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Abstract: This study aims to investigate the impact of diverse forest stand types and soil depths
on soil ecological stoichiometry characteristics, shedding light on nutrient limitations and cycling
patterns within the mid-subtropical forest ecosystem in southwest China during spring. The re-
search focused on four representative forest stands situated in Fanjing Mountain: Castanopsis fargesii
(C. fargesii), Cyclobalanopsis multiervis (C. multiervis), Cyclobalanopsis argyrotricha (C. argyrotricha), and
Rhododendron argyrophyllum Franch (R. argyrophyllum). Sample plots were established in these forest
types, and soil samples were collected from the 0-20 cm and 2040 cm soil layers in March, spring
of 2023. Various soil parameters, including pH, soil organic carbon (SOC), total nitrogen (TN), total
phosphorus (TP), soil microbial biomass carbon (MBC), soil microbial nitrogen (MBN), and soil micro-
bial phosphorus (MBP) were measured, and their stoichiometric ratios were calculated. The findings
of the study were as follows: (1) In the 0-20 cm soil layer, C. argyrotricha exhibited the highest soil
organic carbon, followed by C. fargesii, C. multiervis, and R. argyrophyllum with the lowest content. No
significant differences in soil organic carbon were observed among the four forests in the 20-40 cm soil
layer. Additionally, C. argyrotricha displayed a significantly higher soil C:N ratio compared to other
forest types in different soil layers. In the typical broad-leaved forest area of Fanjing Mountain, the TP
was classified as deficient. (2) In the 0-20 cm soil layer, the MBC of C. fargesii surpassed C. multiervis,
C. argyrotricha, and R. argyrophyllum by 26.59%, 42.92%, and 24.67%, respectively. There were no
significant differences in soil MBC:MBP ratio and MBN:MBP ratio, regardless of forest species and
soil depths. The low availability of soil nitrogen in different forest stand types in Fanjing Mountain
strongly limits soil microorganism biomass. (3) The correlation between SOC, TN, TP, and their
stoichiometric ratios varied across different soil layers. Therefore, in managing the Fanjing Mountain
forest area, attention should be paid to supplementing N and P in the soil.

Keywords: Fanjing Mountain; forest stand types; soil nutrients; soil microbial biomass;

stoichiometric characteristics

1. Introduction

Ecological stoichiometry is a scientific discipline that investigates the energy balance and
the equilibrium of various chemical elements within ecosystems. It predominantly focuses on
the interplay among the three crucial components of carbon, nitrogen, and phosphorus, which
serve as vital indicators of soil fertility and productivity [1,2]. Forest soil is a critical component
and nutrient pool of terrestrial ecosystems. The ratio between soil nutrient elements reflects
a series of ecological strategies and represents a key constraint on coupling carbon, nitrogen,
and phosphorus cycles [3]. The nutrient holding capacity of different types of soil varies in
different forest stand types, leading to different stoichiometric ratios of C, N, and P in the
soil [4-7]. Examining soil ecological stoichiometry characteristics among different vegetation
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types provides insights into element cycling [7-10] and nutrient supply on a regional spatial
scale [11-14]. Despite substantial progress in understanding the ecological stoichiometry
characteristics of soil organic carbon, nitrogen, and phosphorus in different vegetation
types, as well as determining the limiting nutrients in forest ecosystems, challenges persist
due to regional climatic variations and differing vegetation types. Pronounced differences
exist among soils in various ecosystem types, necessitating further investigation into the
ecological stoichiometry characteristics of soil organic carbon, nitrogen, and phosphorus in
forest soils across different regions.

Soil microbial biomass represents the living component of soil organic matter, act-
ing as both a “source” and “sink” of soil nutrients. As soil microorganisms build their
biomass, they facilitate the circulation of ecosystem materials and energy, influencing the
soil-plant-atmosphere continuum (SPAC) and ecosystem function [15]. The mineralization,
decomposition, and fixation of nutrients by soil microorganisms strongly impacts soil
fertility [16,17]. The C:N:P ratio of microbial biomass governs its effects on nutrient miner-
alization and sequestration [18]. Compared to soil enzyme activity and soil nutrients, the
C:N:P ratio of soil microbial biomass stands out as a more sensitive indicator of nutrient
limitation [19,20]. The transformation of forest stand types will change the plant community
structure and species composition and lead to changes in soil microbial functions, affecting
nutrient turnover [21-23]. Exploring the microbial biomass characteristics of forest soil
in different regions is of great significance for the in-depth understanding of soil nutrient
cycling, availability and limiting nutrients of forest soil ecosystems.

