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Abstract. Carbon, Nitrogen, Phosphorus, and other nutrient contents and their ecological stoichiometric
characteristics of forest soil are helpful to understand soil nutrient cycling pattern in alpine region. The
soil samples of six consecutive altitudinal gradients (3800, 3900, 4000, 4100, 4200, and 4300 m) in the
northern and southern slopes of Sejila Mountain in southeast Tibet (PR China) was collected in July
2021. The contents of total organic carbon (TOC), total nitrogen (TN), and total phosphorus (TP) were
measured, and the ecological stoichiometric values were also calculated. Results showed that altitude had
significant effects on N, P, and C/N (P < 0.05), slope aspect had extremely significant effects on C, P,
CIN, and C/P (P <0.01). Pearson analysis results showed that TOC was significantly positively
correlated with TN, N/P, and C/P in the North slope. In the south slope, C/N was negatively correlated
with TN and TP. TOC, NiN, and S were positively correlated with soil stoichiometric characteristics.
TOC, TN, TP, NiN and slope aspect were the main controlling factors of soil stoichiometric
characteristics. The results can provide a theoretical reference for the study of soil nutrient supply and
interaction in alpine forest ecosystems.
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Introduction

Soil is an extremely important part of terrestrial ecosystems; it is an important
support for many ecological processes (Normand et al., 2017) and plays a key role in
plant development, which is directly related to the formation, stability, and succession
of plant ecological populations (Wardle et al., 2004; Zeng et al., 2017). Scientific
researchers generally attach importance to C, N, and P because they are basic nutrients
required for the development of organisms (Sterner et al., 2017). These macronutrients
are necessary for plant growth and play an important role in growth and metabolism
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processes (Jiang and Xu, 2004). Therefore, C, N, and P in soil nutrient elements are not
only the main components of soil, but also important basic elements in plant growth and
development, evidently affecting microbial dynamics in soil, decomposition of
vegetation litter, food web, and accumulation of soil nutrients with the loop (Elser et al.,
2010b; Griffiths et al., 2012). In addition, the dynamics and evolution of soil nutrients
are interactive and coupled in ecological processes (Tian et al., 2010; Tao et al., 2016).
The study of the variation characteristics of soil nutrient elements in terrestrial
ecosystems cannot explain the law of changes in soil quality. Systematically studying
the proportional relationship among soil nutrient elements is very important (Zeng et al.,
2015a). Therefore, an in-depth study of the ecological stoichiometry of soil nutrients to
clarify soil quality, elucidate interactions in soil nutrients, and elucidate soil nutrient
availability is important for understanding the cycling and balance mechanisms of soil
nutrient elements and the effects of soil nutrient elements in terrestrial ecosystems. The
degree of influence of plant community structure and function is significant (Zeng et al.,
2015a; Zechmeister-Boltenstern et al., 2015; Yang et al., 2015), and slope aspect and
altitude may also be the main factors that directly affect the content and distribution of
these soil elements.

Ecological stoichiometry focuses on the balance of various chemical nutrients in
ecological interactions (Elser et al., 2000). Many studies have used regional or global
patterns of plant tissue stoichiometry to indicate vegetation composition, dynamics, and
nutrient limitations (Gusewell, 2004; Reich and Oleksyn, 2004; Han et al., 2005; Yuan
et al., 2011). One study showed that in forest ecosystems, the global carbon-nitrogen
stoichiometric ratio changes over time (Yang and Luo, 2011). Scientists have also
investigated how C, N, and P stoichiometry in soil modulates vegetation patterns (Bui
and Henderson, 2013). The C:N:P ratio in the soil directly expresses the degree of soil
fertility and indirectly indicates the nutritional status of plants (Wang and Yu, 2008;
Elser et al., 2010a; Batjes, 2014). Jiang et al. (2011) deeply studied the mulching
conditions of herbs, shrub plants, and trees in Qilian Mountains. The complex coupling
relationship among C, N, and P elements in soil has a good guiding significance for the
study of soil nutrient supply status and element cycle. Ratio characteristics indicate the
soil ecological stoichiometric characteristics. Thus far, research results on the C, N, and
P values and their ecological stoichiometric characteristics of forest soils in China’s
alpine mountains are few, thereby limiting the researchers’ understanding of the soil
trace element cycle laws in this special ecological region. Chemometrics provides a
framework to analyze such research.

