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Abstract: The application of nitrogen fertilizer is crucial in the cultivation of bamboo forests, and
comprehending the alterations in soil organic carbon (SOC) due to nitrogen application is essential
for monitoring soil quality. Predicting the dynamics of soil carbon stock involves analyzing two
components: particulate organic carbon (POC) and mineral-associated organic carbon (MAOC). This
study aimed to investigate the impact of high nitrogen inputs on SOC stock in Moso bamboo forests
located in southwestern China. The research focused on analyzing changes in soil chemical properties,
SOC content, and its components (POC and MAOC), as well as microbial biomass in the surface layer
(0-10 cm) under different nitrogen applications (0, 242, 484, and 726 kg N ha~! yr—1). The results
indicate that nitrogen application significantly reduced the SOC content, while concurrently causing a
significant increase in POC content and a decrease in MAOC content within the Moso bamboo forest
(p < 0.05). The HM treatment notably increased the NO3;™-N content to 2.15 mg/kg and decreased
the NH4*-N content to 11.29 mg/kg, although it did not significantly influence the microbial biomass
carbon (MBC) and nitrogen (MBN). The LN and MN treatments significantly reduced the MBC and
MBN contents (71.6% and 70.8%, 62.5% and 56.8%). Nitrogen application significantly increased
the Na*t concentration, with a peak observed under the LN treatment (135.94 mg/kg, p < 0.05).
The MN treatment significantly increased the concentrations of Fe3* and AI%* (p < 0.05), whereas
nitrogen application did not significantly affect Ca?t, Mg2+ concentration, and cation exchange
capacity (p > 0.05). Correlation and redundancy analyses (RDAs) revealed that the increase in annual
litterfall did not significantly correlate with the rise in POC, and changes in extractable cations
were not significantly correlated with the decrease in MAOC. Soil nitrogen availability, MBC, and
MBN were identified as the primary factors affecting POC and MAOC content. In conclusion, the
application of nitrogen has a detrimental impact on the soil organic carbon (SOC) of Moso bamboo
forests. Consequently, it is imperative to regulate fertilization levels in order to preserve soil quality
when managing these forests. Our research offers a theoretical foundation for comprehending and
forecasting alterations in soil carbon stocks within bamboo forest ecosystems, thereby bolstering the
sustainable management of Moso bamboo forests.

Keywords: nitrogen application; soil organic carbon; soil organic carbon fraction; microbial biomass;
soil quality

1. Introduction

The history of bamboo production and utilization in China is long, and it is one of
the countries with the most abundant bamboo resources and the widest grove area in the
world [1]. Bamboo plays a pivotal role in mitigating the greenhouse effect and fostering
rural development [2]. Moso bamboo (Phyllostachys edulis (Carriére) J. Houz) is renowned
for its rapid growth, robust regeneration capabilities, and significant potential for carbon
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sequestration [3,4]. Given its ecological significance and economic value, Moso bamboo
has garnered considerable attention from the scientific community [5]. Nitrogen stands
out as the most crucial nutrient element required and absorbed during the growth and
development phase of Moso bamboo [6]. The judicious application of nitrogen fertilizer
can enhance bamboo forest yields while preserving soil organic matter and ensuring soil
quality [7]. In actual production processes, operators often increase the yield of bamboo
forests by applying substantial amounts of nitrogen fertilizer to maximize profits [8].
However, such extensive nitrogen input not only offers substantial benefits but also impacts
soil microbial activity and organic matter content, thereby compromising soil quality [9].
Soil organic carbon (SOC) content serves as a critical indicator of soil quality [10]. While
some studies have delved into the effects of fertilization on the SOC pool of Moso bamboo
forests, elucidating the impact of nitrogen application on soil quality remains an area of
ongoing research [11-13]. Investigating the alterations in the SOC pool due to nitrogen
application provides insights into the mechanism through which nitrogen affects soil
quality in bamboo forests. It can provide a theoretical basis for the sustainable management
of Moso bamboo forests.

