.07 ns 10.10 ** 1.69 ns 0.12 ns 0.00 ns 1.37 ns 1.19 ns

Fertilizing (F) 31.84 ** 1.19 ns 0.86 ns 1.18 ns 0.92 ns 3.61 * 0.27 ns 2.62 * 1.51 ns

S x F 1.37 ns 0.12 ns 0.76 ns 0.92 ns 0.30 ns 0.31 ns 0.64 ns 0.41 ns 0.51 ns

C.V. (%) 29.80 12.04 5.71 30.34 46.66 44.92 13.46 36.80 10.84
Average overall 7.25 12.67 4.10 0.53 4.38 3.88 24.88 8.78 33.65

Treatment V m S-SO4 B Cu Fe Mn Zn
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Table 1. Cont.

P Resin O.M. pH CaCl2 K Ca Mg H + Al SB CEC

(%) (%) (mg dm−3) (mg dm−3)

Sprouts per strain

1 27.71a 42.33a 8.08a 0.54 1.06a 25.67a 16.73a 0.53a
2 24.26a 42.42a 10.17a 0.47 1.10a 24.92a 9.38b 0.61a

S.M.D. (5%) 7.18 19.29 6.55 0.17 0.23 4.64 5.21 0.32

Fertilizing (%) +

0 28.64 (5) 25.67 (6) 9.17 0.46 0.90 (7) 29.83 (8) 14.10 0.52
50 31.72 36.83 7.67 0.49 0.95 23.33 11.22 0.57
100 23.02 54.50 8.17 0.50 1.00 20.67 12.50 0.35
200 20.57 52.50 11.50 0.57 1.47 27.33 14.42 0.85

F Test

Sprout (S) 1.06 ns 0.00 ns 0.46 ns 0.56 ns 0.15 ns 0.12 ns 9.14 ** 0.25 ns

Fertilizing (F) 2.32 * 2.31 * 0.31 ns 0.37 ns 5.98 ** 3.56 * 0.37 ns 1.93 ns

S x F 0.54 ns 0.26 ns 0.32 ns 1.37 * 0.83 ns 0.52 ns 0.38 ns 0.42 ns

C.V. (%) 31.57 51.98 52.00 39.28 24.28 20.97 45.61 54.21
Average overall 25.99 42.38 9.12 0.50 1.08 25.29 13.06 0.57

B: determined in hot water; Cu, Fe Mn, and Zn: determined in DTPA. The chemical analysis was performed at
the UNESP/FEIS Soil Fertility Laboratory. + The percentage refer to 200 kg ha−1 of formula 06-30-06 + 1.0% Ca +
3.0% S + 1.0% Mg + 1.5% Cu + 1.0% Zn. Means followed by the same letters in the column are not significantly
different by the Tukey’s test at p < 0.05. * Significant at p < 0.05. ** Significant at p < 0.01. ns = not significant.
(1) Y = 2.5333 + 0.0539x (R2 = 0.86 **); (2) Y = 5.1333 − 0.0144x (R2 = 0.83 **); (3) Y = 10.6933 − 0.0219x (R2 = 0.76 *);
(4) Y = 35.4933 − 0.0210x (R2 = 0.96 *); (5) Y = 30.3600 − 0.0500x (R2 = 0.70 *); (6) Y = 30.5333 + 0.1353x (R2 = 0.72 *);
(7) Y = 0.8267 + 0.0029x (R2 = 0.89 **); (8) Y = 29.8470 − 0.1705x + 0.0008x2 (R2 = 1.00 ** e PM = 106.6%).

The interaction of the fertilizer dosage for a given number of sprouts per strain for the content of
B in the soil at a depth of 0–0.20 m, 44 months after the setting of the sprouts (Table 2) modulated the
increasing linear function only when one sprout was chosen per strain.

Table 2. The results of the interaction between the number of sprouts per strain and the fertilization rates
for the B content in soil at a depth of 0.00–0.20 m, 44 months after the setting of the Eucalyptus shoots.

B (mg dm−3)

Sprouts of Strain

Fertilizing (%) + 1 (1) 2

0 0.42a 0.50a
50 0.44a 0.54a

100 0.56a 0.44a
200 0.73a 0.42a

B: determined in hot water; + the percentage refers to 200 kg ha−1 of formula 06-30-06 + 1.0% Ca + 3.0% S + 1.0% Mg
+ 1.5% Cu + 1.0% Zn. Means followed by the same letters in the column are not significantly different by the Tukey’s
test at p < 0.05. (1) Y = 0.3920 + 0.0016x (R2 = 0.97 *).

At a soil depth of 0.20–0.40 m, 44 months after choosing the Eucalyptus sprouts (Table 3),
the contents of OM, K, S-SO4, B, and Mn were higher when there was only one sprout per strain.
These findings are consistent with those for the contents of K and Mn in the 0–0.20 m layer. On the
other hand, for the management of two sprouts per strain, no higher contents of these nutrients were
verified compared to the chemical attributes of the soil at this depth.

The contents of P, S-SO4, B, Cu, Mn, and Zn, as well as H + Al and CEC, increased linearly at
a depth of 0.20–0.40 m in the soil with increasing fertilization rates (200 kg ha−1 of formula 06-30-06 +
1.0% Ca + 3.0% S + 1.0% Mg + 1.5% Cu + 1.0% Zn) (Table 3). For the pH, the decreasing linear function
was adjusted according to the increment of the fertilizer rates noted above.
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Table 3. The soil chemical attributes at a depth of 0.20–0.40 m, 44 months after the choice of Eucalyptus
sprouts as a function of the number of sprouts per strain and fertilization rates.