This study investigated four typical forest stand types in the Fanjing Mountain Nature
Reserve in Guizhou, China. Each of these stands have different altitudes, slope aspects,
soil types, and vegetation types. These forest types include Castanopsis fargesii (C. fargesii),
Cyclobalanopsis multiervis (C. multiervis), Cyclobalanopsis argyrotricha (C. argyrotricha), and
Rhododendron argyrophyllum Franch (R. argyrophyllum). The relative height difference of
Fanjing Mountain reaches 2000 m, which condenses the environmental gradient across the
zone at the landscape scale. The geological history and environmental changes within this
range have been relatively consistent. These forest types are at the stable or top level in
the succession sequence of Fanjing Mountain. The vegetation community covers a sizeable
vertical gradient of Fanjing Mountain, providing an ideal natural laboratory for exploring
changes in soil chemistry and microbial properties along regional cross-zone environmental
gradients. Our study aimed to comprehensively analyze soil chemicals, including pH, soil
organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), and microbial proper-
ties, including soil microbial biomass carbon (MBC), soil microbial nitrogen (MBN), and
soil microbial phosphorus (MBP), related to biogeochemical processes under different forest
stand types and at different soil depths (0-20 cm and 20—40 cm). Specifically, this study
aimed to evaluate the combined effects of stand type and soil depth on soil and soil micro-
bial carbon, nitrogen, and phosphorus content and stoichiometry. Our hypotheses are: (1)
The forest stand type and soil depth significantly affect the C, N, and P concentrations and
stoichiometric ratios of soil microbial biomass; (2) There is a significant correlation between
the stoichiometric characteristics of soil C, N, and P and the soil microbial biomass C, N,
and P.

2. Materials and Methods
2.1. Natural Overview of the Study Area

Fanjing Mountain proudly stands at the convergence of the Jiangkou, Yinjiang, and
Songtao counties in northeastern Guizhou Province, marking the highest peak in the
Wauling Mountains. It ascends from the Yunnan-Guizhou Plateau in the transitional zone
towards the hills of western Hunan. The geographical coordinates span from north latitude
27°31’ to 28°41’ and east longitude 108°21 to 109°17’. This region falls under the East
Asian monsoon climate, characterized by an annual average temperature ranging from
6 to 17 °C. January witnesses an average temperature of 3.1 to 5.1 °C, while July experiences
temperatures between 15 and 27 °C. The accumulated temperature exceeding 10 °C spans
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from 1500 to 5500 °C. Annual average precipitation fluctuates from 1100 to 2600 mm, with
humidity consistently exceeding 80%. The predominant soil types include yellow soil and
yellow-brown soil, with a soil pH ranging from 3.7 to 5.5. The region boasts dense, well-
preserved forests, covering over 80% of the region, contributing to a relatively harmonious
forest ecosystem.

This study focuses on four distinct forest types within the reserve: C. fargesii, C. mul-
tiervis, C. argyrotricha, and R. argyrophyllum. C. fargesii represents a typical subtropical
evergreen broad-leaved forest, primarily found in the low mountain areas of Fanjing
Mountain, forming a top community. C. multiervis thrives as a primary forest in the
high mountains of Fanjing Mountain, experiencing minimal human interference, and es-
tablishing itself as a stable, vertical forest community. C. argyrotricha, unique to Guizhou'’s
subtropical mid-alpine mountains, is dominated by evergreen broad-leaved trees, and
forms the top community in the forward succession on the southern slope of upper Fanjing
Mountain. R. argyrophyllum constitutes a stable vegetation community at the pinnacle
of the succession sequence in Fanjing Mountain [24]. Table 1 and Figure 1 present the
fundamental information regarding the four forest type plots.
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Figure 1. Location of the study area in Mount Fanjing. I, C. fargesii; II, C. multiervis; 111, C. argyrotricha;
IV, R. argyrophyllum.
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Table 1. Basic information of the sample plots.

Sample Sample Size Altitude ASIOPe Soil Type Constructive Species
spect
I 30m x 30 m (n = 3) 634-637 E86° Cab Udi Orthic Entisols Castanopsis fargesii;
Castanopsis carlesii (Hemsl.)Hay.
30m x 30 m (n=3) 812-816 SE125° Cab Udi Orthic Entisols Castanopsis fargesii
I 30mx30m(n-=23) 1652-1654 N340° Cab Udi Orthic Entisols Cyclobalanopsis nultinerois W. C., Cheng et T.
Hong; Quercus engleriana Seem.
_ o . . . Cyclobalanopsis multinervis W. C. Cheng et T.
30m x 30m (n=3) 1817-1824 NW303 Cab Udi Orthic Entisols Hong; Betula austrosinensis Chun ex P. C. Li
1T 30m x 30m (n=3) 1804-1807 SW221° Cab Udi Orthic Entisols Acer sinense Pax
30m x 30 m (n = 3) 2061-2063 E111° Fec Hydragric Anthrosols /A" Sinense; Pax Cyclobalanopsis multinervis W. C.
Cheng et T. Hong
v 30m x 30m (n=3) 2336-2339 NW312° Fec Hydragric Anthrosols Rhododendron argyrophyllum Franch.
30m x 30m (n = 3) 2350-2352 W266° Fec Hydragric Anthrosols  0dodendron leishanicum Fang et X. . Zhang ex

Chamb.