The composition of SOC is complex and crucial for preserving soil quality [14]. Its
classification, based on formation mechanism (physical, chemical, and biological) stability
(easy-to-decompose carbon pool and difficult-to-decompose carbon pool), results in various
components [15-18]. However, examining the dynamics of SOC as a unified entity presents
significant challenges [19,20]. By classifying soil particle size, SOC can be divided into par-
ticulate organic carbon (POC, >0.053 mm) and mineral-associated organic carbon (MAOC,
<0.053 mm) [21]. Lavallee et al. assert that POC and MAOC, with their unique formation
mechanisms, stabilities, and functions, warrant separate examination to effectively capture
changes in the SOC pool [22]. Given the distinct turnover time and stability mechanisms of
these two components, their responses to nitrogen application also vary. Chen et al. [23]
found in a nitrogen application experiment conducted in Wuyi Mountain, China, that
nitrogen application would increase the content of POC in evergreen broad-leaved forests
in subtropical areas. Sun et al. [24] also found the same result in a nitrogen application
experiment on paddy fields. They proposed that the increase in POC content could be
attributed to an increase in plant-derived carbon input due to nitrogen application [25,26].
Beyond augmenting carbon input, reducing carbon loss is another significant factor con-
tributing to the increase in POC content [27]. Increases in nitrogen application frequently
result in soil acidification, a process that impedes soil microbial activity (such as microbial
biomass and extracellular enzyme activity). This subsequently diminishes the carbon loss
caused by microbial decomposition [23,28]. However, this relationship is not universally
consistent, with some studies indicating that nitrogen application may reduce the content of
POC [29,30]. For instance, Chen et al. [17] observed a reduction in SOC following nitrogen
application on the Qinghai-Tibet Plateau alpine meadow. They attributed this reduction
to a decline in soil microbial carbon utilization efficiency. Consequently, the impact of
nitrogen application on POC depends on the balance between carbon input (derived from
plants) and carbon loss (soil microbial decomposition).

In contrast to POC, the response mechanism of MAOC to nitrogen application is
greater. Previous research indicates that nitrogen application has both positive [23,31]
and negative effects on MAOC [26,32], which is related to the formation mechanism of
MAOQOC [22]. Microbial metabolism, ex situ modification, and the physical fragmentation
of plant residue carbon yield low-molecular-weight soluble organic carbon, which serves
as the primary source for MAOC formation. This process is significantly influenced by
microbial metabolism and extracellular enzyme activities. However, soil acidification
induced by nitrogen application can reduce the MAOC source by hindering microbial
growth [33-36]. Additionally, adsorption of organic carbon onto soil mineral surfaces is an
important mechanism for the stable storage of MAOC. This mechanism encompasses both
chemical processes, such as ligand substitution, complexation, hydrogen bonding, and
ionic bond bridges combined with organic carbon, as well as physical isolation mechanisms
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protected by soil aggregates [37-40]. Nitrogen application can influence the stability of
MAOC by altering the chemical mechanism of organic carbon and mineral adsorption.
Soil acidification causes the leaching of extractable cations (Ca?*, Mg?") and an increase
in the solubility of hydrolyzed cations (Fe3*, AI3*) [18,41,42]. Ye et al. [15] found that
nitrogen application reduced the content of MAOC in Mongolian grassland. This was
attributed to soil acidification, which reduced MAOC sources and increased Fe-associated
C content, collectively contributing to the reduction in MAOC. A study conducted by
Sun et al. [24] showed that nitrogen application reduced MAOC content. However, this
reduction was primarily due to the weakening of soil minerals’ protective effect induced
by nitrogen application-induced soil acidification, rather than any significant correlation
with microbial activity (microbial biomass and carbon degradation gene abundance). In
conclusion, the effects of nitrogen application on both POC and MAOC vary, and the
mechanisms affected differ across ecosystems. Current research predominantly focuses
on the impact of nitrogen application on POC and MAOC, mainly in alpine meadows,
subtropical broad-leaved forests, and agricultural ecosystems. Studies on bamboo forest
ecosystems primarily examine the effects of varying nitrogen application amounts and
timings of nitrogen application on the characteristics of soil microorganisms related to POC
and MAOC [43]. However, there is a limited exploration into the impact mechanism of
large-scale nitrogen application on POC and MAOC in bamboo forests.

The precise impact of substantial nitrogen input on soil quality alterations in Moso
bamboo forests remains unclear. This study focused on Moso bamboo forests in subtropical
regions of China, conducting nitrogen application experiments at four different levels (0,
242, 484, and 726 kg ha~!). Following a two-year nitrogen application experiment, we
analyzed soil physicochemical properties, POC and MAOC content, microbial biomass,
cation exchange capacity, and basic cation concentration. We aimed to investigate the
mechanisms underlying the impact of nitrogen application on POC and MAOC, as well
as the dynamic changes in organic carbon in Moso bamboo forest soils. To this end, we
proposed the following hypotheses:

Hypotheses 1 (H1). Nitrogen application has no significant effect on SOC but increases POC and
reduces MAOC.

