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Although patterns in the vertical distribution of soil organic carbon (SOC) are

key to assessing soil C sequestration potential, they remain poorly understood.

We sampled 18 soil profiles at one meter depth at the Dongtai Forest Farm

to investigate the vertical distribution of SOC, the stoichiometric relationship

between SOC and total nitrogen (TN) and the controlling factors of SOC at

different soil depths. We found that SOC content decreased significantly with

increasing soil depth. Approximately 67% of SOC was stored in the top 30 cm. The

N-C scaling slope (i.e., the slope of the relationship between log-transformed N

and C not significantly different from 1.0) revealed significant differences between

top- and subsoil with N and C scaled isometrically in topsoil (0–30 cm), but not in

subsoil (30–100 cm). SOC content was co-regulated by soil physiochemical and

microbial properties at the site level with soil chemical and microbial properties

dominant in the top- and subsoil, respectively. Topsoil SOC increased with soil

TN, available phosphorus (AP) and fungal abundance. Subsoil SOC increased

with the fungal-to-bacterial ratio, fungal abundance and soil dissoluble organic

carbon (DOC). Our study highlights the dominance of microbial community in

regulating SOC in the subsoil and advances our understanding of the variation in

mechanisms regulating SOC along the soil profile.

KEYWORDS

soil organic carbon, poplar plantation, surface and deep soil layers, isometric scaling, soil
microbial community, fungi:bacteria ratio

1. Introduction

Soil carbon (C) sequestration is primarily achieved through microbial turnover, partial
decomposition and transformation of dead organic matter (Lefèvre et al., 2017). The soil
C pool plays a key role in maintaining soil health through increasing organic matter as an
energy and nutrition source for biota (Janzen, 2006) and by providing ecosystem services
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such as regulating climate, water supplies and biodiversity (Milne
et al., 2015). Soil is a major sink for atmospheric CO2 (Lal, 2004;
Lal et al., 2015) and is the largest C pool in terrestrial ecosystems
(Batjes, 1996). Soil is estimated to contain more C than is stored in
the atmosphere and vegetation combined (Lehmann and Kleber,
2015). Any small changes in soil C pool can have substantial
impacts on atmospheric CO2 concentration as well as a potential
positive feedback effect on climate change (Ren et al., 2022). For
this reason, an increasing number of studies are focusing on soil
organic C (SOC) sequestration. In the coming decades, increased C
sequestration in soil may be an effective means to slow the rise of
atmospheric CO2 and mitigate climate change (Jackson et al., 2017).
To accurately predict the global C cycle, it may be necessary to have
an in-depth understanding of the dynamics and influencing factors
of the SOC pool.

The main source of SOC is vegetative photosynthetic
production (Wang et al., 2021). Concentration of SOC is generally
inversely related to soil depth (Jobbágy and Jackson, 2000; Gross
and Harrison, 2019) with an immense amount of SOC storage and
turnover occurring in the top 30 centimeters (Wesemael et al., 2005;
Meersmans et al., 2009; Luo et al., 2019). This pattern results largely
from terrestrial plant litter distribution and concentration of roots
along the soil profile (Rubino et al., 2010; Sayer et al., 2011). Perhaps
because of this, few studies to date have focused on the subsoil
organic C pool. Research has shown that in subsoil layers (below
30cm), there are large stocks of SOC with slow turnover that may
respond differently to disturbances compared with topsoil stores
(e.g., Batjes, 1996; Jobbágy and Jackson, 2000; Luo et al., 2019).
Nevertheless, our current understanding of the SOC stocks and
their dynamics in the subsoil is hampered by the lack of field data
(e.g., Batjes, 1996; Jobbágy and Jackson, 2000; Meersmans et al.,
2009; Gross and Harrison, 2019; Luo et al., 2019), making it difficult
to validate the global C model and accurately predict future climate
change (Luo et al., 2019; Xia et al., 2022). It is thus important to
consider the potential for all soil layers to sequester C sand mitigate
climate change (Heitkötter et al., 2017).