2.2. Soil Sample Collection

The sample collection took place in March 2023, involving six quadrats (30 m x 30 m)
selected from four distinct forest types: C. fargesii, C. multiervis, C. argyrotricha, and R.
argyrophyllum. The four forest types selected in the experiment were all native forests, and
the age of the constructive tree species was over 100 years old. To ensure a representative
sample, six sampling points were strategically chosen along an “S”-shaped route within
each quadrat. During the sampling process, the upper litter layer was delicately peeled off,
and soil samples were collected at depths of 0-20 cm and 2040 cm, utilizing a soil auger
with a 5 cm diameter. In cases where the soil depth was less than 40 cm, the sampling depth
was adjusted based on the actual soil depth. The collected soil samples from each depth
were thoroughly mixed, and approximately 1 kg of soil was retained following the “four-
quarter rule”. Subsequently, these samples were returned to the laboratory, where they
underwent a 2 mm sieve process to eliminate plant roots, stones, and litter. A portion of the
fresh soil samples was stored at 4 °C to maintain their integrity. The soil microbial biomass
carbon, nitrogen, and phosphorus contents were promptly measured. The remaining soil
samples were naturally dried, then sieved through a 100-mesh sieve, and subsequently
utilized for the determination of soil nutrients.

2.3. Determination of Soil-Microbial Carbon, Nitrogen, and Phosphorus Concentrations

Organic carbon was measured using the potassium dichromate volumetric method
heated in an oil bath [25]. Total nitrogen was measured using an alkaline hydrolysis diffu-
sion method, specifically the semi-micro-Kelvin method [26]. Total phosphorus was mea-
sured using the digestion-molybdenum antimony colorimetric method [27]. Soil MBC,
MBN, and MBP contents were measured using the chloroform fumigation method. MBC
was determined by chloroform fumigation-K,SO, extraction; MBN was determined by chlo-
roform fumigation-K,SO, extraction-potassium persulfate oxidation method; and MBP was
determined by chloroform fumigation-NaHCO3 extraction-molybdenum blue colorimet-
ric method. The control group was not fumigated, and the extraction process was the same
as that of the fumigated group; the difference between the element concentration measured
in the fumigated group and the element concentration measured in the non-fumigated
group was multiplied by the corresponding conversion coefficient to calculate the carbon,
nitrogen, and phosphorus contents of the microbial biomass, where the carbon, nitrogen,
and phosphorus conversion coefficients were 0.45, 0.45, and 0.40, respectively [28].

2.4. Data Processing

The stoichiometric ratios of carbon, nitrogen, and phosphorus in soil and soil mi-
crobial biomass were expressed as mass ratios. The experimental data were statistically
analyzed using SPSS 25.0 (SPSS Inc., IBM Corporation, Chicago, IL, USA). Before perform-
ing variance analysis, Levene’s test was used to assess the homogeneity of variances of
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soil-microbial carbon, nitrogen, and phosphorus content, and ecological stoichiometric
ratio data. The variances were uneven. Data were analyzed using the Kruskal-Wallis non-
parametric test, with post hoc tests using the step-down method for multiple comparisons.
p < 0.05 was considered statistically significant, and data in graphs are expressed as median
=+ range. The histograms were generated using Origin 2019 (OriginLab, Northampton,
MA, USA). Heat maps of correlations between soil microbial biomass carbon, nitrogen,
and phosphorus contents and corresponding stoichiometric ratios were drawn using the
“complot” package of R software (R 4.03). CANOCO 4.5 software was used to perform
redundancy analysis on the relationship between ecological stoichiometric characteristics
of soil and soil microorganisms and environmental factors.