Hypotheses 2 (H2). The reason for the increase in POC content is that the reduction in microbial
biomass caused by nitrogen application inhibits the decomposition of POC by microorganisms.

Hypotheses 3 (H3). The reason for the decrease in MAOC content is that the reduction in microbial
biomass and extractable cations caused by nitrogen application leads to a decrease in microbial carbon
input and a decrease in mineral adsorption.

2. Materials and Methods
2.1. Study Sites

The nitrogen application experiment in this study was conducted in Hushi Town,
Chishui City, northern Guizhou Province, China (28°23', 105°54'). The region has a sub-
tropical humid monsoon climate, with an average annual temperature of 18.1 °C and an
annual precipitation of approximately 1195.7 mm. The soil in this area has a total carbon
content of 19.8 g/kg, a bulk density of 1.25 g/kg, and a pH of 4.75. The bamboo forests
exhibit an average diameter at breast height of 9.86 cm, an average height of 12.07 m, and a
density of 3866 plants/ha, with noticeable on—off year variations.

Pure stands of Moso bamboo were selected based on identical growing conditions and
freedom from pests or diseases. The experiment consisted of four fertilization gradients
(CK, LN, MN, and HN) with rates of 0, 242, 484, and 728 kg/ha, respectively. Each plot
measured 15 X 15 m, and the experiment was conducted with 12 plots, with each treatment
being repeated three times. The experiment followed a randomized block design, witha 5 m
isolation zone established between each plot. Previous studies by the research team have
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proposed an appropriate amount of nitrogen fertilizer for bamboo forests in southern China
(242 kg/ha, LN treatment). The nitrogen fertilizer amounts for the MN and HN treatments
were chosen to simulate the overuse of nitrogen fertilizer in production practices.

The nitrogen application experiment was conducted in October 2020 and 2021, using
urea (contains 46% N) as the nitrogen fertilizer. Along with the nitrogen application,
178 kg/ha of phosphate fertilizer and 147 kg/ha of potassium fertilizer were applied to
each plot, with calcium superphosphate (contains 12% P»0Os) as the phosphate fertilizer
and potash chloride (contains 60% K;O) as the potassium fertilizer. To ensure uniform
fertilization, all the fertilizers were dissolved in 50 L of deionized water and added by
spraying the solution. The amount of nitrogen, phosphorus, and potassium fertilizer
applied can be determined based on Su’s research results [6].

After applying nitrogen in October 2020, six square frames measuring 1 m x 1 m were
uniformly established within each plot to gather litterfall. The litterfall within these frames
was then collected on a monthly basis to determine the annual litterfall within the bamboo
forest after nitrogen application. The data collection for the litterfall was conducted until
October 2022.

2.2. Collection and Determination of Soil Samples
2.2.1. Soil Sample Collection

Soil samples were collected in October 2022, with 10 sampling points set up for each
plot using the “S”-shaped sampling method. Ten sampling points were set up for each
plot, and the surface litter was cleaned before drilling a soil core from the 0-10 cm soil
layer using a soil auger with an inner diameter of 38 mm. A composite soil sample was
formed by mixing 10 soil cores collected from each plot. A total of 12 soil samples were
collected. The freshly collected soil was immediately stored in a portable insulated box and
refrigerated for preservation. A portion of the fresh soil was then sieved through a 2 mm
screen to remove stones, plant debris, roots, and other impurities. This was carried out to
determine the soil enzyme activity, microbial biomass carbon and nitrogen, nitrate nitrogen,
and ammonium nitrogen. Some soil was air-dried, ground, and sieved to determine the
soil pH, organic carbon, total nitrogen, and extractable cations in the soil. Additionally, a
portion of the fresh soil was carefully broken into 1 cm pieces along the cracks of the soil
block, air-dried, and used to determine the POC and MAOC.

2.2.2. Soil Basic Chemical Properties

The SOC was determined using the potassium dichromate heating method. Total ni-
trogen (TN) was measured using an automatic Kjeldahl nitrogen analyzer (K986, Hai Neng,
China). Ammonium nitrogen (NH;*-N) and nitrate nitrogen (NO3 ~-N) were first extracted
from the soil with a potassium chloride solution, and then the contents of NH;*-N and
NO;3;™-N were determined via indophenol blue colorimetry and ultraviolet spectrophotom-
etry, respectively. Prior to determining the pH, the soil sample is mixed with distilled water.
This process was executed using the glass electrode method (5T2100, Ohaus, Parsippany,
NJ, USA).