Element C and N are the most basic elements in soil
organisms, playing crucial roles in their activities and the
circulation of soil nutrients (Zhang et al., 2017). Due to the
interaction between C and N in ecological processes such as
photosynthesis, respiration and microbial decomposition, C-N
coupling is widespread in terrestrial ecosystems and has received
warranted attention (Reich et al., 2006; Vitousek et al., 2010;
Peñuelas et al., 2012). Importantly, the C-N coupling relationship
in terrestrial ecosystems reflects potential SOC sequestration
capacity that contributes to terrestrial C cycling (Xu et al.,
2016). Previous studies have reported an isometric relationship
between N and C in the topsoil (i.e., the slope of the relationship
between log N and log C is not significantly different from
1.0). However, few studies have focused on the coupled pattern
of N and C in soil environments compared to plant parts,
which suggests that our understanding of changes in C:N
stoichiometric patterns in the soil is not well developed (Cleveland
and Liptzin, 2007; Fanin et al., 2014; Zhao et al., 2017; Liu
et al., 2019), especially along soil layers. Studies of whether the
C-N isometric relationship observed in topsoil also occurs in
subsoil and the link to soil C sequestration potential are needed
(Yang et al., 2010).

Biological and abiotic factors in the soil environment can
significantly alter SOC distribution and C sequestration potential
(Zeng et al., 2022). Previous studies have suggested that SOC
storage is driven by soil physicochemical properties (pH, moisture,
total N, total P, available C, available N, and available P), microbes
(fungal and bacterial decomposition groups), and plants (plant
community and plant litter quality). Among the dozens of biotic
and abiotic factors affecting SOC storage (Averill et al., 2014; Wu
et al., 2017; Luo et al., 2020; Chen et al., 2021; Wang et al.,
2021; Zhang et al., 2021), soil properties have received much
attention. For example, N limits C storage in terrestrial ecosystems,
even in N-rich tropical forests (Lu et al., 2021). Cai et al. (2022)
described the limiting effects of N accumulation on C storage
in terrestrial ecosystems using the sequestrated organic C:N as
a criterion. Additionally, microbes are an indispensable factor
affecting SOC stabilization, regulating the functional properties in
SOC turnover (Magnani et al., 2007; Salome et al., 2010). The
formation and mineralization of SOC are mediated by soil microbes
and may also be the precursors of SOC formation (Lynch and
Bragg, 1985; Kohl et al., 2015). Feedback responses of soil microbial
communities are often excluded from terrestrial C cycle models due
to the complexity of microbial physiological processes and their
poorly understood mechanisms. To fill this gap, previous studies
have used the fungal-to-bacteria ratio (F:B) as an indicator given
that soil microbes are classified into two dominant decomposer
groups, fungi and bacteria (e.g., Six et al., 2006; Koranda et al.,
2014; Chen et al., 2021). The ratio has been extensively used in
soil C cycling studies, finding that SOC produced by fungi is
more stable, and a higher F:B may be more conducive to soil
C sequestration (Malik et al., 2016). Fungal biomass has a larger
C:N ratio, thereby improving C use efficiency (Bhattacharya et al.,
2016). Hence, changes in soil microbial dominance (represented
by the F:B) and physicochemical properties largely affect the
structure and function of soil ecosystems, and thus can be a
reliable indicators of ecosystem C sequestration and sustainability
(Zhang et al., 2016; Kumar and Ghoshal, 2017; Ni et al.,
2020).

Poplar is one of the most important economic tree species in
China (Zhang et al., 2016; Li et al., 2018). There are approximately
8.54 million hectares of poplar plantations in China, accounting
for 18.14% of total plantation area (Tun et al., 2018). Jiangsu
Province is responsible for 7% of the national forestry output
value with 0.7% of the national forest land area, of which poplar
plantation contributed 66.7%. Poplar plantations have provided
many ecological benefits, such as erosion control, soil quality
improvement, and wildlife habitat (Sartori et al., 2007). Less
attention has been paid to their capacity for soil C sequestration,
particularly in deep soil layers (Block et al., 2006; Garten et al.,
2011). Here, we report an experiment where we measured SOC
storage patterns along the soil profile and explored factors
regulating the distribution of SOC at Dongtai Forest Farm on
China’s east coast. We predicted that: (1) SOC storage would
decrease with increasing soil depth and a high proportion of SOC
would be stored in top soil layers as widely found; (2) N would scale
isometrically with C along the soil profile, and (3) the dominant
factors regulating SOC distribution would vary among soil depths
and subsoil SOC would be strongly affected by soil microbial
properties.
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2. Materials and methods