Tibet has a special geographical location in China. It is the main body of the
Qinghai-Tibet Plateau and an important ecological protection barrier. It is also a region
with a very unique relationship between ecology and the environment in the world
(Kumar, 2017). It is a good natural laboratory for studying Chinese forest soil. Different
altitudes create differences in natural temperature difference, air humidity, and light
radiation, thereby becoming an important area for studying forest soil. Another
characteristic of high mountains is their slope aspect. Plants with different slope aspects
have different environmental impacts on the plant ecosystem due to the difference in
exposure to Sunlight, irradiation and rainfall. Studying the soil characteristics of
different slopes can evaluate the influence of different light and water conditions on the
soil and vegetation of the mountain. At the same time, the environmental factors of
different slopes are different; thus, the soil shows differences, resulting in different
altitudes of different slopes. Differences in soil C, N, and P contents at height were
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found, affecting the ecological stoichiometric characteristics of soil C, N, and P
contents. Thus far, studies on the ecological stoichiometric characteristics of soil C, N,
and P content are abundant, but reports on the comprehensive research on the ecological
stoichiometric characteristics of soil CNP content in Sejila Mountain are limited. The
distribution characteristics of soil nutrient content of TOC, TN, and TP, as well as the
ratio of TOC content to TN content (C/N), and the relationship between TOC content
and TP content were studied, considering the forest soils of different slopes and
altitudes in the Sejila Mountains in southeastern Tibet as the research object. Ecological
stoichiometric characteristics, such as the ratio of TP content (C/P), the ratio of TN
content to TP content (N/P), are studied to further reveal the ecological stoichiometric
characteristics of C, N, and P in forest ecosystem soils in alpine regions of China and
provide theoretical support for the study of soil-plant system material cycle and nutrient
supply. Therefore, this study aimed to:(1) explore the distribution characteristics of soil
C, N, P and their stoichiometric indicators along altitudinal gradients in Sejila Mountain
of southeast Tibet, China; (2) determine the main influencing factors on ecological
stoichiometric characteristics of C, N, and P in Sejila Mountains.

Materials and methods
Overview of study area

Sejila Mountain is located in Nyingchi City (94°28'-94°51'E, 29°21'— 29°50'N) in
the southeastern part of Tibet, China. It is located in the middle and lower reaches of the
Yarlung Zangbo River and belongs to the remnants of the Nyaingentanglha Mountains;
the altitude is in the area of 2200-5300 m. Affected by the warm and humid monsoon of
the Indian Ocean, this area is a typical subalpine temperate semi-humid climate zone,
with rich and diverse vegetation types, and evident vertical zonality of the mountain.
Subalpine includes cold temperate dark coniferous forest, pine forest, deciduous broad-
leaved forest, and mountain temperate coniferous and broad-leaved mixed forest (Zhu et
al., 2020; Zhang et al., 2022).

The average temperature throughout the year is approximately —0.73 °C, the highest
average temperature in July is 9.23 °C, and the lowest average temperature in January is
—13.98 °C. The extreme minimum temperature is —31.6 °C, the extreme maximum
temperature is 24.0 °C, the annual average sunshine duration is 1150.6 h, the sunshine
percentage is 26.1%, the maximum sunshine duration is December (151.7 h), the
sunshine percentage is 40%, and the annual average relative humidity is 78.83%. The
annual average precipitation is 1134.1 mm, and the evaporation is 544.0 mm,
accounting for 48.0% of the annual average precipitation. The rainy season is from June
to September, accounting for 75%—-82% of the annual rainfall, of which August has the
most rainfall, with an average of 294.2 mm, accounting for 30% of the annual rainfall.
The soil types are mostly mountain brown soil and acid brown soil, with a pH value of
4-6, an average thickness of 60 cm, and an insignificant degree of humus (Zhu et al.,
2020; Zhang et al., 2022).