2.2.3. Soil Cation Exchange Capacity and Extractable Cations

The soil cation exchange capacity (CEC) was determined by extracting a cobalt hex-
aammonium trichloride solution and comparing the difference in absorbance of the extract
before and after leaching. Extractable cations (Fe3*, AI%*, Ca?t, Mg2+, Na*) were deter-
mined using the method outlined by Bowman et al. [44]. The air-dried soil was extracted
with a 0.1 M BaCl, solution, and after centrifugation, the supernatant was determined
via inductively coupled plasma mass spectrometry (ICP-MS; Thermo Fisher, Waltham,
MA, USA).
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2.2.4. Soil Microbial Biomass Carbon and Nitrogen

The chloroform fumigation extraction method was employed to determine the soil
microbial biomass [45]. Initially, 30 g of fresh soil was taken and fumigated with ethanol-
free CHCI; for 24 h at 25 °C in dark conditions. Another 30 g of fresh soil was taken
without fumigation. The fumigated and unfumigated soils were extracted with 40 mL of
0.5 M K,50y in a shaker for 30 min and then filtered, respectively. The filtered extract is
directly used to determine its total carbon and nitrogen content with a carbon and nitrogen
analyzer (TOC-LCSH/CPH, Shimadzu, Shanghai, China). The difference between the TC
and TN content of the fumigated and unfumigated soil extracts is multiplied by 2.2 and
1.85, respectively, which are the contents of microbial biomass carbon (MBC) and microbial
biomass nitrogen (MBN).

2.2.5. Soil Organic Carbon Fractions

The soil particulate organic matter (POM) and mineral-associated organic matter
(MAOM) were obtained using the soil wet-sieving method, as improved by Marriott and
Wander [46]. To execute this method, 20 g of air-dried soil was placed in a 50 mL centrifuge
tube, mixed with 10 mL of a 5% sodium hexametaphosphate solution, and shaken at 25 °C
for 18 h (90 rpm). The soil suspension was sieved through a 53 pL sieve and repeatedly
rinsed with distilled water. The fraction retained on the sieve is particulate organic matter
(POM), while the fraction that passed through the sieve is mineral-associated organic
matter (MAOM). The organic carbon content, which includes both POC and MAOC, was
measured after drying the samples at 60 °C.

2.2.6. Soil Extracellular Enzyme Activities

The activities of soil catalase (CAT), peroxidase (POD), urease (urease), and acid
phosphatase (AP) were determined using a double-antibody one-step sandwich enzyme-
linked immunosorbent assay (ELISA). Taking POD as an example, 1 g of fresh soil was
first extracted with 9 mL of phosphate buffer, thoroughly mixed, and then centrifuged
at 2500 rpm for 25 min at a constant temperature of 4 °C. The supernatant was collected
for the determination of extracellular enzymes in the soil. After incubation and washing,
the OD value of each sample was measured using an enzyme marker. By plotting the
concentration of standard substances against the OD value, the concentration of the sample
was calculated. The methods for determining the remaining extracellular enzymes in the
soil were the same. The specific operation steps can be found in the study by Xia et al. [47].

2.3. Data Analysis

This study utilized a one-way ANOVA to assess differences in soil chemical properties,
microbial biomass carbon and nitrogen, extracellular enzyme activity, and organic carbon
components (p < 0.05), followed by Duncan’s post hoc test. A Pearson correlation analysis
was used to assess the relationship between the soil chemical properties, microbial biomass
carbon and nitrogen, extracellular enzyme activity, POC, and MAOC. The soil nitrogen
availability was expressed as the sum of NO3™-N and NH4*-N. A redundancy analysis
(RDA) was used to investigate the most significant environmental factors that affect SOC,
POC, and MAOC. Prior to conducting the RDA, significant environmental factors related
to SOC, POC, and MAOC were selected using the Pearson correlation analysis. A principal
component analysis (PCA) was performed on extractable cations, microbial biomass carbon
and nitrogen, and the soil extracellular enzyme activity to create new variables for each
(extractable cations, microbial biomass, and soil extracellular enzyme activity), and all data
from the environmental factors were standardized before the RDA. All data organization
in this study was completed using Excel 2021 (Microsoft Corp., Redmond, WA, USA); the
one-way ANOVA and Pearson correlation analysis were performed using SPSS 21.0 (SPSS,
Chicago, IL, USA); and the RDA was performed using Canoco 5 (Canoco, Ithaca, NY, USA)
(Monte Carlo test, 499 times). All figures were created using the “ggplot2” package in R
Studio (version 3.4.2; R Foundation for Statistical Computing, Vienna, Austria).
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3. Results
3.1. Effect of Nitrogen Application on Soil Organic Carbon Fractions (POC and MAOC)