2.1. Experimental site description

Our experimental site is located at the Dongtai Forest Farm on
the coast of the Yellow Sea in Yancheng, Jiangsu Province, China
(120o49’E, 32o52’N). The forest farm was established in 1965 and
covers an area of approximately 3000 ha−1. The climate of this
region is classified as oceanic and monsoon. The mean annual air
temperature is 14.9◦C and mean annual precipitation is 1,056.6 mm
(1960 to 2020 records) (Geng et al., 2021). The plantation soil is
desalinated meadow and sandy with alkaline soil pH (Bian et al.,
2019). The vegetation is mainly artificial deciduous and evergreen
broad-leaf forest, with tree coverage approximately 85% of the
ground surface (Yang et al., 2017). Poplar (Populus deltoids cv. ‘I
– 35’) and dawn redwood (Metasequoia glyptostroboides) are the
dominant tree species planted on the farm.

2.2. Soil sampling and physicochemical
analyses

In July 2019, 18 plots of 50 × 50 m were randomly located and
surveyed on the plantation. Soil samples in each plot were collected
with a 5 cm-diameter soil corer and separated into 0–10, 10–20,
20–30, 30–40, 40–50, 50–60, 60–70, 70–80, 80–90, and 90–100 cm
depth intervals. We collected soil samples from the same soil depth
using a six-point “S” shape sampling method. Soil samples were
combined and homogenized into a composite sample. Soil samples
were immediately sieved (< 2 mm) to remove soil fauna, rocks
and fine roots, sealed in plastic bags and transported in coolers to
our laboratory at the Nanjing Forestry University. We disinfected
the soil corer and sieves with 75% ethanol between samples and
sieving. Soil samples were air dried or refrigerated at 4 and –80◦C
for subsequent analyses.

Soil moisture was measured by drying 10 g of fresh soil at
105◦C for 48 h. Soil pH was measured at a soil-to-water ratio of
1: 2.5 (v:v) with a pH meter (Model PHS – 25, INESA Instrument,
Shanghai, China). We determined SOC and TN with an elemental
analyzer (Vario EL III, Elementar Analysen Systeme, Germany)
after the addition of 1 mol·L −1 HCL to remove inorganic C
components. Total phosphorus (TP) was determined using acid-
soluble colorimetry (Wang et al., 2010). Briefly described, a 0.25 g
sample of air-dried soil was placed in Erlenmeyer flask, 3 ml
concentrated sulfuric acid and 10 drops of perchloric acid were
added and heated at 400◦C to a white transparent state. Samples
were then transferred to a 100 ml volumetric flask and brought
up to volume. After solutions clarified, we mixed supernatant
with a color developer and added them to 96 -well plates. We
measured the absorbance of the colored mixture at 700 nm using
a microplate reader (Infinite M Nano +, Tecan, Switzerland).
For DOC measurement, extracted solutions with the soil-to-water
ratio of 1: 4 (v:v) were filtered by 0.45 µm filter and their C
was measured using a total organic N/C analyzer (Multi N/C
2100S, analytikjena, Germany). Soil NH4

+ and NO3
− contents

were determined using spectrophotometry (Miranda et al., 2001),
with the sum calculated as the soil AN content (Dai et al.,
2018). The amount of available phosphorus (AP) was extracted

using a NaHCO3 solution and measured using a Mo-blue method
(Watanabe and Olsen, 1965).