3. Results and Analysis
3.1. Effects of Forest Stand Type and Soil Depth on Soil-Microbial Carbon, Nitrogen, and
Phosphorus Concentrations and Stoichiometry Characteristics

Two-way analysis of variance results showed that stand types had extremely significant
effects on SOC, TN, TP, C:N, C:P, N:P, and pH (p < 0.01), significant effects on WAF, MBC, and
MBC:MBP (p < 0.05), and no significant impact on MBN, MBP, MBC:MBN, and MBN:MBP
(p > 0.05). Among them, the F value of the C:N ratio was the largest, indicating that forest
type had the greatest impact on C:N ratio. Soil depth had a substantial effect on SOC, TN, TP,
C:N, C:P, and pH (p < 0.01) but had no significant impact on microbial carbon, nitrogen, or
phosphorus, or their stoichiometric ratios (p > 0.05). The interaction between soil depth and
stand type had a significant effect on SOC and C:P ratio (p < 0.01), a significant effect on WAF
(p < 0.05), and no significant effect on other indicators (p > 0.05) (Table 2).

Table 2. Two-way ANOVA of soil microbial biomass and their stoichiometric ratios (F-value).

Forest Type Soillayer Forest Type * Soillayer
Soil properties S0C 5.204 ** 44135 ** 5.387 **
TN 5.816 ** 31.429 ** 1.435
TP 20.421 ** 40.09 ** 0.944
CN 26.503 ** 2.251 1.09
C:P 11.043 ** 22.919 ** 4.795 **
N:P 9.877 ** 20.951 ** 1.976
WAF 3.019* 0.673 4.74*
ph 22.593 ** 22.151 ** 1.916
Microbial biomass MBC 3.12% 3.206 0.427
MBN 0.531 2.066 2.13
MBP 0.844 0.835 0.625
MBC:MBN 1.489 8.306 0.251
MBC:MBP 3.743 * 3.186 0.231
MBP:MBN 0.56 0.954 2.092

Note: SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; MBC, microbial biomass C; MBN, microbial
biomass N; MBP, microbial biomass P; * and ** represent significant differences at 5% and 1% levels, respectively.

3.2. Characteristics of Soil Carbon, Nitrogen, Phosphorus and Stoichiometric Ratios

The changes in organic carbon, total nitrogen, and total phosphorus contents in the
0-20 cm and 2040 cm soil layers at different soil depths are shown in Figure 1. In any
forest type, the contents of organic carbon, total nitrogen, and total phosphorus in the
0-20 cm soil layer were higher than those in the 20-40 cm soil layer (Figure 2A-C). In the
0-20 cm soil layer, the order of soil organic carbon in the four forests was C. argyrotricha
> C. fargesii > C. multiervis > R. argyrophyllum. In the 20—40 cm soil layer, there was no
significant difference in soil organic carbon among the four forests (p > 0.05) (Figure 2A).
Similarly, in the 0—20 cm soil layer, there was no significant difference in soil TN among
the four forests (p > 0.05) (Figure 2B). In the 2040 cm soil layer, the soil total phosphorus
of C. argyrotricha was the lowest, which was significantly different from other forest types
(p < 0.05) (Figure 2C).
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Forest types and soil layers

Figure 2. SOC, TN, and TP stoichiometric indexes of 0—20 cm and 20-40 cm soil layers in four forest
types. 1, C. fargesii; I, C. multiervis; 111, C. argyrotricha; IV, R. argyrophyllum. A of X-axis, 0-20 cm soil
layer; B of X-axis, 2040 cm soil layer. Subfigure (A), content of SOC; subfigure (B), content of TN;
subfigure (C), content of TP; subfigure (D), ratio of C:N; subfigure (E), ratio of C:P; subfigure (F), ratio
of N:P. Different lowercase letters indicate significant differences at p < 0.05 among the 20-40 cm soil
layer in four forest types; different uppercase letters indicate significant differences at p < 0.05 among
the 0-20 cm soil layer in four forest types. * indicates significant differences between the 0-20 cm soil
layer and 2040 cm soil layer at the same forest type (p < 0.05).

In different soil layers, the soil C:N ratio of C. argyrotricha was significantly higher
than that of other forest types (p 0.05) (Figure 2D). The soil C:P ratio of C. argyrotricha was
higher than that of other forest types. In the 0-20 cm soil layer, there was a significant
difference between C. argyrotricha and C. multiervis and R. argyrophyllum (p < 0.05). In the
20-40 c¢m soil layer, there was a significant difference (p < 0.05) between C. argyrotricha and
R. argyrophyllum (Figure 2E). In the 0-20 cm soil layer, the soil N:P ratio of C. argyrotricha
was lower than that of other forest types, but there was no significant difference among
different forest types (p > 0.05). In the 2040 cm soil layer, the soil N:P ratio of C. argyrotricha
was significantly lower than that of other forest types (p < 0.05), and the difference between
forest types was significant (p < 0.05) (Figure 2F).