Experimental design and sample determination

Samples were obtained from six consecutive altitude gradients of 3800, 3900, 4000,
4100, 4200, and 4300 m on the north and south slopes in July 2021, and three 10 m x
10 m plots were set up in each elevation gradient in Sejila Mountain (Fig. 1) of
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southeast Tibet. The basic information of the sampling plot was shown in Table 1. In
the five-point sampling method, 0-20 cm of soil was collected and mixed evenly after
peeling off the surface litter and humus layer of each sample point, and finally the soil
sample was reduced to 1 kg by the quartering method to obtain the soil sample for
testing. The sample point, altitude, soil type, and other information are recorded (Wu et
al., 2019a). Six elevations, two slope aspects, three plots for each elevation, and three
replicates for each plot were found, for a total of 108 scattered soil samples. After all
soil samples were collected, non-soil components, such as animal and plant residues,
gravel, and intrusions, were immediately removed, and then divided into two parts; they
were placed into Ziploc bags and returned to the laboratory, sealed, and stored in a
refrigerator at 4 °C and used for soil determination. Total organic carbon (TOC) was
measured by K>CrO7 external heating method (Bao, 2000). Kjeldahl method was
developed to determine total nitrogen (TN) (Bao, 2000). Nitrate nitrogen (NOs-N,
NiN) and Nitrite nitrogen (NO2 -N, NaN) was determined by the phenol disulfonic acid
colorimetry method (Haby, 1989). Ammonium nitrogen (NHs*-N, AmN) was extracted
with 1.2 mol/L KCI via the indophenol blue colorimetric method (Dorich and Nelson,
1983). Particulate organic carbon (POC) was assayed using the method of Garten et al.
(1999). Easily oxidized organic carbon (EOC) was assessed using the determination
method of Chen et al. (2017). Dissolved organic carbon (DOC) was determined using
the method of Fang et al. (2014). Soil total phosphorus (TP) was determined by HCIO4-
H2SO4 digestion combined with molybdenum antimony resistance spectrophotometric
method, soil available phosphorus (AP) was determined by molybdenum antimony
method after 0.5 M NaHCOs extraction, soil total potassium (TK) was determined by
HF-HCIO4 digestion combined flame spectrum method, and soil available potassium
(AK) was determined by flflame spectrum method after extraction with 1 M NH4OAc
(Bao, 2000).
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Figure 1. Location of sampling sites. Three photos of sampling plots in (A) 4348 m, (B) 4137 m
and (C) 3923 m in north slope
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Table 1. Basic information of the sampling plots
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Long.

(°E)

Lat.
(°N)

Average
coverage

Average
crown
density

Litter
thickness
(cm)

3800
3900
4000
4100

94.71
94.71
94.71
94.71
4200 | 94.70
4300 | 94.70

29.64
29.64
29.65
29.65
29.65
29.65

0.87+0.02
0.66+0.04
0.87+0.04
0.86+0.04
0.78+0.04
0.69+0.04

0.67+0.05
0.52+0.03
0.46+0.04
0.61+0.03
0.49+0.03
0.46+0.02

12.00+2.65
9.00£1.73
14.33+3.21
10.33+2.52
6.33+1.53
14.67+3.06

94.72
94.71
94.71
94.70
94.70
94.70

29.64
29.64
29.64
29.63
29.63
29.63

0.91+0.03
0.78+0.02
0.95+0.02
0.87+0.02
0.93+0.03
0.71+0.03

0.61+0.02
0.67+0.02
0.51+0.02
0.45+0.04
0.65+0.04
0.41+0.02

9.00+1.00

13.00+4.00
19.33+4.51
15.334£2.52
14.67+2.08
17.67+4.51

Mean * standard deviation (SD). Alt., altitude; Long., longitude; Lat., latitude

Data analysis

Excel software was used for preliminary data processing. All the statistics were
calculated using SPSS software (v.25.0, IBM Corp., Armonk, NY, United States) and
plotting was performed on Origin 2021b (Origin lab, Northampton, Massachusetts,

United States). One-way ANOVA and least significant difference method (LSD)
were used to analyze the significance of the differences in TOC, TN, TK, and TP
contents in different slope directions at different altitudes. A p-value <0.05 was
considered for assessing significant statistical effects. The independent sample T test
(Student-t test) was used to test the difference in soil measurement parameters in
different slope aspects at the same altitude, and origin mapping was used. The degree of
spatial variation of each indicator in soil was expressed by coefficient of variation (CV).
When the CV was 0-10%, 10%—-100%, and > 100%, it had weak, medium, and strong
variation, respectively (Cambardella et al., 1994). Redundancy analysis method (RDA)
was used to intuitively express the relationship between soil C, N, and P ecological
stoichiometric characteristics and soil factors. C/N, C/P, and N/P were used as species
variables, and the 12 soil factors (TOC, TN, TP, TK, AmN, NiN, NaN, AK, AP, DOC,
EOC, and POC) are used as environmental variables. Redundancy analysis (RDA) was
performed using Canoco 5.0 (Microcomputer Power, United States).

All abbreviations of indicators used in this study are described in Table 2.