It can be seen from Figure 1 that nitrogen application decreased the SOC content
significantly (p < 0.05) under the LN and MN treatments, which were 29.1% and 24.7%
lower than that under CK, respectively. However, the reduction under the HN treatment
was not significant (p > 0.05). In addition, the SOC content increased with the increase in
the nitrogen application gradient (12.62-17.68 g/kg). The SOC content was significantly
higher under the HN treatment than under the LN treatment (p < 0.05). Although nitrogen
application reduced the SOC content, it resulted in a significant increase in the POC content
and a significant decrease in the MAOC content. It can be seen from Figure 1B that the POC
content under the LN and MN treatments significantly increased (p < 0.05) from 1.07 g/kg
under CK to 1.79 and 1.61 g/kg, respectively, while the increase under the HN treatment
was not significant (1.42 g/kg, p > 0.05), and the POC content decreased with the increase in
the nitrogen application gradient. The MAOC content was significantly reduced (p < 0.05)
by nitrogen application, approximately by 24.7%-35.1%, and it increased with the increase
in the nitrogen application gradient.
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Figure 1. Effects of nitrogen application on soil organic carbon fractions in Moso bamboo forests.
Lowercase letters in each column indicate significant differences (p < 0.05) between the different
nitrogen application treatments (CK, LN, MN, and HN). (A-C) indicate the response of SOC, POC
and MAOC to nitrogen application, respectively. POC, soil particulate organic carbon; MAOC, soil
mineral-associated organic carbon.

3.2. Effects of Nitrogen Application on Soil Basic Chemical Properties

Nitrogen application increased the NO3;™-N content in the soil. The MN and HN
treatments showed significant increases of 39.5% and 88.6%, respectively, compared to
CK (p < 0.05, Table 1). Conversely, nitrogen application decreased the NH,;*-N content in
the soil, with a significant decrease in the HN treatment, which was 11.29 mg/kg, and a
29.2% reduction compared to CK (p < 0.05, Table 1). The soil TN, pH, and soil C/N were
not significantly affected by nitrogen application (p > 0.05, Table 1). Nitrogen application
had no significant effect on the CEC and Ca?* concentration (p > 0.05). However, as the
nitrogen gradient increased, the Fe** concentration was significantly increased in the MN
and HN treatments (p < 0.05), and the AI** concentration was significantly increased in
the HN treatment (p < 0.05). Nitrogen application did not affect the difference between the
Mg2+ concentration and the control (p > 0.05), but the Mngr concentration increased with
the increasing nitrogen gradient, and the difference between the LN and HN treatments
was significant (0.59 and 1.05 mg/kg, p < 0.05). Nitrogen application significantly elevated
the concentration of Na* (p < 0.05), with the highest concentration observed in the LN
treatment (135.94 mg/kg). Additionally, a positive correlation was noted between the
amount of nitrogen applied and a decrease in the Na* concentration (Figure 2).
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Table 1. Effects of nitrogen application on soil chemical properties of Moso bamboo forests. Lowercase
letters in each column indicate significant differences (p < 0.05) between different nitrogen application
treatments (CK, LN, MN, and HN). TN denotes total soil nitrogen.

NO3;~-N NH;*-N .
T k H 1
N (g/kg) (mg/kg) (mg/ke) p Soil C/N
CK 141 £0.09 a 1.14£0.11c¢ 1596 £1.39 a 457 +0.03a 13.73£0.86a
LN 117+ 0.04a 1.53+0.08cb 13.93 £ 0.85 ab 458 £0.03 a 121+123a
MN 1.25+011a 159+066Db 14.44 + 093 ab 4.68 £0.07a 12.04 =047 a
HN 145+0.12a 215+01a 11.29 £ 1.05b 4.61+£0.09a 13.08+0.78a
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Figure 2. Effect of nitrogen application on extractable cations of Moso bamboo forests. Lowercase let-
ters in each column indicate significant differences between different nitrogen application treatments
(CK, LN, MN, and HN) (p < 0.05). (A-F) indicate the response of Fe3*, A13*, Ca?*, Mg?*, Na*, CEC
to nitrogen application, respectively. CEC, cation exchange capacity.