2.3. Quantitative real-time PCR (qPCR)

To determine the abundance of fungi and bacteria and their
relative abundance, total bacterial and fungal DNA were extracted
from 0.25 g samples of frozen soil using the TIANamp Soil DNA
kit (TIANGEN, DP336), following manufacturer protocol. We
used a microplate reader (Infinite M Nano +, Tecan, Switzerland)
to measure the nucleic acid concentration of the processed samples
at 260 nm, and then stored at –20◦C for later use. Each 20 µl
qPCR reaction system contained 0.5 µl of template DNA, 10 µL
SuperReal PreMix Plus (SYBR Green, TIANGEN, FP205), 8.5 µl
double distilled water, and 0.5 µl of each primer. The abundance
of total bacteria and total fungi was assessed by quantitative
real-time PCR (qPCR) based on increasing fluorescence
intensity of the SYBR Green dye during amplification. Target
specific primers are 5.8s/ITS1f (5′-CGCTGCGTTCTTCATCG-
3′/5′-TCCGTAGGTGAACCTGCGG-3′) for fungi and
Eub338/Eub518 (5′-ACTCCTACGGGAGGCAGCAG-3′/5′-
ATTACCGCGGCTGCTGG-3′) for bacterial (Fierer et al., 2005).
For each sample, three independent qPCR assay were performed
for each gene. The qPCR reactions were performed under thermal
cycling conditions including 3 min at 95◦C, 40 cycles of 10 s at
95◦C, and 30 s at 60 ◦C for DNA amplification in qTOWER3G
Real-Time PCR Thermocycler (Analytik Jena, Germany). qPCR
Ct values were reported as gene copy number g−1 of dry soil,
including bacterial and fungal gene copy number (BCN and
FCN). The F:B was calculated as the ratio of FCN and BCN (Zhou
et al., 2018), which represents the relative abundance of fungi and
bacteria of specific soil samples.

2.4. Statistical analyses

All statistical analyses were carried out with R software, version
4.1.1 (R Core Team, 2021). We used Shapiro-Wilk’s test to examine
the normality and Bartlett test to examine homogeneity of variance
of the dataset. All data were log-transformed except soil pH and
soil moisture to enforce a normal distribution. However, for ease
of comparison with other studies, data in Figures 1–4 depict
the untransformed original data. One-way ANOVA was used to
examine soil layer effects.

We determined whether there was an isometric relationship
between N and C (i.e., deviation of the slope of the relationship
between log N and log C from 1.0). The isometric hypothesis
was confirmed at different soil depths if the scaling slope of N-C
stoichiometric relationship was not significantly different from 1.0
within a 95% confidence interval. We used a log–log function to
quantify the N-C stoichiometric relationship:

log y = a + b (log x) (1)
where x is C stock (g kg−1), y is N stock (g kg−1), a is the intercept,
b is the scaling slope. To test the C-N stoichiometric relationship,
we performed type II reduced major axis (RMA) regression with
the software package “Standardized Major Axis Tests and Routines”
(Yang and Luo, 2011).
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FIGURE 1

Soil pH (A) and moisture (B) in each layer along the soil profile. *p < 0.05; ***p < 0.001.

Best subset (BSS) regression analyses were used to assess
the common effect of soil environment, chemical properties and
microbial properties on SOC storage with the ‘leaps’ package
in R (version 4.1.1) (Doetterl et al., 2015). Regression of BSS
tests all possible combinations of input predictors and finds a
subset of size k that gives the highest predictive power with the
lowest prediction error. We selected the best predictors based
on adjusted R2 and corrected Bayesian information criterion
(BICc). Model residuals were inspected for normality and variance
homoscedasticity. The following predictors were taken into
account in our analyses: (1) soil environment including soil pH
and soil moisture, (2) soil chemical properties (TN, TP, DOC, AN,
and AP) and (3) soil microbial properties (BCN, FCN, and F:B).
We tested the variance inflation factor (VIF) of each predictor to
avoid multicollinearity issues, all of which were lower than 10,
indicating no multicollinearity among predictors. To assess the
relative importance of BSS-determined predictors as drivers of
SOC storage, we calculated the relative proportions of parameter
estimates for each predictor to all parameter estimates in the
model and grouped them into the above three groups. The higher
coefficient values represent higher relative importance of predictors
on SOC storage.