P Resin O.M. pH CaCl2 K Ca Mg H + Al SB CEC

(mg dm−3) (g dm−3) (mmolc dm−3)

Sprouts per strain

1 3.50a 10.33a 3.90a 0.39a 1.25a 1.50a 24.58a 3.14a 27.72a
2 3.42a 9.67b 3.92a 0.27b 1.83a 1.25a 23.33a 3.35a 26.68a

S.M.D. (5%) 1.62 0.64 0.08 0.10 0.91 0.53 2.40 1.22 2.54

Fertilizing (%) +

0 2.50 (1) 10.17 3.97 (2) 0.33 1.50 1.83 22.67 (3) 3.67 26.33 (4)

50 2.50 9.67 3.93 0.33 1.00 1.67 22.50 2.50 25.00
100 3.33 10.33 3.90 0.33 1.67 1.33 24.50 3.33 27.83
200 5.50 9.83 3.83 0.32 2.00 1.17 26.17 3.48 29.65

F Test

Sprout (S) 0.01 ns 4.92 * 0.23 ns 7.68 * 1.91 ns 1.03 ns 1.24 ns 0.13 ns 0.78 ns

Fertilizing (F) 3.53 * 1.03 ns 3.63 * 0.03 ns 0.97 ns 1.64 ns 3.68 * 0.82 ns 3.86 *
S x F 0.24 ns 0.20 ns 1.43 ns 0.22 ns 0.45 ns 0.12 ns 0.93 ns 0.38 ns 0.83 ns

C.V. (%) 53.40 7.36 2.20 33.56 57.14 43.82 11.46 42.96 10.65
Average overall 3.46 10.00 3.91 0.33 1.54 1.38 23.96 3.25 27.20

Treatment V m S-SO4 B Cu Fe Mn Zn

(%) (%) (mg dm−3) (mg dm−3)

Sprouts per strain

1 11.49a 79.00a 12.17a 0.57a 0.95a 13.83a 5.12a 0.28a
2 12.42a 78.50a 9.00b 0.43b 0.87a 13.67a 2.88b 0.28a

S.M.D. (5%) 4.08 5.85 2.88 0.12 0.11 2.67 1.25 0.10

Fertilizing (%) +

0 13.73 74.33 7.67 (5) 0.45 (6) 0.87 (7) 13.83 2.55 (8) 0.18 (9)

50 10.20 80.83 9.17 0.42 0.80 10.67 3.55 0.27
100 12.04 81.67 13.67 0.52 0.92 14.83 5.15 0.30
200 11.87 78.17 11.83 0.62 1.05 15.67 4.77 0.37

F Test

Sprout (S) 0.24 ns 0.03 ns 5.56 * 6.30 * 2.77 ns 0.02 ns 14.74 * 0.03 ns

Fertilizing (F) 0.57 ns 1.46 ns 3.99 * 3.54 * 4.46 * 3.10 ns 4.12 * 4.43 *
S x F 0.54 ns 0.62 ns 0.97 ns 2.74 ns 1.96 ns 0.41 ns 0.68 ns 0.18 ns

C.V. (%) 38.96 8.48 31.09 27.69 13.51 22.15 35.72 42.90
Average overall 11.96 78.75 10.58 0.50 0.91 13.75 4.00 0.28

B: determined in hot water; Cu, Fe, Mn, and Zn: determined in DTPA. The chemical analysis was performed at
the UNESP/FEIS Soil Fertility Laboratory. + The percentage refers to 200 kg ha−1 of formula 06-30-06 + 1.0% Ca +
3.0% S + 1.0% Mg + 1.5% Cu + 1.0% Zn. Means followed by the same letters in the column are not significantly
different by the Tukey’s test at p < 0.05. * Significant at p < 0.05. ** Significant at p < 0.01. ns = not significant.
(1) Y = 2.0667 + 0.0159x (R2 = 0.92 **); (2) Y = 3.9667 − 0.0007x (R2 = 1.00 *); (3) Y = 22.2667 + 0.0193x (R2 = 0.91 *);
(4) Y = 25.4367 + 0.0202x (R2 = 0.74 *); (5) Y = 8.6333 + 0.0223x (R2 = 0.50 *); (6) Y = 0.4157 + 0.0010x (R2 = 0.87 *);
(7) Y = 0.8133 + 0.0011x (R2 = 0.77 **); (8) Y = 3.0267 + 0.0112x (R2 = 0.65 *); (9) Y = 0.2033 + 0.0009x (R2 = 0.94 *).

For the chemical attributes of the soil at a depth of 0.40–1.00 m, 44 months after choosing the
Eucalyptus sprouts listed in Table 4, we verified a higher S-SO4 content in the one sprout per strain
condition. This same finding was noted for the Mn content.

Much like the data recorded at a depth of 0.20–0.40 m, the contents of P, Cu, and Mn increased
linearly. For the content of P, the linear equation was adjusted (Table 4). At 200% of the recommended
fertilization (200 kg ha−1 of formula 06-30-06 + 1.0% Ca + 3.0% S + 1.0% Mg + 1.5% Cu + 1.0% Zn),
we observed a higher content of this P. This result indicates that the increase in the dose contributed to
the greater leaching of P in the 0.40–1.00 m layer.

The OM content decreased along the soil profile (Table 1, Table 3, and Table 4) and the lowest
content was noted in the 0.40–1.00 m layer (Table 4).
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Table 4. The soil chemical attributes at a depth of 0.40–1.00 m, 44 months after choosing the Eucalyptus
sprouts as a function of the number of sprouts per strain and the fertilization rates.

P Resin # M. O. pH CaCl2 K # Ca# Mg H + Al SB # CEC

(mg dm−3) (g dm−3) (mmolc dm−3)

Sprouts per strain

1 4.08a 9.42a 3.92a 0.33a 1.25a 1.08 24.75a 2.67a 27.42
2 7.83a 9.33a 3.87a 0.26a 1.83a 1.00 22.25a 3.09a 25.34

S.M.D. (5%) 7.07 0.66 0.06 0.10 0.96 0.18 3.56 1.01 3.63

Fertilizing (%)+

0 1.33 (1) 9.33 3.88 0.27 1.50 1.00 23.50 2.77 26.27
50 2.67 9.17 3.93 0.35 1.00 1.00 21.33 2.35 23.68
100 6.67 9.33 3.88 0.27 1.83 1.00 23.50 3.10 26.60
200 13.16 9.67 3.87 0.30 1.83 1.17 25.67 3.30 28.97

F Test

Sprout (S) 1.29 ns 0.07 ns 2.90 ns 2.37 ns 1.68 ns 1.00 ns 2.27 ns 0.82 ns 1.50 ns

Fertilizing (F) 3.42 * 0.46 ns 0.97 ns 0.65 ns 0.77 ns 1.00 ns 1.14 ns 0.78 ns 1.63 ns

S x F 0.32 ns 0.46 ns 0.97 ns 0.65 ns 1.04 ns 1.00 ns 0.62 ns 1.19 ns 0.97 ns

C.V. (%) 55.47 8.06 1.85 7.30 23.32 19.60 17.31 15.31 15.70
Average overall 5.96 9.38 3.89 0.30 1.54 1.04 23.50 2.88 26.38

Treatment V # m S-SO4 # B Cu Fe Mn # Zn #

(%) (%) (mg dm−3) (mg dm−3)