Table 2. The definition, abbreviation, and units for indicators used in the present study

Parameter Definition Unit
TOC Total organic carbon g/kg
TN Total nitrogen g/kg
TP Total phosphorus g/kg
TK Total kalium g/kg
AP Auvailable phosphorus mg/kg
AK Glucose concentration a/kg
EOC Easily oxidized organic carbon mg/kg
POC Particulate Organic Carbon g/kg
DOC Dissolved organic carbon ma/kg
AmN Ammonium nitrogen mg/kg
NaN Nitrate nitrogen ma/kg
NiN Nitrite nitrogen mg/kg
Alt Altitude m
SA Slope aspect
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Results
Soil C, N, P, and ecological stoichiometric characteristics of Sejila Mountains

The distribution patterns of soil C, N, and P contents and their ecological stoichiometry
with elevation are shown in Figure 2 and Tables 3 and 4. TOC content on the north
slope is basically stable with elevation, while on the southern slope it increased with
elevation (P = 0.046, R? = 0.347). The maximum TOC value occurs at 4300 m on the
north slope (53.07 + 23.29 g/kg) and at 4200 m on the south slope (76.31 = 25.52 g/kg).
The results of ANOVA showed that elevation had no significant effect on TOC content,
and slope direction had a very significant effect on it (P < 0.01); On both two slopes,
TN content increased with elevation (North slope: P = 0.043, R? = 0.213; South slope:
P =0.039, R?=0.211), there was no significant difference among altitudinal gradients
and between the slope aspects (P > 0.05). The characteristics of TP with elevation
showed clear opposite trends on both slopes, increasing significantly with elevation on
the northern slope (P = 0.047, R? = 0.185), but decreasing significantly with elevation
on the southern slope (P = 0.042, R? = 0.166), Maximum (0.72 + 0.07 g/kg) at 3900 m
in north slope and maximum at 3800 m in south slope (0.63 = 0.05 g/kg); Altitude had a
significant effect on TP (P < 0.05), slope direction had a very significant effect on TP
(P < 0.01), and altitude and slope direction had a very significant interactive effect on
(P <0.001); C/N only increased significantly with altitude on the southern slope
(P = 0.047, R? = 0.381), Both elevation and slope aspect had significant effects on C/N
(P < 0.01; P <0.001), the combined effect of elevation and slope aspect had significant
influence on C/N (P < 0.05).; C/P increased with elevation (North slope: P = 0.049,
R?=0.191; South slope: P = 0.046, R? = 0.133), Elevation had no significant effect on
C/P (P > 0.05), however, slope had a very significant effect on it (P < 0.001), and
elevation and slope aspect had significant interactive effect on C/P (P < 0.05); N/P
increased significantly with elevation on the northern slope (P = 0.045, R? = 0.173), but
decreased significantly with altitude on the southern slope (P = 0.038, R? = 0.162).

Table 3. Multiple comparisons of soil carbon, nitrogen and phosphorus ecological
stoichiometry with different slope aspects and elevations

Aspect | Altitude/m Indicators
TOC (g/kg) TN (g/kg) TP (9/kg) C/N C/IP N/P
3800 45.82 +7.49Aa |2.21 +0.44Aa| 0.42 + 0.08Ab | 20.87 £ 2.29Aa | 109.30 + 3.68Ba | 5.28 + 0.61Aa
3900 52.86 + 9.25Aa | 3.55+0.84Aa| 0.72 £ 0.07Aa | 15.03 + 1.13Ab | 72.07 £5.83Ba | 4.83 +0.72Aa
North 4000 38.29 +£3.07Ba | 2.78 £ 0.17Aa | 0.58 £ 0.03Bab | 13.73 £ 0.51Abc | 65.24 +3.27Aa | 4.75 £ 0.28Aa
slope 4100 3452 +559Ba [2.73 +0.87Aa| 0.52 + 0.02Ab |13.27 £ 3.26Abc | 66.64 + 13.44Aa | 5.28 + 1.81Aa
4200 45.67 £ 3.09Ba |4.08 +0.13Aa| 0.71 £ 0.11Aa | 13.17 £ 3.26Ac | 66.64 + 13.44Ba | 5.28 + 1.81Aa
4300 53.07 £ 23.29Aa | 3.96 + 2.15Aa | 0.58 + 0.04Bab | 13.82 + 1.32Abc | 89.31 + 33.41Aa | 6.65 +3.17Aa
3800 47.14 £15.78Aa|2.19 £ 1.04Aa| 0.63 £ 0.05Ba | 22.55 + 3.91Ab | 76.00 + 32.59Aa | 3.57 £ 2.01Ab
3900 59.55 + 7.83Aa | 1.98 + 0.55Aa | 0.38 £ 0.14Bb [32.02 + 11.03Ba |171.32 + 74.17Aa|5.26 £ 0.82Aab
South 4000 64.84 £ 9.32Aa | 3.89 £ 0.56Aa | 0.56 + 0.04Aa | 16.66 + 0.25Bb |114.99 + 25.34Ba | 6.91 + 1.54Aa
slope 4100 62.44 + 5.39Aa |3.20 £ 0.54Aa | 0.55 + 0.03Aa | 19.75 + 2.38Ab |113.08 + 10.29Ba | 5.76 + 0.65Aab
4200 76.31 + 25.52Aa(4.20 + 1.51Aa | 0.57 + 0.04Aa | 18.46 £ 2.41Ab [132.25 +41.92Aa| 7.32 + 2.63Aa
4300 54.34 + 14.38Aa|3.13+ 1.15Aa | 0.40 + 0.08Ab | 17.83 + 2.05Ab | 131.93 +7.57Ba | 7.49 + 1.24Aa
AL 0.994" 2.715™ 2.931* 5.751** 1.144" 2.158™
Two-way SA 13.231** 0.136™ 8.349** 26.801*** 21.106*** 1.301™
ANOVA ALxA 1.757™ 1.365™ 10.111%** 3.175* 3.281* 0.991™
Residuals 2.453 1.867 6.687 6.495 3.931 1.551