3. Results

3.1. Soil physiochemical and microbial
properties

In general, all the soil physiochemical properties we measured
varied greatly along the soil profile. In particular, soil pH and
gravimetric moisture increased with increasing soil depth (all
p < 0.05, Figure 1). Other soil properties, including SOC, TN, TP,
C:N, C:P, N:P, DOC, AN, AP, and AN:AP, all decreased significantly
along the soil profile to 1 m (all p < 0.05, Figures 2, 3). DOC:AN

increased with increasing soil depth (p < 0.05, Figure 3) but
DOC:AP did not change with increasing soil depth (p > 0.05,
Figure 3). For example, SOC of the 0 – 10 cm sample was 11.48 g
kg−1, 8.85 times higher than the 1.30 g kg−1 of the 90–100 cm
sample. In terms of microbial properties, BCN and FCN decreased
significantly with increasing soil depth (all p < 0.001, Figures 4A,
B). We found that the F:B ranged from 0.0013 to 0.1006, with no
significant differences among soil layers to 1 m depth (p > 0.05,
Figure 4C).

3.2. C-N stoichiometric relationships

Scaling slopes of the C–N stoichiometric relationship between
log N and log C significantly decreased with increasing soil depth
(p < 0.05, Figure 5A). The scaling slopes of the 0–30 cm soil layers
did not significantly differ from 1.0 (p < 0.05, Figure 5A), the
scaling slopes of the 30–100 cm soil layers were much lower than 1.0
(all p > 0.05, Figure 5A). The stoichiometric relationships between
C and N of the top- (0–30 cm) and subsoil (30–100 cm) layers were
statistically different from each other (p < 0.05, Figure 5A), and C
and N did not exhibit isometric relationships in the subsoil layer
(Figure 5B).

3.3. Factors regulating SOC variation

The best models explained 91.57, 88.27, and 82.95% of the
variation in SOC content along all soil layers and for the top- and
subsoil layers, respectively. Specifically, soil chemical properties
were responsible for 55.62% of the explained variation in SOC
across all soil layers (Figure 6A). Content of SOC significantly
increased with TN and DOC (all p < 0.05, Figure 6A). Microbial
properties including F:B and FCN accounted for 32.00% positive
effects of the explained variation in SOC (Figure 6A). Content of
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FIGURE 2

Soil organic carbon (SOC) (A), total nitrogen (TN) (B), total phosphorus (TP) (C), C:N (D), C:P (E), and N:P (F) of each layer along the soil profile.
***p < 0.001.

SOC was negatively affected by soil environment and decreased
significantly with soil pH (p < 0.05, Figure 6A).

In the topsoil, soil chemical properties dominated SOC
variation. Soil TN was the major driver of SOC content, accounting
for 89.08% of the explained variation (Figure 6B). Content of SOC
increased significantly with TN and AP (all p < 0.05, Figure 6B).
Additionally, SOC increased significantly with FCN (p < 0.05)

and microbial properties accounted for 10.92% of the explained
variation (Figure 6B). For the subsoil, the best model explained
82.95% of variation in SOC (Figure 6C). Soil environment, soil
chemical properties, and microbial properties were responsible for
16.42, 14.51, and 69.07% of explained variation in SOC (Figure 6C).
Specifically, subsoil SOC significantly increased with DOC, F:B and
FCN and decreased with soil pH (all p < 0.05, Figure 6C).
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FIGURE 3

Dissolved organic carbon (DOC) (A), available nitrogen (AN) (B), available phosphorus (AP) (C), DOC:AN (D), DOC:AP (E), and AN:AP (F) in each layer
along the soil profile. ***p < 0.001.