3.3. Soil Microbial Biomass Carbon, Nitrogen, Phosphorus Content and Stoichiometry Characteristics

Within the same forest type, there was no significant difference in MBC, MBN, and
MBP content among different soil layers (p > 0.05) (Figure 3A-C). In the 0-20 cm soil layer,
the MBC of C. fargesii was the highest, and was 26.59%, 42.92%, and 24.67% higher than that
of C. multiervis, C. argyrotricha, and R. argyrophyllum forest, respectively. In the 2040 cm soil
layer, the MBC content of C. argyrotricha was also the lowest, but there was no significant
difference compared with other forest types (p > 0.05) (Figure 3A). In the same soil layer,
there was no significant difference in MBN and MBP content between the different forest
types (p > 0.05).
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Forest types and soil layers

Figure 3. Carbon, nitrogen, and phosphorus stoichiometric indexes of the microbial biomass of
the 0-20 cm and 20-40 cm soil layers in four different forest types. I, C. fargesii; 11, C. multiervis;
101, C. argyrotricha; IV, R. argyrophyllum. A of X-axis, 0-20 cm soil layer; B of X-axis, 20-40 cm soil
layer. Subfigure (A), content of MBC; subfigure (B), content of MBN; subfigure (C), content of MBP;
subfigure (D), ratio of MBC:MBN; subfigure (E), ratio of MBC:MBP; subfigure (F), ratio of MBN:MBP.
Different lowercase letters indicate significant differences at p < 0.05 among the 20-40 cm soil layers
in four forest types. Different uppercase letters indicate significant differences at p < 0.05 among
0-20 cm soil layers in four forest types. * indicates significant differences between the 0-20 cm soil
layer and 20-40 cm soil layer within the same forest type at p < 0.05.

In the same soil layer, there was no significant difference in soil MBC:MBN ratio and
MBN:MBP ratio between different forest stands (p > 0.05) (Figure 3D,F); within the same
forest type, there was no significant difference in soil MBC:MBP ratio and MBN:MBP ratio
between different soil layers (p > 0.05) (Figure 3D-F).

3.4. Correlation between Soil-Microbial Biomass Carbon, Nitrogen, Phosphorus and Stoichiometric Ratio

In the 0-20 cm soil layer, the correlation analysis of soil microbial biomass carbon,
nitrogen, phosphorus, and stoichiometric ratio (Figure 4A) showed that SOC was signifi-
cantly (p < 0.05) or extremely significantly positively correlated with TN, C:P, N:P, MBN, and
MBN:MBP (p < 0.01). Soil TN was significantly positively correlated with TP, N:P, MBN,
and MBN:MBP (p < 0.01), and significantly negatively correlated with C:N and MBC:MBN
(p <0.01).

In the 2040 cm soil layer, correlation analysis (Figure 4B) showed that SOC was
significantly (p < 0.05) or extremely significantly positively correlated with TP, MBC:MBP,
and MBN:MBP (p < 0.01), and significantly negatively correlated with MBP (p < 0.05). Soil
TN was significantly positively correlated with TP and N:P (p < 0.01), and significantly
(p < 0.05) or extremely significantly negatively correlated with C:N and C:P (p < 0.01).
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Figure 4. Pearson’s correlation heatmap of between soil microbial biomass carbon, nitrogen, and
phosphorus and its ecostoichiometric ratio in the 0-20 cm soil layer (A) and 2040 cm soil layer (B).
Note: * represents significant difference at 0.05 level; ** represents significant difference at 0.01 level;
the number axis represents the magnitude of the correlation coefficient value, where red denotes a
positive correlation and blue denotes a negative correlation.

3.5. Redundancy Analysis

The soil microbial biomass carbon, nitrogen, and phosphorus and their stoichiometric
ratios in different soil layers were compared using an environmental factors redundant
sequence analysis. First, through stepwise iteration, environmental variables with signif-
icant explanatory power for the 0-20 cm soil layer were screened, namely slope aspect,
altitude, forest type, soil moisture content, and slope (Table 3). The soil microbial biomass
carbon, nitrogen, and phosphorus and their stoichiometric ratios in the 0-20 cm soil layer
were analyzed with significant explanatory environmental variables for redundant dual-
sequence analysis. The species—environment correlation values of the first and second
axes were 0.889 and 0.797, respectively (Table 3). The first and second axes explained
40.8% and 17.3% of soil microbial biomass carbon, nitrogen, and phosphorus and their
stoichiometric ratios, respectively (Table 3). RDA1 was mainly related to aspect, slope,
altitude, and soil moisture content; RDA2 was related to aspect and slope (Figure 5A,
Table 3). The explanation of all environmental variables for the variation of soil microbial
biomass carbon, nitrogen, and phosphorus characteristics was 69%, and the explanation
of significant explanatory environmental variables was 66%. The soil moisture content
significantly contributed to variation among soil microbial biomass carbon, nitrogen, and
phosphorus characteristics. This explanation amount was the largest at 26.00% (Monte
Carlo permutation test using 9999 permutations, p = 0.002).