Sprouts per strain
1 9.83a 81.83a 45.25a 0.61 0.72 9.25a 4.35 0.33a
2 11.92a 77.67a 16.75b 0.46 0.73 10.17a 1.59 0.27a

S.M.D. (5%) 3.61 6.76 13.80 0.13 0.08 2.02 1.90 0.17

Fertilizing (%)+

0 10.17 80.83 35.33 0.53 0.68 9.67 1.52 0.23
50 10.00 81.67 25.67 0.45 0.67 7.83 2.37 0.40
100 11.67 78.00 27.33 0.52 0.73 10.17 3.50 0.15
200 11.67 78.50 35.67 0.64 0.82 11.17 4.50 0.42

F Test

Sprout (S) 1.53 ns 1.74 ns 19.62 ** 6.15 * 0.19 ns 0.94 ns 9.72 ** 0.73 ns

Fertilizing (F) 0.30 ns 0.32 ns 0.66 ns 1.78 ns 3.09 ns 2.19 ns 2.17 ns 2.78 ns

S x F 0.81 ns 0.60 ns 0.54 ns 2.42 ns 4.86 * 1.46 ns 1.52 ns 0.64 ns

C.V. (%) 16.71 9.69 22.39 27.78 12.95 23.80 26.60 10.98
Average overall 10.88 79.75 31.00 0.53 0.72 9.71 2.97 0.30

B: determined in hot water; Cu, Fe, Mn, and Zn: determined in DTPA. The chemical analysis was performed
at the UNESP/FEIS Soil Fertility Laboratory. + The percentage refers to 200 kg ha−1 of formula 06-30-06 + 1.0%
Ca + 3.0% S + 1.0% Mg + 1.5% Cu + 1.0% Zn. The means followed by the same letters in the column are not
significantly different in Tukey’s test at p < 0.05. * Significant at p < 0.05. ** Significant at p < 0.01. ns = not significant.
(1) Y = 0.5667 + 0.0616x (R2 = 0.98 *); # Data corrected by the equation (x + 0.5)0.5.

In terms of the effects of the interaction between fertilizer dosage and the number of sprouts per
strain for the content of Mg and B and the CEC of the soil at a depth of 0.40–1.00 m (Table 5), there was
an adjustment to the linear function that was increasing. For the Mg content in the soil and the CEC,
there was no difference in the number of sprouts per strain. However, the B content in the soil at the
highest fertilizer dosage was significantly higher in the one sprout per strain condition.

For the Cu content in the soil at a depth of 0.40–1.00 m, there was an interaction between the
number of sprouts and the fertilizer dose. In the control, the highest Cu content in the soil was noted
for the two sprouts per strain condition. In the management of the one sprout per strain condition,
the increase in the fertilizer rates linearly increased the Cu content in the soil. This situation was not
verified with the two sprouts per strain condition due to the higher absorption of this micronutrient.

The interaction between the number of sprouts per strain and the fertilizer dosage on the Mn
content in the soil at a depth of 0.40–1.00 m differed for the one or two sprouts conditions at the two
highest rates (100 and 200% of the recommended fertilization). The highest soil content was obtained
for one sprout and the linear function for one sprout per strain was also adjusted.
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Table 5. The interaction of the number of sprouts per strain and the fertilization rates for B, Cu, CEC,
Mg, and Mn in the soil at a depth of 0.40–1.00 m, 44 months after choosing the Eucalyptus sprouts.

B (mg dm−3) Cu (mg dm−3) CEC (mmolc dm−3) Mg (mmolc dm−3) Mn (mg dm−3)

Sprouts per Strain

Fertilizing (%) + 1 (1) 2 1 (2) 2 1 (3) 2 1 (4) 2 1 (5) 2

0 0.59a 0.47a 0.57b 0.80a 25.30a 27.23a 1.00a 1.00a 1.50a 1.53a
50 0.40a 0.49a 0.63a 0.70a 25.00a 22.37a 1.00a 1.00a 3.43a 1.30a
100 0.61a 0.42a 0.80a 0.67a 27.33a 25.87a 1.00a 1.00a 5.57a 1.43b
200 0.83a 0.46b 0.87a 0.77a 32.03a 25.90a 1.33a 1.00a 6.90a 2.10b

+ The percentage refers to 200 kg ha−1 of formula 06-30-06 + 1.0% Ca + 3.0% S + 1.0% Mg + 1.5% Cu + 1.0% Zn.
The means followed by the same letters in the column are not significantly different in Tukey’s test at p < 0.05.
(1) Y = 0.4740 + 0.0015x (R2 = 0.57 *); (2) Y = 0.5800 + 0.0016x (R2 = 0.91 **); (3) Y = 24.2400 + 0.0363x (R2 = 0.91 *);
(4) Y = 0.9333 + 0.0017x (R2 = 0.77 *); (5) Y = 2.0067 + 0.0268x (R2 = 0.93 **).

3.2. Concentrations of N and P in the Leaves and Litter

Table 6 lists the results of the N and P concentrations in the leaves and the Eucalyptus litter,
respectively. For the sprouts per strain, differences were only found in the N concentrations in
the leaflet, and the highest content was obtained when there were two sprouts per strain (Table 6).
This finding may be due to the higher concentration effect on the leaves with only one sprout per
strain. It is important to keep in mind that N is part of the proteins and chlorophyll. However, the N
and P concentrations of the Eucalyptus leaf at 44 months after choosing the sprouts were not influenced
by the increase in fertilization (Table 6).

Table 6. The concentrations of N and P in the leaves and in the litter of the Eucalyptus at 44 months
after choosing the sprouts, according to the number of sprouts per strain and the fertilization rates.

N Leaves P Leaves N Litter P Litter

(g kg−1 de D.M.)

Sprout per strain

1 18.76a 1.93a 7.32b 0.44a
2 19.67a 1.98a 9.47a 0.51a

S.M.D. (5%) 0.93 0.13 0.67 0.09
Fertilizing (%) +

0 19.45 1.90 8.16 0.44
50 18.58 2.00 8.00 0.44

100 19.70 1.94 8.80 0.52
200 19.12 1.98 8.62 0.50

F Test

Sprout (S) 4.51 ns 0.79 ns 47.59 ** 3.44 ns

Fertilizing (F) 1.27 ns 0.48 ns 1.47 ns 1.04 ns

S x F 1.52 ns 1.14 ns 0.62 ns 0.67 ns

C.V. (%) 5.51 7.63 9.11 20.77
Average overall 19.21 1.95 8.40 0.48

+ The percentage refers to 200 kg ha−1 of formula 06-30-06 + 1.0% Ca + 3.0% S + 1.0% Mg + 1.5% Cu + 1.0% Zn.
The means followed by the same letters in the column are not significantly different in Tukey’s test at p < 0.05.
** Significant at p < 0.01. ns = not significant.