4. Discussion

4.1. SOC distribution along the soil
profile

In terrestrial ecosystems, SOC represents the largest organic
C storage and is unevenly distributed among soil layers (Jobbágy
and Jackson, 2000). Consistent with many previous studies (e.g.,
Wu et al., 2017; Wang et al., 2022; Xia et al., 2022), our results
showed that the SOC content first decreased and then stabilized

with the increase of soil depth. 66.92% of the SOC were stored in
the 0 – 30 cm soil layer, which is larger than the average value
of 54.00% across China (Wang et al., 2004). Theoretically, the
vertical distribution pattern of SOC is mainly attributable to the
vertical decrease in C input quantity and the C transformation
through soil microbial decomposition (Antony et al., 2022). In
the aboveground pathway, plant litter is processed by microbes
on the soil surface to form SOC input to the topsoil SOC pool
(Wynn et al., 2006). Most SOC is enriched in the topsoil, and only
a small portion is transported to deeper soil layers (Wang et al.,
2015). In the underground pathway, plant C enters the soil through
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FIGURE 4

Bacterial (A) and fungal (B) gene copy number and F:B (C) of each
layer along the soil profile. ***p < 0.001.

root litter and exudates (Brady et al., 2008), which is processed
by microbes and finally stored in the SOC pool (Prescott, 2010).
Different from the above-ground pathway, that can only receive C
inputs from the soil surface (Prescott and Vesterdal, 2021), plant
C in the underground pathway is distributed vertically through
the plant root system and can be directly input into the subsoil
(Jobbágy and Jackson, 2000). However, its input capacity is strongly
influenced by the vertical distribution pattern of plant roots (Yang
et al., 2007). Limited by the uneven distribution of underground
nutrients, approximately 60% of the global plant root biomass is
concentrated in the top 30 cm of soil (Jackson et al., 1996). At the
same experimental site, 85.95% of the fine root biomass is found
in the top 30 cm soil layer (Geng et al., 2021). Topsoil with greater
root biomass usually has higher input of root litter and exudates
and thus accumulates more SOC (Yang et al., 2007).

The soil microbial community is also a transit pathway for SOC
formation (Prescott and Vesterdal, 2021). Although the amount
of plant input determines how much plant C initially enters the
soil environment (Schimel and Schaeffer, 2012; Janzen, 2015), SOC

formation requires microbial decomposition and transformation
of plant C (Eswaran et al., 1993). Microbes increase SOC storage
by forming microbial biomass and mineral-related residues in
the process of decomposing plant-derived materials (Cotrufo and
Lavallee, 2022). Higher soil microbial populations translates to a
greater ability of soil microbes converting plant-derived materials
to MBC pools (Liang et al., 2019), and increasing C storage. Our
results showed that the vast majority of soil microbes, as indicated
by BCN and FCN, were in the topsoil, rapidly decreasing with soil
depth. Therefore, more SOC is integrated, and stored, in the topsoil
through microbial processing (Miltner et al., 2012). In the subsoil,
there is a relatively small number of soil microbes (Ekelund et al.,
2001) that, together with the low input of plant-derived substances
(Mikutta et al., 2006), results in a low level of SOC conversion
(Gill et al., 1999). Stored SOC content is significantly lower in the
sub- than the topsoil, even if SOC in the subsoil is more stable
and can be stored for longer periods of time (Liang and Balser,
2008; Rumpel and Kögel-Knabner, 2011). Additionally, leaching
may play an important role determining the vertical distribution of
SOC since the relatively high precipitation in our study area. Plant
litter combines microbial decomposition and transformation of C
to jointly dictate the vertical distribution of SOC storage, which is
significantly higher in the top- than subsoil (Prescott, 2010).

4.2. Isometric C-N relationships at
different soil depths

We found a decrease in soil C:N along the soil profile, which
has also been observed elsewhere (e.g., Jenkinson et al., 2008;
Rumpel and Kögel-Knabner, 2011). This appears to be due to
the highly processed subsoil C and the fact that the subsoil
C:N is similar to that of the microbes themselves (Wallander
et al., 2003). N was isometrically scaled with respect to C in
the topsoil as has been frequently observed (e.g., Cleveland and
Liptzin, 2007; Yang et al., 2010). This may be closely associated
with the origin of SOC. Topsoil C and N predominantly come
from above- and below-ground plant inputs that typically has
an isometric relationship (Cleveland and Liptzin, 2007). Through
decomposition and transformation, these plant-derived materials
are stored in large quantities in soil, which, in turn, strongly affects
the soil C-N relationship, resulting in a statistically strong log-
log relationship between C and N in topsoil (Zhang et al., 2017).
However, the relationship between C and N in the subsoil was
not isometric— the slope was significantly lower than 1.0. This
indicates that the C and N in the subsoil can become decoupled.
One possible reason for this is that with increasing soil depth,
the relationship between soil C and N gradually shifts from plant-
to microbial-origin (Cotrufo et al., 2019). Indeed, the input of
plant-derived materials decreased with increasing soil depth, and
its contribution to the subsoil C-N relationship continued to
decrease (Jobbágy and Jackson, 2000). Along the soil profile, soil C
and N gradually changed to microbial-dominated, processed and
transformed by microbes (Fang et al., 2005; Rumpel and Kögel-
Knabner, 2011), and became more similar to the relationship of
microbial C and N through microbial turnover (Dal Ferro et al.,
2020). In the transition from plant- to microbial-dominated, the
soil C and N in the subsoil decoupled. Indeed, the decoupling
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FIGURE 5