Through stepwise iteration, environmental variables with significant explanatory
power for the 2040 cm soil layer were screened, including altitude, aspect, soil moisture
content, soil pH value, and slope (Table 3). The soil microbial biomass carbon, nitrogen,
and phosphorus and their stoichiometric ratios in the 20-40 cm soil layer were analyzed
with significant explanatory environmental variables for redundant dual-sequence analysis.
The species—environment correlation values of the first and second axes were 0.909 and
0.702, respectively (Table 3). The first and second axes explained 37.5% and 14.4% of
soil microbial biomass carbon, nitrogen, and phosphorus, and their stoichiometric ratios,
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respectively (Table 3). RDA1 was mainly related to soil pH, altitude, aspect, and slope;
RDA? related to slope, aspect, and soil moisture content (Figure 5B, Table 3). The variance
explained by all environmental variables was 62%, and the explanation of significant
explanatory environmental variables was 60%. Slope explained the most substantial
variation, at 16.00% (Monte Carlo permutation test using 9999 permutations, p = 0.002).

Table 3. Results of redundancy analysis variance partitioning of environmental factors with soil-
microbial biomass carbon, nitrogen, and phosphorus and its ecostoichiometric ratio.

Item Soil Layer Axis 1 Axis 2 Axis 3 Axis 4 Total Variance
Eigenvalues A 0.408 0.173 0.071 0.019 1
B 0.375 0.144 0.076 0.005 1
Species—environment correlations A 0.889 0.797 0.775 0.620
B 0.909 0.702 0.711 0.356
. o A 40.8 58.1 65.2 67.2
CV of species data (%) B 375 519 595 60.0
. . . SN A 60.6 86.3 96.9 99.7
CV of species-environment relationship (%) B 621 86.0 98.6 99.4
Sum of all eigenvalues A/B 1
Variance explained by all variables A 0-69
B 0.62
Variance explained by selected variables g 828
Forward selection of variables RDA1 RDA 2 F value p value Extra fit
Aspect A —0.1644 —0.6130 3.65 0.022 * 0.14
B —0.3547 0.1657 5.31 0.004 ** 0.14
. A 0.1800 —0.1081 4.20 0.029 * 0.14
Altitude B 0.2640 0.0017 471 0.011 * 0.15
A —0.4283 0.1617 11.63 0.001 ** 0.26
SWE B 0.0466 0.3425 3.10 0.041 * 0.08
Slope A —0.3397 0.4885 3.76 0.003 ** 0.07
B 0.5033 0.3664 419 0.007 ** 0.16
Forest type A 0.0241 —0.0111 2.80 0.024 * 0.05
pH B 0.2809 —0.1311 3.17 0.039 * 0.07

0.8

-1.0

CV, cumulative variance. ** significant at p < 0.01; * significant at p < 0.05. A, 0-20 cm soil layer; B, 20-40 cm soil layer.
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o
MBN:P-. SWF-B 5
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Figure 5. Biplots of redundancy analysis. Note: Biplots of redundancy analysis to show associations
between environmental variables and C:N:P ecological stoichiometry in soil and microbial biomass
of 0-20 cm (A) and between environmental variables and C:N:P ecological stoichiometry in soil
and microbial biomass of 20-40 cm (B). Arrows pointing in the same direction indicate variables
that are positively correlated, whereas arrows pointing in opposite directions indicate variables
that are negatively correlated. Abbreviations: FT, forest type; SWEF, water accommodated fraction;
AT, altitude; AS, aspect; SL, slope; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus;
MBC, microbial biomass C; MBN, microbial biomass N; MBP, microbial biomass P.
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4. Discussion
4.1. Soil Carbon, Nitrogen, and Phosphorus of Different Forest Stand Types and Their Ecological
Stoichiometry Characteristics