The representative factor has no significant effect on the index; *P < 0.05; **P < 0.01; ***P < 0.001. Different uppercase letters
represented significant differences in slope aspects (P <0.05). Different lowercase letters represent significant differences
between different altitudes in the same slope aspect (P < 0.05)
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Figure 2. Distribution characteristics of soil carbon, nitrogen and phosphorus ecological
stoichiometry along altitudinal gradient. The red line represents the North Slope; The blue line
represents the southern slope

Relationships among soil C, N, P, and their stoichiometric characteristics in Sejila
Mountains

The results of Pearson correlation analysis indicate that, on the northern slope, TOC
was significantly positively related with TN (r = 0.805, P < 0.001), N/P (R = 0.686,
P =0.002), and C/P (R =0.603, P = 0.008); TN was significantly positively related with
N/P (R =0.805, P <0.001), but significantly negatively related with C/N (R =—0.606,
P =0.008); C/N was significantly positively related with C/P (R =0.498, P = 0.007),
but significantly negatively related with TP (R =—-0.545, P =0.019) (Fig. 3A). On the
southern slope, TOC was significantly positively correlated with TN (R =0.810,
P <0.001) and N/P (R =0.769, P <0.001); C/N was significantly negatively related
with TN (R =—0.669, P =0.002) and TP (R =-0.509, P = 0.031); TN was significantly
positively correlated with N/P (R=0.833, P <0.001) (Fig.3B). The specific
relationship between soil CNP content and their stoichiometric ratio could be fitted with
a binomial model (Fig. 4; Table 5). On the northern slope, the relationship between TN
and C/N can be expressed as follows: y = 32.056-8.4143x + 0.8407x?> (P =0.001,
R?2=0.569); the relationship between TOC and C/P was as follows:
y = 68.1133—0.4972x + 0.0148x? (P = 0.026, R? = 0.382); the relationship between TP
and C/P was: y=217.2196-401.1152x + 268.9503x*> (P =0.007, R?=0.284); the
relationship between TN and N/P was: y =5.2082—0.8x + 0.2426x> (P < 0.001,
R%=0.737). On the southern slope, the relationship between TN and C/N can be
expressed as follows: y =50.239-15.4628 + 1.7368x? (P <0.001, R?=0.621), the
relationship between TN and N/P was: y =5.2082—0.8x + 0.2426x> (P < 0.001,
R? = 0.696); the relationship between TP and N/P was: y = 3.4394 + 7.1539x—6.1290x>
(P =0.027, R? = 0.381).