Variation in the scaling slopes of the N-C stoichiometric relationships along the soil profile (A) and C-N stoichiometric relationships for the topsoil,
subsoil and all layers (B). The scaling slope indicates the slope of the type II (i.e., reduced major axis, RMA) relationship between log-transformed N
and C. The error bar is the 95% confidence interval of the scaling slope of the relationship between log N and log C. The dashed line denotes the
scaling slope is equal to 1.0, indicating the isometric scaling between N and C along the soil layer gradient. ***p < 0.001.

suggests that the subsoil N content did not decrease simultaneously
with SOC. Underutilized N accumulating in the subsoil may
stimulate C sequestration (Cotrufo et al., 2019). As a result, subsoil
at our study site may have high potential for C storage, something
that should be considered when predicting future C sequestration
for poplar plantations in China.

4.3. Regulation of SOC at different soil
depths

In general, we found that SOC storage was largely regulated
by soil chemical properties and the microbial community across
soil depths with a differentiation between the top- and subsoil
layers. In the topsoil layer, SOC storage is mainly controlled by
soil chemical properties. SOC storage increased with increasing TN
content, which was consistent with the synchronous increase of soil
SOC and N reported in many previous studies (e.g., Christopher
and Lal, 2007; Khan et al., 2007; Liang et al., 2018). This may
result from the contribution of plants to SOC storage and the
regulation and preservation mechanisms of TN to SOC. First, plant
matter is the largest source of SOC and its stoichiometric ratio
leads to the accumulation of SOC (Cai et al., 2022). High soil
TN ensures the supply of N to plants. The mechanisms of plant
root metabolism (Luo et al., 2017), mean that high N content can
stimulate plant root growth and increase plant productivity (Quinn
et al., 2010), thereby increasing C inputs to soil. Second, high N
content effectively reduces SOC mineralization (Lu et al., 2021),
probably due to N altering microbial nutrient requirements and
delaying SOC decomposition (Rousk et al., 2010; Chen et al., 2015).
At the same time, high N content can acidify soils (Guo et al.,
2010), altering the microbial community structure and decreasing
microbial biomass and respiration intensity (Nottingham et al.,

2015). Soil N can also regulate soil C accumulation in mineral-
associated components through the formation of SOC complexes
by polyvalent Fe and Al release in the N cycle (Lal et al., 1997;
Mueller et al., 2012). This increases SOC stability and shields C
from microbial decomposition. Therefore, SOC is generally higher
in topsoil layers with higher soil TN content.

Soil AP and FCN are also positive drivers of topsoil SOC
storage. This may result from the stimulating effect of soil AP on the
diversity and abundance of fungal communities, which indirectly
promotes SOC storage (Bradford et al., 2008; Li et al., 2016). P is
required for microbial physiological processes, including synthesis
of enzymes and phospholipids, as well as fungal mycorrhiza
growth (Averill and Waring, 2018; Johnston et al., 2019). The
accumulation of microbial necromass was significantly correlated
with the turnover of microbial metabolic by-products, regulated
by soil P content (Yuan et al., 2021). Increasing soil AP leads to
increasing fungi-derived microbial necromass, thereby enhancing
their contribution to SOC (Luo et al., 2022).