3.3. Leaf Chlorophyll Index, Plant Height, Diameter at Breast Height, Total Volume of Wood with Bark, and the
Average Annual Increment

The results of the LCI, H, DBH, VW, and AAI of the Eucalyptus after 44 months according to
the number of sprouts and fertilization rates are listed in Table 7. The LCI of the Eucalyptus was not
influenced by the fertilization rate. Much like the effect of the number of sprouts per strain, there was
a difference between the treatments and the strains, with the one sprout condition yielding higher LCI.
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Table 7. The leaf chlorophyll index (LCI), plant height (H), diameter at breast height (DBH), total
volume of wood with bark (VW), and the average annual increment (AAI) of Eucalyptus at 44 months
after choosing the sprouts, according to the number of sprouts per strain and the fertilization rates.

LCI H (m) DBH (cm) VW (m3 ha−1) AAI (m3 ha−1 ano−1)

Sprout per strain

1 62.42a 25.28a 17.53a 411.07a 111.28a
2 55.44b 22.21b 13.26b 408.39a 113.32a

S.M.D. (5%) 4.46 0.58 17.47

Fertilizing (%) +

0 61.07 23.95 14.66 370.52 110.20
50 58.80 23.50 15.66 414.50 112.94
100 56.39 23.58 15.66 429.60 110.45
200 59.47 23.94 15.60 424.30 115.61

F Test

Sprout (S) 11.27 ** 128.78 ** 145.06 ** 0.019 ns 0.06 ns

Fertilizing (F) 0.88 ns 0.75 ns 1.46 ns 1.88 ns 0.10 ns

S x F 2.53 ns 1.35 ns 1.70 ns 2.17 ns 1.30 ns

C.V. (%) 8.64 2.79 5.95 11.73 17.77
Average overall 58.93 23.74 15.39 409.73 112.3

+ The percentage refers to 200 kg ha−1 of formula 06-30-06 + 1.0% Ca + 3.0% S + 1.0% Mg + 1.5% Cu + 1.0% Zn.
The means followed by the same letters in the column are not significantly different in Tukey’s test at p < 0.05.
** Significant at p < 0.01. ns = not significant.

There were larger H and DBH values for the one sprout per strain condition. Regarding the VW,
there was no significant difference as a function of the number of sprouts per strain.

Surprisingly, the H, DBH, and VW, 44 months after the sprouts were chosen were not influenced
by the amount of mineral fertilizer (Table 7), even in sandy soils with a low fertility content. However,
it should be noted that there was an increase of approximately 14% in the VW when the fertilizer
dosage (100%) used in the region was applied (200 kg ha−1 of formula 06-30-06 + 1.0% Ca + 3.0% S +
1.0% Mg + 1.5% Cu + 1.0% Zn) compared with the control without fertilization.

The AAI of Eucalyptus 44 months after the sprouts were chosen averaged 112.3 m3 ha−1 year−1.
The AAI did not exhibit a significant difference for either the one or two sprouts per strain conditions.
For the management of the two sprouts condition, the AAI was only about 2% larger compared to the
one sprout per strain condition.

There was no adjustment for the increase in the dosage of the mineral fertilizer for AAI. However,
for the 200% recommended fertilization dosage, we observed only a 5% increase compared to the
control (without fertilizer).

3.4. Pearson Correlation

The correlations between the chemical attributes of the soil in the 0–0.20-m layer and the other
biometric assessments or N and P concentrations in the Eucalyptus leaves and litter, as well as the
correlation coefficients, are listed in Tables 8 and 9.

Negative correlations were observed between the number of sprouts per strain and the variables
K (−0.53 **), Mn (−0.55 **), H (−0.89 **), DBH (−0.90 **), and LCI (−0.52 **). For fertilizer rates,
a significant correlation was observed only with m% (0.41 *).

The P content in soil correlated significantly only with B (0.64 **), Cu (0.96 **), and Zn (0.55 **),
and inversely with the pH (−0.40 *). The pH, in addition to the content of P, was inversely correlated
with the levels of H + Al (−0.62 **), Al (−0.86 **), m% (−0.83 **), Fe (−0.52 **), and Zn (−0.47 *),
and positively with OM (0.43 *) and V% (0.60 **). Meanwhile, the organic matter correlated significantly
with Ca (0.55 **), Mg (0.48 *), SB (0.52 **), CEC (0.51 **), V% (0.56 **), and Mn (0.43 *) with relatively
low coefficients and it correlated inversely with m% (−0.56 **).
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The potassium content exhibited a significant correlation with the Fe content (0.42 *), the Mn
content (0.51 *), and DBH (0.47 *). The Ca and Mg contents were significantly correlated with SB
(0.99 ** and 0.99 **), CEC (0.92 ** and 0.97 **), V% (0.89 ** and 0.82 **), and inversely correlated with
m% (−0.70 ** and −0.60 **), respectively.

The cation exchange capacity, as well as the V% and m%, did not correlate with any of the
biometric evaluations. Fe was significantly correlated with B (0.46 *), Cu (0.55 **), and Zn (0.43 *) whilst
B was correlated with Cu (0.60 **). However, the m% correlated negatively with the P concentration in
Eucalyptus litter (−0.447 *).

The Mn content exhibited a significant correlation with H (0.61 **) and DBH (0.51 *). The biometric
evaluations correlated significantly with one another: H with DBH (0.91 **) and LCI (0.65 **). In turn,
the LCI exhibited a significant correlation with DBH (0.60 **) and VW with the AAI (1.00 **).

The N leaf concentration correlated positively with the N in the Eucalyptus litter (0.489 *) and with
the concentration of P in the leaves (0.448 *). However, there was a negative correlation between the
concentration of N in the leaves and the DBH (−0.439 *).

As for the N and P concentrations in the Eucalyptus litter, a positive correlation was observed
between N and the number of sprouts per strain (0.771 **), and a negative correlation was noted
between the concentration of N and the DBH (−0.652 **), H (−0.624 **), and LCI (−0.577 **). For the
concentration of P, there was a positive correlation with the N in the Eucalyptus litter (0.632 **).

217



Forests 2018, 9, 290

T
a

b
le

8
.

Th
e

co
rr

el
at

io
n

co
ef

fic
ie

nt
s

of
Pe

ar
so

n’
s

(r
)w

ith
si

gn
ifi

ca
nt

va
lu

es
(p

<
0.