3.3. Effects of Nitrogen Application on Soil Microbial Biomass and Extracellular Enzyme Activities

It can be seen from Figure 3 that the application of nitrogen significantly affected the
MBC and MBN contents. The LN and MN treatments significantly reduced the MBC content
by 71.6% and 70.8%, respectively (p < 0.05), while the HN treatment had no significant
effect on the MBC content (p > 0.05). The MBN content responded similarly to nitrogen
application as MBC, with the LN and MN treatments causing significant reductions of
62.5% and 56.8% (p < 0.05), respectively. The HN treatment had no significant effect on the
MBN content (p > 0.05, Figure 3A). In addition, the MBC and MBN contents increased with
the increase in the nitrogen application gradient (117.24-224.98 mg/kg, 20.67-58.09 mg/kg)
(Figure 3B). Nitrogen application significantly reduced MBC/MBN (p < 0.05), and there
was no significant difference among various nitrogen application treatments (p > 0.05,
Figure 3C). Nitrogen application decreased the activity of CAT, and the reduction in CAT
activity from the LN and MN treatments was significant (p < 0.05). The urease activity was
significantly affected by nitrogen application (p < 0.05), which decreased by approximately
5.3%-12.5%. There was no significant effect of nitrogen application on the POD and AP
activities (p > 0.05). The effects of nitrogen application on soil extracellular enzymes are
shown in Figure 4.
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Figure 3. Effects of nitrogen application on soil microbial biomass in Moso bamboo forests. Lowercase
letters in each column indicate significant differences (p < 0.05) between different nitrogen application
treatments (CK, LN, MN, and HN). (A-C) indicate the response of MBC, MBN and MBC/MBN to
nitrogen application, respectively. MBC, microbial carbon; MBN, microbial nitrogen; MBC/MBN, the
ratio of microbial carbon to microbial nitrogen.
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Figure 4. Effect of nitrogen application on enzyme activities in Moso bamboo forests. Lowercase
letters in each column indicate significant differences (p < 0.05) between different nitrogen application
treatments (CK, LN, MN, and HN). (A-D) indicate the response of CAT, POD, Urease and AP to
nitrogen application, respectively. CAT, catalase; POD, peroxidase; AP, acid phosphatase.

3.4. Main Factors Affecting Soil Organic Carbon Fractions in Moso Bamboo Forests

From the correlation analysis, it can be seen that POC had a negative correlation with
CEC, MBC, and MBN (p < 0.05) and a positive correlation with Na* (p < 0.05). Meanwhile,
MAOQOC had a significant correlation with MBC, MBN, and CAT activity (p < 0.05) and
a negative correlation with Na* (p < 0.05). The annual litterfall of Moso bamboo forests
increased with nitrogen application (Figure S2). The increase was positively correlated
with POC and negatively correlated with MAOC, but the relationship was not statistically
significant (p > 0.05, Figure S1). The RDA used the soil nitrogen availability, extractable
cations, microbial biomass, soil enzyme activity, and annual litterfall as explanatory vari-
ables and POC and MAQC as response variables. The results showed that the explanation
rates of changes in POC and MAOC under nitrogen application conditions of the first
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and second axes were 77.62% and 0.56%, respectively (Figure 5A). Through the ranking
of explanatory variables, it was found that the explanation rate of microbial biomass and
nitrogen availability reached a significant level (p < 0.05) (Figure 5B).

A B
S 50,
40)
Enzyme
b S
< 2
s
94 MAOC 5
3
b Base cation 53
Microbial biomass { caf litter
N availability
10)
POC
<

Microbial biomass N availability —Base cation Enzyme Teaf litter

1.0 Axisl 77.62% 1.0 Environmental factor
Figure 5. Redundancy analysis of soil environmental factors on POC and MAOC in Moso bamboo
forests under nitrogen application. (A) shows the redundancy analysis, and (B) shows the degree of
explanation of environmental factors. ** p < 0.01.