Unlike topsoil, we found soil fungal abundance and F:B
positively dominated SOC storage. Microbes are drivers of SOC
turnover processes, and their unique physiological predispositions
have significant effects on organic C storage (De Vries et al.,
2006). Our results are consistent with previous findings that SOC
content was positively influenced by fungal abundance as well
as by F:B (e.g., Bailey et al., 2002; Six et al., 2006; Ananyeva
et al., 2015; Bhattacharya et al., 2016). Although soil microbial
communities are typically dominated by bacteria, fungi play a
disproportionately important role in SOC storage (Nemergut
et al., 2008; Khan et al., 2016). This may result from fungal
physiology that allows it to retain organic C (Peng et al., 2013;
Kumar and Ghoshal, 2017). Compared to bacteria, fungi have
higher microbial growth efficiency and produce more microbial
biomass and by-products (Liu et al., 2022). As fungal proportion
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FIGURE 6

Effect of soil properties on soil organic carbon (SOC). Relative effects of soil chemical properties, soil environments, and microbial properties on soil
organic carbon (SOC) across all soil layers (0–100 cm), (A) and for the topsoil (0–30 cm), (B) and subsoil (30–100 cm), (C) layers. Average parameter
estimates (standardized regression coefficients) of model predictors, associated 95% confidence intervals and relative importance of each factor,
expressed as the percentage of explained variation. The conditional R2 of the model and the p value of each predictor are given as:
*p < 0.05; ***p < 0.001. TN, total nitrogen; DOC, dissolved organic C; FCN, fungal gene copy number; AP, available phosphorus.

increases, microbial communities will retain more C and release
less CO2 per unit of substrate consumed (Bailey et al., 2002).
Moreover, where there is a higher proportion of fungi in the
microbial community, microbial-derived organics degrade more
slowly because fungal products are more chemically stable and
are protected from decomposition by binding to minerals and

soil aggregates (Simpson et al., 2004; Bhattacharya et al., 2016;
Liang et al., 2017). These phenomena result in the high positive
correlations observed between microbial properties and SOC
storage in subsoil.

In the subsoil, DOC is also an important source of the
stabilized C. We found that subsoil organic C sequestration
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increased with DOC content. According to the DOC transport
mechanism (Guggenberger and Kaiser, 2003; Kaiser and Kalbitz,
2012), DOC is affected by rainfall and water flow (Schrumpf
et al., 2013), and is released from saturated soil mineral adsorption
sites in surface soil layers (Sanderman et al., 2008). It is further
absorbed and processed by microbes and eventually transported
to deeper soil layers where it supports microbial community
activity and the formation of recalcitrant organic C (e.g., microbial
necromass) (Neff and Asner, 2001; Cotrufo et al., 2013), especially
in subsoil where fungi dominate SOC storage (Sae-Tun et al.,
2022). Interestingly, we observed that soil environmental factors
were relatively minor controls of SOC in either top- or subsoil,
possibly because our study was located in a plantation with little
environmental heterogeneity.

5. Conclusion

We investigated the vertical distribution pattern of SOC storage
and soil C-N coupling relationships using data from 18 soil
profiles to 1 m depth in a coastal poplar plantation. We applied
comprehensive analyses, accounting for of soil environment, soil
physiochemical and microbial properties to better understand the
regulating factors of SOC storage. We found SOC storage was
two times higher in the topsoil (0–30 cm) than the subsoil (30–
100 cm), mainly attributable to the enrichment of aboveground
litter and roots of plants in the topsoil. Contrary to the strong
log-log C-N relationship in topsoil, C and N in subsoil was not
isometric with a slope significantly lower than 1.0, suggesting a
higher C sequestration potential. The distribution of SOC along the
soil profile was generally regulated by soil chemical and microbial
properties with TN and AP dominant in the topsoil and FCN and
F:B dominant in the subsoil. Fungi, and its ratio to bacteria, played
positive roles in SOC storage, especially at deep soil layers. Our
results suggest that to accurately assess soil C potential and the
reliability of applying climate variables to simulate soil C storage,
the influence of microbial community structure must be considered
and more attention should be paid to subsoils.
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