01
**

an
d

p
<

0.
05

*)
hi

gh
lig

ht
ed

am
on

g
th

e
ch

em
ic

al
at

tr
ib

ut
es

of
so

il,
th

e
bi

om
et

ri
c

ch
ar

ac
te

ri
st

ic
s

an
d

th
e

P
an

d
N

co
nc

en
tr

at
io

ns
in

th
e

le
av

es
an

d
in

th
e

lit
te

r
of

th
e

Eu
ca

ly
pt

us
cu

lti
va

te
d

in
th

e
Br

az
ili

an
C

er
ra

do
ac

co
rd

in
g

to
th

e
nu

m
be

r
of

sp
ro

ut
s

pe
r

st
ra

in
an

d
m

in
er

al
fe

rt
ili

za
ti

on
at

a
de

pt
h

of
0.

20
m

.

S
p

ro
u

t
p

e
r

S
tr

a
in

F
e

rt
iz

a
ti

o
n

R
a

te
s

P
re

si
n

O
.M

.
p

H
K

C
a

M
g

H
+

A
l

A
l

S
B

S
-S

O
4

C
E

C
V

%
m

%

Sp
ro

ut
pe

r
st

ra
in

1.
00

0
Fe

rt
iz

at
io

n
ra

te
s

0.
00

0
1.

00
0

P
re

si
n

−0
.1

54
0.

35
1

1.
00

0
O

.M
.

−0
.1

78
−0

.3
21

−0
.1

53
1.

00
0

pH
−0

.0
50

−0
.2

65
−0

.4
05

*
0.

42
7

*
1.

00
0

K
−0

.5
35

**
0.

01
1

−0
.0

42
0.

20
3

−0
.0

70
1.

00
0

C
a

0.
17

2
−0

.3
64

−0
.0

59
0.

55
2

**
0.

27
0

0.
07

1
1.

00
0

M
g

0.
21

0
−0

.4
04

−0
.1

42
0.

48
0

*
0.

17
5

0.
07

1
0.

95
7

**
1.

00
0

H
+

A
l

−0
.0

10
0.

01
5

−0
.2

36
0.

02
8

−0
.6

23
**

0.
26

2
−0

.1
21

0.
02

5
1.

00
0

A
l

0.
01

1
0.

22
7

0.
32

4
−0

.3
81

−0
.8

60
**

0.
11

6
−0

.3
12

−0
.2

15
0.

54
4

**
1.

00
0

SB
0.

18
8

−0
.3

90
−0

.1
06

0.
52

0
**

0.
21

8
0.

08
5

0.
98

7
**

0.
99

1
**

−0
.0

37
−0

.2
59

1.
00

0
S-

SO
4

0.
16

5
0.

16
4

−0
.1

36
−0

.1
64

−0
.1

20
0.

35
6

−0
.1

43
−0

.1
12

0.
24

2
0.

15
8

−0
.1

22
1.

00
0

C
EC

0.
17

9
−0

.3
74

−0
.1

71
0.

51
2

*
0.

03
3

0.
15

8
0.

92
1

**
0.

96
7

**
0.

25
1

−0
.0

95
0.

95
8

**
−0

.0
49

1.
00

0
V

%
0.

11
7

−0
.4

02
−0

.1
09

0.
56

6
**

0.
60

0
**

0.
08

7
0.

89
4

**
0.

82
2

**
−0

.4
43

*
−0

.5
47

**
0.

86
3

**
−0

.1
52

0.
70

9
**

1.
00

0
m

%
0.

00
2

0.
41

4
*

0.
25

8
−0

.5
65

**
−0

.8
27

**
−0

.0
67

−0
.6

96
**

−0
.6

03
**

0.
54

2
**

0.
82

3
**

−0
.6

51
**

0.
21

0
−0

.4
75

*
−0

.9
02

**
1.

00
0

B
−0

.1
42

0.
19

7
0.

63
7

**
0.

04
9

−0
.6

04
**

−0
.0

97
−0

.0
86

−0
.1

14
0.

27
8

0.
46

6
*

−0
.1

04
−0

.2
16

−0
.0

20
−0

.3
20

0.
45

8
*

C
u

−0
.1

85
0.

38
6

0.
96

1
**

−0
.1

11
−0

.3
52

−0
.0

30
−0

.0
81

−0
.1

70
−0

.3
12

0.
34

3
−0

.1
32

−0
.1

76
−0

.2
18

−0
.0

85
0.

24
6

Fe
−0

.1
69

−0
.0

13
0.

59
7

**
0.

04
2

−0
.5

25
**

0.
42

3
*

0.
17

6
0.

17
2

0.
17

0
0.

36
4

0.
18

1
0.

06
4

0.
22

4
0.

03
0

0.
14

3
M

n
−0

.5
51

**
0.

06
3

−0
.2

38
0.

43
0

*
0.

30
8

0.
51

5
*

0.
15

7
0.

15
4

0.
14

7
−0

.1
83

0.
16

4
−0

.0
03

0.
20

1
0.

25
7

−0
.3

17
Z

n
0.

10
2

0.
36

6
0.

55
5

**
−0

.3
20

−0
.4

68
*

−0
.0

54
−0

.1
97

−0
.1

70
0.

30
5

0.
29

4
−0

.1
84

0.
15

1
−0

.0
91

−0
.3

59
0.

42
2

*
H

−0
.8

91
**

0.
02

1
0.

18
2

0.
27

9
0.

08
6

0.
38

7
−0

.0
43

−0
.0

70
−0

.0
43

−0
.0

02
−0

.0
53

−0
.1

53
−0

.0
64

0.
02

3
−0

.0
86

D
BH

−0
.9

04
**

0.
05

7
0.

22
0

0.
18

1
0.

03
7

0.
47

5
*

−0
.1

87
−0

.2
50

−0
.0

02
0.

02
8

−0
.2

18
−0

.1
40

−0
.2

11
−0

.1
21

0.
00

2
V

W
0.

05
8

0.
09

7
0.

14
0

0.
09

0
0.

02
0

−0
.1

00
−0

.0
20

−0
.0

56
−0

.0
43

0.
09

8
−0

.0
42

0.
02

2
−0

.0
53

0.
03

3
−0

.0
22

LC
I

−0
.5

25
**

−0
.0

78
0.

10
2

0.
31

5
−0

.0
13

0.
08

4
0.

06
1

0.
09

0
0.

11
0

−0
.1

28
0.

07
9

−0
.2

69
0.