4. Discussion
4.1. The Effect of Nitrogen Application on the Basic Chemical Properties of Soil

After applying nitrogen to Moso bamboo forests, we discovered that the soil NO3 ~-N
significantly increased while the NH;"-N decreased. This phenomenon may be attributed to
several factors. First, it could be linked to the rise in nitrification (Table 1), which promotes
substrate consumption and product generation [48,49]. Furthermore, this phenomenon
may be attributed to nitrogen runoff. Zhao et al. discovered that the application of nitrogen
amplified soil nitrogen loss in a Moso bamboo forest after establishing a runoff field. They
observed that NH4"-N loss exceeded that of NO3~-N [50]. The slope of the study area was
approximately 25°, and the nitrogen was applied through water spraying. These factors
can increase the loss of soil nitrogen through runoff, resulting in a decrease in NH4*-N. The
application of nitrogen did not significantly affect soil acidity in this study. According to
the “charge balance theory”, soil with a high initial pH is more sensitive to acidification
than soil with a low initial pH [51]. The initial acidity of the soil in the study area was
4.57 (close to four), which may not be sensitive to soil acidification caused by nitrogen
application (Table 1). In addition, Moso bamboo has a large demand for N elements and a
strong ability of the ecosystem to absorb nitrogen, which can, to some extent, reduce the
aggravation of soil acidification caused by nitrogen application. The soil C/N ratio was
minimally affected by nitrogen application, similar to the results of nitrogen application
experiments in other subtropical regions [23,52]. (Table 1).

The application of nitrogen significantly increased the extractable Fe>* and AI** but
had little effect on Ca?* and Mg?* (Figure 2). Soils with different initial pH levels have
different buffering capacities for soil acidification. Generally, when soil acidification occurs,
low-valence cations in soil with a high initial pH are consumed first. As the soil pH
decreases and low-valence cations are depleted, high-valence cations are used to alleviate
soil acidification [53]. The study area’s soil entered the AI>* buffer stage due to a high
concentration of applied nitrogen, which could potentially cause the toxicity of AI** to the
soil A1**. Unlike most studies where there was no significant effect of applied nitrogen
on Na* [54], applied nitrogen significantly increased the extractable Na* in this study
(Figure 2). This increase may be related to the decomposition of MAOC, which releases the
Na* bound to it. The application of nitrogen had a slight effect on the CEC of the soil in



Forests 2023, 14, 2460

10 of 14

this region. The small changes in the soil pH suggest a high CEC, which is associated with
higher levels of carbon in the soil [55].

4.2. Effect of Nitrogen Application on Soil Microbiota and Soil Extracellular Enzyme Activities

The application of nitrogen reduced the activity of MBC, MBN, MBC/MBN, CAT,
and urease, but had no significant effect on the activity of POD and AP (Figure 3). The
mechanism behind the nitrogen-induced reduction in MBC and MBN is complex and
can be attributed to nitrogen toxicity itself, soil acidification caused by nitrogen appli-
cation, and a decrease in belowground carbon input. Furthermore, carbon limitation
caused by increased nitrogen availability also contributes to limiting the growth of soil
microorganisms [15,56,57]. The decrease in microbial stoichiometry MBC/MBN also sug-
gests that nitrogen application may exacerbate microbial carbon limitation and inhibit
microbial biomass [58]. The MN treatment had no significant effect on MBC and MBN,
which may be related to the loss of nitrogen. Studies have shown that there is a univariate
quadratic regression relationship between the amount of nitrogen applied and microbial
biomass carbon and nitrogen [59]. Due to runoff losses, the actual amount of nitrogen
retained in the soil is lower than the amount of nitrogen applied, which may cause the
amount of nitrogen retained in the soil not to reach its peak, affecting microbial biomass
carbon and nitrogen, resulting in the phenomenon observed in the experiment. The re-
sponse of CAT to nitrogen application is the same as the results of Tu exploring the effects
of nitrogen application on the extracellular enzyme activity in bamboo forest soil [60].
According to “resource allocation theory” and the “optimal allocation principle”, nitrogen
application will change soil extracellular enzyme activity, and soil microorganisms alleviate
nutrient limitation by increasing the production of resource-deficient enzymes. Conversely,
when resources are enriched, it will reduce the production of related enzymes to supply its
own growth [61-63]. The application of urea in this study led to an increase in the substrate
for nitrification, leading to substrate enrichment that caused microorganisms to reduce the
allocation of urease production, thereby lowering urease activity. Nitrogen application had
little effect on the POD and AP activities, which is similar to the study of Jing et al. [64].