Most natural biological processes in forest ecosystems occur on the soil surface. The or-
ganic matter litter decomposition is first concentrated on the soil surface. Then, it mi-
grates to the lower layers with water or other media, resulting in an apparent vertical
pattern of soil nutrients, gradually moving from the surface to the lower layers. Chen [16]
studied soil depth, which significantly impacts SOC, TN, and TP, and their stoichiome-
try. Surface soil nutrient concentrations are higher than deep soil nutrient concentrations.
In this study, the SOC, TN, and TP contents in the 0-20 cm soil layer across different forest
stand types were higher than those in the 2040 cm soil layer, and the results of the two-
factor analysis of variance showed that the effects of soil depth on TP, SOC, and TN were
extremely significant. Our research results are consistent with those of Chen et al. At the
beginning of March in Fanjing Mountain, the temperature was low, and biological factors
had little effect on the transformation of soil carbon, nitrogen, and phosphorus. Average
TP in the 0-20 cm soil layer was 0.63 g/kg. This was at the intermediate level of soil TP
content across the country (0.52~0.78 g/kg), and represents a value equal to only 22.5%
of the total phosphorus content (2.8 g/kg) in worldwide soil. This is a manifestation of
phosphorus deficiency. The average TP in the 2040 cm soil layer (0.50 g/kg) was slightly
lower than the national soil TP (0.52~0.78 g/kg) and significantly lower than the world
average TP (2.8 g/kg), which is a manifestation of extreme phosphorus deficiency. There-
fore, supplementing phosphorus elements in the soil should be considered in managing
the Fanjing Mountain forest area. Chen [21] found that the occurrence and migration of the
three elements also resulted in significant vertical distribution patterns of C:N, C:P, and N:P
stoichiometry, which decreased with depth. The ratios of C:P and N:P decreased with an
increase in soil depth, which was consistent with the results of Chen, but the stoichiometric
distribution of C:N was stable and did not decrease with the increase in soil depth. The C:N
ratio is mainly used to judge the degree of decomposition of organic matter in the soil.
Studies have shown that when the C:N ratio is greater than 25, the accumulation rate of
organic matter in the soil is greater than the decomposition rate; when the C:N ratio is be-
tween 12 and 16, microorganisms in the soil have well decomposed the organic matter, and
it is difficult for any more organic matter to accumulate [29]. In this study, in the 0-20 cm
soil layer, the C:N ratio of C. fargesii was between 16 and 25, indicating that there was no net
accumulation or complete decomposition process of organic matter in it. The C:N ratio of
C. multiervis and R. argyrophyllum ranged from 12 to 16, indicating that microorganisms had
well decomposed the organic matter in these forest types. The C:N ratio of C. argyrotricha
was greater than 25, indicating that the accumulation rate of organic matter in the soil
under this forest type was greater than the decomposition rate. The N:P ratio in soils can
reflect the decomposability of organic matter and soil nutrient limitation. Some studies
have shown that when soil N:P < 10, vegetation growth is limited by nitrogen [30]. In this
study, the soil N:P in the 0-20 cm soil layer of the C. multiervis and C. argyrotricha forests
was less than 10, indicating that the soil was limited by N. Appropriate supplementation
of nitrogen elements can be used in these two forest types to meet the growth needs of
vegetation and improve their carbon sequestration capacity. Soil C:P is an important indica-
tor reflecting plant growth and development and a sign of soil phosphorus mineralization
ability. Microbial phosphorus will undergo net mineralization when the C:P ratio exceeds
200. When the C:P ratio is between 200 and 300, phosphorus in the soil neither increases
nor decreases, and when the C:P ratio is greater than 300, it indicates that the phosphorus
element in the soil is in a state of consumption [31]. In this study, the C:P ratio in the
0-20 cm soil layer of C. multiervis and R. argyrophyllum was lower than 200, indicating that
the soil phosphorus availability of these two forest types was high. The ratio in the 0-20 cm
soil layer of C. argyrotricha and C. fargesii was between 200 and 300, indicating that the
phosphorus in the soil under these two forest types neither increases nor decreases, and is
balanced.
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4.2. Soil Microbial Biomass Carbon, Nitrogen, and Phosphorus Contents in Different Forest Stand
Types and Their Ecological Stoichiometry Characteristics