10
8

−0
.0

25
−0

.0
74

A
A

I
0.

05
8

0.
09

7
0.

14
0

0.
09

0
0.

02
0

−0
.1

00
−0

.0
20

−0
.0

56
−0

.0
43

0.
09

7
−0

.0
42

0.
02

2
−0

.0
53

0.
03

3
−0

.0
22

N
Le

av
es

0.
40

1
−0

.0
05

−0
.1

67
0.

00
6

−0
.1

65
−0

.2
56

0.
27

1
0.

31
9

0.
06

5
0.

14
2

0.
29

7
−0

.0
07

0.
30

7
0.

16
2

0.
00

8
P

Le
av

es
0.

19
4

0.
13

4
−0

.3
03

−0
.1

00
0.

08
8

0.
05

2
0.

25
4

0.
23

6
0.

00
4

−0
.2

16
0.

24
7

−0
.0

14
0.

24
0

0.
18

9
−0

.2
43

N
Li

tt
er

0.
77

1
**

0.
16

1
−0

.0
86

−0
.3

78
−0

.1
36

−0
.3

86
−0

.1
37

−0
.1

10
−0

.0
77

0.
25

3
−0

.1
28

0.
25

7
−0

.1
46

−0
.1

08
0.

21
3

P
Li

tt
er

0.
37

7
0.

26
6

−0
.1

27
−0

.3
60

−0
.3

13
−0

.3
59

−0
.2

77
−0

.2
58

0.
21

2
0.

39
2

−0
.2

74
0.

10
8

−0
.2

05
−0

.3
68

0.
44

7
*

218



Forests 2018, 9, 290

T
a

b
le

9
.

Th
e

co
rr

el
at

io
n

co
ef

fic
ie

nt
s

of
Pe

ar
so

n’
s

(r
)w

ith
si

gn
ifi

ca
nt

va
lu

es
(p

<
0.

01
**

an
d

p
<

0.
05

*)
hi

gh
lig

ht
ed

am
on

g
th

e
ch

em
ic

al
at

tr
ib

ut
es

of
so

il,
th

e
bi

om
et

ri
c

ch
ar

ac
te

ri
st

ic
s

an
d

th
e

P
an

d
N

co
nc

en
tr

at
io

ns
in

th
e

le
av

es
an

d
in

th
e

lit
te

r
of

th
e

Eu
ca

ly
pt

us
cu

lti
va

te
d

in
th

e
Br

az
ili

an
C

er
ra

do
ac

co
rd

in
g

to
th

e
nu

m
be

r
of

sp
ro

ut
s

pe
r

st
ra

in
an

d
m

in
er

al
fe

rt
ili

za
ti

on
at

a
de

pt
h

of
0.

20
m

.

B
C

u
F

e
M

n
Z

n
H

D
B

H
V

W
L

C
I

A
A

I
N

L
e
a
v

e
s

P
L

e
a
v

e
s

N
L

e
a
fl

e
t

P
L

e
a
fl

e
t

B
1.

00
0

C
u

0.
59

9
**

1.
00

0
Fe

0.
45

6
*

0.
55

1
**

1.
00

0
M

n
−0

.2
41

−0
.1

46
−0

.1
06

1.
00

0
Z

n
0.

40
4

0.
36

8
0.

42
8

*
−0

.3
03

1.
00

0
H

0.
13

6
0.

24
5

0.
22

0
0.

61
0

**
−0

.1
24

1.
00

0
D

BH
0.

21
3

0.
23

9
0.

21
8

0.
51

5
*

−0
.0

06
0.

91
0

**
1.

00
0

V
W

0.
12

1
0.

14
4

0.
11

8
0.

07
7

0.
14

3
0.

27
1

0.
35

9
1.

00
0

LC
I

0.
32

4
0.

09
3

0.
23

3
0.

22
2

0.
02

4
0.

64
7

**
0.

59
8

**
0.

31
4

1.
00

0
A

A
I

0.
12

1
0.

14
4

0.
11

8
0.

07
7

0.
14

3
0.

27
1

0.
35

9
1.

00
0

**
0.

31
4

1.
00

0
N

Le
av

es
−0

.1
12

−0
.0

88
−0

.1
58

−0
.0

44
−0

.3
60

−0
.2

51
−0

.4
39

*
−0

.0
65

−0
.2

90
−0

.0
65

1.
00

0
P

Le
av

es
−0

.1
90

−0
.3

13
−0

.2
17

0.
04

9
−0

.2
40

−0
.2

11
−0

.1
32

0.
01

2
−0

.1
15

0.
01

1
0.

44
8

*
1.

00
0

N
Li

tt
er

−0
.1

99
−0

.0
21

−0
.1

37
−0

.3
63

−0
.0

45
−0

.6
24

**
−0

.6
52

**
0.

19
9

−0
.5

77
**

0.
19

9
0.

48
9

*
0.

10
6

1.
00

0
P

Li
tt

er
0.

06
5

−0
.0

66
−0

.1
90

−0
.1

95
0.

03
8

−0
.2

23
−0

.2
08

0.
37

2
−0

.1
03

0.
37

2
0.

29
5

−0
.0

26
0.

63
2

**
1.

00
0

219



Forests 2018, 9, 290

4. Discussion

4.1. Soil Chemical Analysis

We observed a linear increase in contents of P and Cu in the soil and an increase in the m% with
the increase in the fertilizer rates, which can be explained by the uptake of the basic cationic nutrients
and the relative acidification, which can be attributed to the mineralization of the deposited OM in
the forest area alone. Dick et al. [19], in studies of five-year-old Eucalyptus dunnii Maiden, planted
seedlings in an area of low natural fertility in the Pampas Gauchos of Brazil and reported a similar
situation. These authors verified an increase in the content of P at the end of the Eucalyptus production
cycle. According to Bazanii et al. [20], the average contents of P resin in the soil for Eucalyptus varies
from 5 to 7 mg dm−3. In our study, in the superficial layer (0–0.20 m), the average levels of P resin were
roughly 7.2 mg dm−3, which is within the average range.

The pH values of the soil under the Eucalyptus remained acidic and did not vary as a function
of the number of sprouts per strain or the fertilization rate. Santana et al. [21] evaluated the effect of
acacia and Eucalyptus forest sites on the chemical properties of soil and concluded that the pH values
of soil are influenced more by liming and fertilization practices than by forest vegetation in Eucalyptus
plantations where no liming occurred, in which significant changes in the pH content and the Ca2+

and Mg2+ levels were observed.
We verified that there were higher contents of K and Mn, when we selected the one sprout per

strain condition. This finding indicates that the nutrient uptake of the soil is differentiated according
to the number of shoots per Eucalyptus strain. We observed that an increase in the fertilizer dosage
decreased the Mg content, the SB, CEC, and the V%, indicating that there was a higher uptake of Mg.
This situation likely corresponded to maintaining the nutritional balance compared with the larger
uptakes of N and K, which were supplied by the mineral fertilizer.