4.3. Effect of Nitrogen Application on Soil Organic Carbon and Its Components

Contrary to Hypothesis 1, nitrogen application reduced SOC, in agreement with
some previous research conclusions [65,66] (Figure 1A). The chemical components of
POC are mostly complex compounds with a high activation energy and cannot be directly
absorbed and utilized by microorganisms [22]. In this study, POC was increased by nitrogen
application (Figure 1B), which is consistent with the research on POC in some nitrogen
application experiments [17,23,24]. Most studies attributed the increase in POC by nitrogen
application to carbon input from the above- and belowground parts of plants and/or the
inhibition of POC decomposition by soil microorganisms [67,68]. Through redundancy
and correlation analyses, we can find that (Figures 5 and S1), although nitrogen application
increased the annual litterfall in bamboo forests, it had no significant correlation with
changes in POC and had a low explanation rate for changes in POC. In addition, we also
found that POC was negatively correlated with MBC and MBN, the explanation rate of
microbial biomass for POC was high, and the decrease in microbial biomass may lead to its
reduction in the decomposition of POC. This indicates that the main reason for the increase
in POC in this study may be that nitrogen application inhibited the decomposition of POC
by microorganisms. This finding is consistent with Hypothesis 2.

Some previous studies have shown that nitrogen application increased MAOC; in con-
trast, our study found that nitrogen application significantly reduced MAOC (Figure 1C).
The formation and stabilization mechanism of MAOC is more complex than that of POC,
and soil microorganisms play a vital role in the turnover process of MAOC [36,43]. Mi-
crobial residues are considered to be the main carbon source for MAOC [69], and the
stoichiometric imbalance caused by nitrogen application in this study may lead to nutrient
limitation for soil microorganisms. This limitation could inhibit microbial growth and
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reduce the process of microbial residues binding with minerals to form MAOC, and the
decrease in carbon input may contribute to the reduction in MAOC. Zeng et al. found
that nitrogen application exacerbated microbial carbon and phosphorus limitations when
exploring nitrogen application on soil microbial nutrient limitation in bamboo forests, and
this result verified our reasoning well [70]. In addition, MAOC is difficult for microorgan-
isms to decompose due to its chemical and physical protection mechanisms, but most of its
chemical components are simple compounds with a low activation energy and are easier
for microorganisms to absorb [22]. Studies have shown that when there is a stoichiometric
imbalance in soil nutrient resources, microorganisms will decompose desorbed MAOC rel-
atively easily (MAOC formed by cation binding or van der Waals adsorption) for their own
growth under nutrient limitation conditions, and the increase in microbial decomposition
may be a potential reason for the reduction in MAOC [71-73]. Furthermore, the mecha-
nisms of soil mineral protection play a crucial role in maintaining the stability of MAOC.
Some existing research results show that the loss of Ca?* caused by soil acidification is an
important mechanism for reducing MAOC [23,24], but our study did not find that Ca**
and soil pH were significantly affected by nitrogen application. According to the results of
the correlation and redundancy analyses (Figure S1 and Figure 5), except for Na™, the other
cations did not have a significant correlation with MAOC. The explanation rate of basic
cations for changes in MAOC was low, and CEC was little affected by nitrogen application
in this study. The changes in base soil cations were relatively stable, indicating that nitrogen
application had little effect on the adsorption between SOC and soil minerals. In conclusion,
the reduction in MAOC in this study may be attributed to the soil stoichiometric imbalance
caused by nitrogen application, leading to nutrient limitation for microorganisms, resulting
in decreased microbial carbon input and increased microbial decomposition. This finding
differs from Hypothesis 3.

5. Conclusions

Our findings highlight the significant role of microorganisms in the dynamic changes
in soil carbon pools in Moso bamboo forests. The regulation of POC (increase) and MAOC
(decrease) responses to nitrogen application via microbial nutrient limitation underscores
the influence of microbial activity on these soil carbon components. The decrease in
SOC was a comprehensive reflection of the dynamic changes in POC and MAOC. The
subdivision of SOC into POC and MAOC components provides valuable insights into
understanding the nuanced response of soil carbon pools to nitrogen application. In
conclusion, the decline in stable MAOC stocks due to nitrogen application underscores
that excessive nitrogen application is detrimental to the long-term stability of soil carbon
stocks in Moso bamboo forests. This not only compromises soil quality but also poses
challenges for the sustainable management of these ecosystems. Our research can provide a
theoretical basis for understanding and predicting changes in soil carbon pools in bamboo
forest ecosystems and support the sustainable management of Moso bamboo forests.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/f14122460/s1, Figure S1: Correlation analysis among basic chemical prop-
erties, soil microbial biomass and extracellular enzyme activities, and soil organic carbon fractions in
Moso bamboo forests under nitrogen application conditions. Figure S2: Effect of nitrogen application
on annual litterfall in Moso bamboo forests.
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