Carbon, nitrogen, and phosphorus flow in soil ecosystems through immobilization
and mineralization [32], thereby regulating vegetation productivity. A decrease in microbial
biomass leads to the mineralization of nutrients, and an increase in microbial biomass
leads to nutrient retention. In this study, the MBC content of C. fargesii was the highest,
indicating that the soil carbon sequestration capacity of C. fargesii at low altitude was the
strongest in early March, which well explained the high organic carbon content of C. fargesii.
Chen [21] found that, in terms of microbial C:P and N:P ratios, the ratios decreased or
had no trend with increasing soil depth. In this study, the microbial C:P and N:P ratios
increased or had no trend with increasing soil depth, which was inconsistent with the
results generated by Chen [21]. The biomass C:P and N:P ratios in E. coli have been
found to be strongly homeostatic in their elemental composition across a broad range of
supply C:P and N:P ratios, despite growth-dependent variations for its low growth rate [33].
Perhaps the strong dynamic balance of C:P and N:P observed in our study is also due to the
low soil temperature in early spring and the slow growth of microorganisms in the soil.
Cleveland [34] believed that soil microbial N:P ratio may be more suitable than plant N:P
ratio to indicate ecosystem nutrient limitation. They proposed that soil microbial biomass
N:P ratio (6.9) can be used to judge nutrients. If the N:P ratio of soil microbial biomass
was greater than 6.9, the ecosystem nutrients were limited by P; conversely, they were
limited by N [35]. In this study, the variation range of the MBN:MBP ratio in the 0-20 cm
soil layer was 2.59-4.52, and the variation range of the MBN:MBP ratio in the 2040 cm
soil layer was 5.37-5.49, both of which were much lower than those of Cleveland [34].
Cleveland proposed the average soil microbial biomass N:P ratio (6.9), indicating that low
soil availability of N strongly limits soil microbial biomass, activities and other ecosystem
processes. These research results regarding low effectiveness N remind us again that in
spring, to improve the growth ability of organisms in Mount Fanjing, N supplements
should be administered.

4.3. Soil-Microorganism Carbon, Nitrogen, Phosphorus Relationship

In terms of the soil carbon, nitrogen, and phosphorus content and its stoichiometric
ratio, there exists a significant or extremely significant positive correlation, which indicates
that carbon, nitrogen, and phosphorus are coupled, and reflects the covariance between
nutrients [19,36]. In this study, soil C and N, N and P, C:N, and C:P were significantly
positively correlated in the 0-20 cm soil layer, which is consistent with previous research
results. There was a significant positive correlation between soil SOC concentration and
soil microbial biomass [37]. The growth of soil microorganisms is maintained and limited
by the availability of soil organic carbon, and soil organic carbon is consumed and treated
by soil microorganisms and changed by their activities. Therefore, soil microbial biomass
and soil organic carbon are closely related at the spatial scale. However, only a significant
positive effect of SOC on MBN was observed in this study, and no significant effect of SOC
on MBC was observed. This may be related to differences in soil microbial community struc-
ture between sampling seasons and study sites, as soil microorganisms tend to prioritize the
use of easily degradable carbon sources under unfavorable conditions for their growth [38].
When sampling, the temperature of the low altitude was 10 °C, whereas the high altitude
was 2 °C, which is not conducive to microbial growth. Microbial carbon sources are easily
degraded, resulting in no significant positive correlation between SOC and MBC, but a
significant positive correlation with MBN. The soil total nitrogen was highly significantly
positively correlated with soil microbial carbon and nitrogen, which was similar to the
results of Li [39], indicating that soil microbial biomass is closely related to total nitro-
gen. When limited by soil total nitrogen content, microorganisms will change due to soil
nitrogen resources, and adapt to changes in soil resources by adjusting their biomass
carbon and nitrogen. Previous studies have believed that the concentration of microbial
biomass carbon strongly correlates with soil microbial biomass nitrogen contents. The stoi-
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chiometry of soil microbial biomass is strictly determined [40] by soil microbial biomass
carbon. This increase has been shown to depend on sufficient soil nitrogen to maintain the
required microbial element stoichiometry [41], which is similar to the findings of this study.

5. Conclusions

Given the comprehensive influence of forest type, altitude, slope aspect, and other fac-
tors, the soil nutrient content of different forest types in Fanjing Mountain was found to be
different in spring. The SOC and TN of the four forest types were higher in the surface soil
than in lower layers of soil, and the TP content was deficient, indicating that phosphorus
was a limiting element. The accumulation rate of organic matter in the soil of C. fargesii was
greater than the decomposition rate. The soil carbon holding capacity and organic carbon
content were strong. The low availability of soil nitrogen across the different forest stand
types in Fanjing Mountain strongly limits the biomass of soil microorganisms, along with
their activities and other ecosystem processes. Therefore, in managing the Fanjing Moun-
tain forest area, attention should be paid to supplementing N and P in the soil. This could
also strengthen the protection of forest area vegetation by promoting the decomposition of
litter in the forest stands and improving the nutrient recycling capacity of different forest
types in order to maintain forest productivity in the long term. This study can provide a
theoretical basis for the soil nutrient cycle in the mid-subtropical forest ecosystem. How-
ever, to comprehensively evaluate the soil nutrient status of the Fanjing Mountain forest
ecosystem, it is necessary to consider the leaves, branches, trunks, roots, and other organs
of the tree species and carry out the work in combination with litter. More in-depth research
will need to explore the relationship between vegetation, litter, and soil to provide solid
data support and a theoretical basis for sustainable forest development and management.
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