In terms of the relation between the fertilization dosage and the number of sprouts per strain for
the B content in the soil at a depth of 0–0.20 m (Table 2), we noted an increasing linear function for
the one sprout condition. Therefore, we again observed a lower uptake of this micronutrient in the
management of the one sprout condition compared to the two sprouts per Eucalyptus strain condition
since there was no adjustment for such an evaluation in the latter treatment. The application of B into
soil is essential for the development of the Eucalyptus species, especially when these plants are managed
in sandy soils in the second production cycle. The lack of this micronutrient can lead to a decrease in
the growth rate of the height and the DBH [5] and, consequently, reduce the VW produced.

The results presented in Table 3, in relation to the contents of the MO, K, S-SO4, B, and Mn at a soil
depth of 0.20–0.40 m, confirm that the nutrient absorption differed for plants with different numbers
of sprouts. This finding highlights the importance of the subsurface layer for Eucalyptus nutrition
which presents a deep and vigorous root system. According to Kolm [22], roughly 60% of Eucalyptus
roots are found in the 0–0.30 m layer. However, it is in the first 0.10 m that the largest number of fine
roots, responsible for the absorption of the cycled nutrients from litter deposition and mineralization,
are found.

The contents of P, S-SO4, B, Cu, Mn, Zn, H + Al, and CEC at a depth of 0.20–0.40 m and the
contents of P, Cu, and Mn at a depth of 0.40–1.00 m increased linearly in the soil with the increasing
fertilizer dose. We inferred that the sandy texture of this soil enabled the leaching of these elements to
the deeper layers. The increase in the potential acidity is also an indication of the increase in the uptake
of cationic nutrients. In soils with forest litter, the dynamics of P can be effected via the leaching of
this nutrient to layers below the surface layer. The high rates of the decomposition of litter lead to the
production of organic acids with a low molecular weight, which is subject to translocation to the lower
layers and can lead to the removal of the P zone via increased uptake by roots [23].

The content of the OM content decreases with the depth in all soils; the lowest OM content of the
soil was found in the layer at 0.40–1.00 m. This finding is to be expected, demonstrating the importance
of the superficial layer for nutrient cycling. Menegale et al. [24], evaluating the effect of different types

220



Forests 2018, 9, 290

of wood harvesting and fertilizer application in a settlement of Eucalyptus grandis Hill Ex Maiden,
reported that maintaining the forest harvesting residues in the soil contributes to the increasing C
and N contents in the soil and is important for the supply of nutrients to the plants. Among the
treatments evaluated by the authors, this process is more important in sandy soils, highly productive
forests, and successive harvest cycles. In the second production cycle, the treatment in which the forest
remains were maintained and there was fertilization and liming, there were higher levels of plant
biomass as well.

At a depth of 0.40–1.00 m (Table 5), the B content in the soil at the highest fertilizer dosage was
significantly higher for the one sprout per strain condition. The result was similar for the Mn content
in the soil at this depth. The highest soil level was obtained in the course of the one sprout per strain
condition. These results indicate that the higher absorption of these micronutrients occurred when the
two sprouts per strain condition was selected.

The correlations between all the variables related to the chemical attributes of the soil in the
0–0.20 m layer and the biometric variables were evaluated (Tables 8 and 9). In general, the strong
positive correlations between the chemical attributes of the soil were observed.

The pH of the soil is negatively correlated with the contents of P, H + Al, Al, m%, Fe, and Zn and
positively correlated with the OM and V%. Brunello [25], studying forest in an Oxisol located in the
Amazonas mesoregion, found results similar to those of this investigation: the Al exchangeable soil
content was correlated negatively with pH of the soil (−0.617 *), and there was a positive correlation
between the pH of the soil and the exchangeable bases contents. This researcher verified that an
increase in the pH of the soil when there was an incorporation of the bases in the soil increased the
nutrients available to the plants and reduced the toxicity of the elements such as Al and Mn.

The CEC, as well as the V% and m%, did not correlate with any of the biometric evaluations of
the Eucalyptus. This result can be potentially explained because these evaluations did not change with
the same magnitude as the changes in the values of CEC, V%, and m%. That is, they did not present
significant correlations. Nutrient cycling in deeper soil layers and the influence of the organic and
inorganic reserves in the root system may have influenced the initial growth of the sprouts.

4.2. Concentrations of N and P in the Leaves and in the Litter

According to the appropriate leaf concentrations for the majority of planted Eucalyptus species in
Brazil cited by Dell et al. [26], the N concentrations were slightly below the range considered to be
adequate (18–30 g kg−1); the P concentrations were slightly above the suitable range (1.0–1.3 g kg−1),
even for acidic soil with a low P content, which is commonly found in the Brazilian Cerrado. This may
be due to the supply of P fertilizer, but what drew our attention was that even in plants that did not
receive phosphate fertilization in the second production cycle of the Eucalyptus, the contents of this
nutrient were above that which was considered adequate, which reinforces the hypothesis of the use
of root reserves.

However, the leaf concentrations of N and P in the Eucalyptus, 44 months after choosing the
sprouts, were not influenced by the fertilizer dose (Table 6). This finding is probably due to the
already-established root system of the first reproduction cycle of the Eucalyptus and, mainly, because
of the nutrient cycling contributing to the supply of these nutrients to the plants.

The leaf concentrations of the N and P in the Eucalyptus, 44 months after the sprouts were chosen
were not influenced by the fertilizer dose (Table 6), which confirms that the already-established root
system of the first Eucalyptus cycle and, to a large degree, the nutrient cycling, contributed to the
supply of the plant’s nutrients.

The concentrations of P and N in both the leaves and the litter exhibited a positive correlation
with one another. Santos et al. [27] explained that there was a stoichiometric relationship between
the N and the P in leaves and that a high N content in the soil implied a higher demand for P by the
Eucalyptus. This explanation confirms a synergistic effect among these nutrients for Eucalyptus forests.
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4.3. Leaf Chlorophyll Index, Plant Height, Diameter at Breast Height, Total Volume of Wood with Bark, and the
Average Annual Increment

The LCI was not influenced by the increase in the fertilization, indicating that N was not in short
supply for chlorophyll formation and that the importance of the root system was already established
for the second cycle of Eucalyptus growth. The decreased LCI for the two sprouts per strain can
be explained by the dilution effect of N because the accumulation of dry matter in the two sprouts
condition is higher than of the one sprout per strain condition. However, the LCI was positively
correlated with H and DBH, indicating a larger light uptake when the taller Eucalyptus trees were
planted and, consequently, s larger stem diameter growth. Reis and Reis [12] found that each sprout
left in the Eucalyptus strains behaved like an isolated plant and that there was greater pressure on the
resources of the environment with an increased number of sprouts per strain, which competed with
one another for growth resources.

The Eucalyptus with one sprout per strain exhibited higher H and DBH compared with the
Eucalyptus with two sprouts per strain (Table 7). This finding indicates that the two sprouts per strain
condition divides the consumption of nutrients, water, and light, increasing the competition of the
sprouts in the same strain and resulting in a reduced plant height. There was a strong negative
correlation between the number of sprouts per strain, the H, and the number of sprouts and DBH,
confirming that the H and DBH of the sprouts in the same strain decreased as the number of sprouts
per strain increased. According to Couto et al. [28], the growth in the stem diameter is influenced by
the area available for the shoots. Therefore, the conduction of the strains with two sprouts results in
smaller diameters. Depending on the intended purpose of the growth, it may be better to leave only
one sprout per strain.

The K and Mn contents in the soil and the H, DBH, and LCI were negatively influenced by the
number of sprouts per strain; the larger the number of sprouts per strain, the lower the K and Mn
contents in the soil and the lower the plant height, DBH, and LCI. These findings can be explained by
the significant requirement of these cationic nutrients associated with the higher uptake by Eucalyptus.
A moderate Mg deficiency was observed in Eucalyptus, which explains this reduction in the LCI and
plant growth. Gazola et al. [29], under the same soil and climatic conditions, found that increasing the
K dosage resulted in an increase in the K concentrations in the leaves and a decrease in the Ca and Mg
concentrations in the Eucalyptus.

The VW did not exhibit a significant difference in terms of the number of sprouts per strain.
This result is explained by the total sum of the two sprouts, despite them being smaller in the H and
DBH. Rezende et al. [30] found that larger numbers of sprouts were correlated with the increased
growth in height and VW after both the first and the second cut. On the other hand, Simões and
Coto [31], evaluating the effect of the sprout number and the mineral fertilization on the growth of
Eucalyptus saligna sprouts in the second cycle, verified that the final volume of the cut and stacked
wood positively correlated with the number of sprouts and the amount of mineral fertilization.

The H, DBH, and VW were not influenced by the mineral fertilization; the primary explanation
for these results may be the nutrient cycling from the litter coming from both the first Eucalyptus
production cycle and from the second production cycle. In addition, another explanation may be
the consumption of the root reserves for the growth of the Eucalyptus sprouts. However, Silva [32],
studying a five-year-old Eucalyptus forest managed by the coppice system with one or two sprouts
per strain, verified that fertilization interferes with these variables when the soil and the residues
from the previous cycle are not enough to fulfill the plant’s needs. This author cited that there was
a positive effect of fertilization on the DBH, H, and VW in this situation, finding that the trees that were
fertilized exhibited a diameter 22.5% larger than the trees that received treatments without fertilization.
Adequate fertilization carried out in the first cycle of Eucalyptus in the present research yielded a litter
and roots with higher concentrations of nutrients, culminating in an increased nutrient cycling for
Eucalyptus trees in the second cycle.
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Under the same soil and climatic conditions, in the first cycle of Eucalyptus, Gazola et al. [29]
verified that the maximum yield of Eucalyptus was obtained at 21 months of age with the application
of 71 kg ha−1 of N, 100 kg ha−1 of P2O5, and 125 kg ha−1 of K2O. Celestrino [33] observed positive
results for plant height, DBH, and VW with a dose of 1 kg ha−1 of B applied to the Eucalyptus.

The AAI was not influenced by the number of sprouts per strain or the mineral fertilizer
dose. However, for 200% of the recommended fertilization dose, there was an increase of 5% in
the AAI compared with the control (without fertilizer). It is worth noting the high values of the AAI
obtained for the cultivation of Eucalyptus even in the sandy textured soil with low fertility (on average
112.3 m3 ha−1 year−1). Melo et al. (2016) obtained 48-month-old AAI values of 54 m3 ha−1 year−1 in
the first cycle of the Eucalyptus forest; Faria et al. [34] also verified an AAI of 64.3 m3 ha−1 year−1 in
the first cycle of Eucalyptus production (clone I-144) at 57 months of age.

Significant correlations between the chemical attributes of the soil and the biometric variables
were rare (Tables 8 and 9), which reinforced the hypothesis of the use of root reserves. Therefore,
nourishing the Eucalyptus well in the first production cycle can be a more sustainable way to obtain
satisfactory wood productivities in the second production cycle.

5. Conclusions

The chemical attributes of the soil at the evaluated depths varied according to the number of
sprouts per strain. Forty-four months after choosing the sprouts, in sandy soils with low fertility, there
was a larger difference between the numbers of sprouts per strain in the 0.20–0.40 m layer compared
with the others soil layers. There were also higher contents of OM, K, S, B, and Mn when one sprout
per strain was selected.

The mineral fertilization affects the chemical attributes of the soils at depths of 0–1.00 m and
largely provides higher P and B contents, which may increase the potential acidity.

The one Eucalyptus sprout condition yielded higher LCI, DBH, and H, being more interesting for
the commercialization of the Eucalyptus stem; with the two sprouts per strain condition, the N leaflet
concentration was higher. However, the N and P leaf concentrations, as well as the total VW with
bark, were similar for both the one or two sprouts per strain conditions, regardless of the mineral
fertilizer dose.

The LCI, H, DBH, and total VW with the bark of the Eucalyptus were not influenced by an increase
in the fertilizer dose, even in sandy soil with low fertility. The AAI of the Eucalyptus forest was high
and similar for both the one or two sprouts per strain conditions. It was not influenced by increases in
the mineral fertilization.

The adequate fertilization during the first cycle of Eucalyptus growth can supply almost the entire
nutritional demand of the forest during the second production cycle. Comparing the control (without
fertilization) with the dose of fertilizer commonly used in the region, approximately 86% of the total
VW was obtained as a function of the supply of soil and the nutrient reserves of roots, and 14% of this
productivity was due to the fertilization minerals.
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