Influencing factors on ecological stoichiometric characteristics of C, N, and P in
Sejila Mountains

The bi-sequence diagram of soil stoichiometric ratio and environmental variables can
be obtained by analyzing the relationship between the two groups of variables (Fig. 5).
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RDA results showed that the soil factors explained 55.54% and 39.54% of the solil
stoichiometric ratios on axes 1 and 2 of the ordination diagram, respectively (Table 6).
The accumulation explanation rate of the first two axes was 95.08%, which indicated
that the axis can effectively reflect the relationship between soil stoichiometric ratio and
soil factors and was mainly determined by the first axis. Figure 3 shows that the
included angles of TOC, NiN, S, and the three soil stoichiometric ratios were less than
90°, showing a positive correlation; whereas the included angle of TP, TK, AP, DOC,
and the three soil chemical ratios was > 90°, showing a negative correlation. The
importance of each soil factor was further studied, and the Monte Carlo test was
performed for each soil factor (Table 7). TN contributed most to soil stoichiometric
characteristics (contribution rate: 42.9%) and had significant correlation (P < 0.01). The
second contributor was TOC (contribution rate: 36.2%). TP and NiN also had
significant effects on C/N, C/P, and N/P, and their contribution rates were 17.7%
(P =0.002) and 1.6% (P =0.004). The total contribution of the four soil factors reached

98.4%.
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Figure 3. Correlation analysis between soil C, N and P contents and stoichiometric ratio; (A)
north slope;(B) south slope

Discussion

Soil C, N, and P contents and their ecological stoichiometric characteristics in Sejila
Mountains

Although altitude did not have a significant effect on soil TOC content, it remained
stable on the northern slope and increased on the southern slope, consistent with the
results of He et al. (2015). From the perspective of different slopes, the TOC content
of the southern slope was much higher than that of the northern slope, and reached the
maximum value at 4200 m. The higher plant coverage and sufficient soil moisture on
the southern slope strengthen the soil nutrient retention, and the TOC decomposition
rate slowly accumulates (Zhu et al., 2013a). The content of TN in the northern and
southern slopes increased with elevation, consistent with the results of Liu et al.
(2016), and the content in the northern slope was much richer. Previous studies have
shown that on the northern slope, soil nitrogen uptake increased due to the
degradation of litter, the action of nitrogen-fixing microorganisms, and the
accumulation of combined nitrogen from precipitation (Kong et al., 2009; Zhong and
Xin, 2004; Chen et al., 2022).
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Table 4. Regression analysis of ecological stoichiometric characteristics of soil carbon, nitrogen and phosphorus

Aspect | Tegression TOC TN TP CIN c/p N/P
analysis
North Equation y=0.0031x+32.437 y=0.0029x-8.6744 y=0.0002x-0.246 | y=0.001x+10.5559 | y=0.0529x-136.7273 y=0.0035%-9.032
sl(c));)te R? 0.002 0.213 0.185 0.002 0.191 0.173
P 0.853 0.043 0.047 0.839 0.049 0.045
South Equation y=0.0239x-36.2503 y=0.003x-9.2156 | y=1.2035-0.0001x | y=0.0164x-45.5835 | y=0.0458x-62.4526 | y=17.3536-0.0027x
S%“pe R? 0.374 0.211 0.166 0.381 0.133 0.162
P 0.046 0.039 0.042 0.047 0.046 0.038
Table 5. Regression analysis of soil carbon, nitrogen and phosphorus with stoichiometric characteristics
Aspect | Regression C-CIN N-C/N c-clp P-C/P N-N/P P-N/P
analysis
Equation y=7.5826+0.2936Xx- y=32.056- y=68.1133- y=217.2196- y=5.2082- y=3.4394+7.1539x-
g 0.0028x? 8.4143x+0.8407x? 0.4972x+0.0148x? | 401.1152x+268.9503x> 0.8x+0.2426x? 6.1290x2
North slope | Rz 0.027 0.569 0.382 0.284 0.737 0.007
P 0.809 0.001 0.026 0.007 p <0.001 0.948
. y=22.6803+0.0053x- y=50.239- y=130.3079- y=107.7312+107.8894x | y=2.235+1.03x+0.0 " )
Equation 0.0004x? 15.4628+1.7368x2 | 0.1429x+0.0004x2 -143.1207x2 57x2 7'116;(?: f(')gzg%x
South slope -O4VOX
R? 0.017 0.621 0.001 0.081 0.696 0.381
P 0.877 p <0.001 0.993 0.947 p <0.001 0.027
Table 6. Eigenvalues and cumulative interpretation ranking of soil stoichiometric
AXis sequence Axis 1 AXxis 2 Axis 3 Axis 4
Soil stoichiometric ratio characteristic value 0.5554 0.3954 0.0018 0.0372
Correlation between soil stoichiometric ratio and soil physicochemical factors 0.9748 0.9829 0.54 0
Soil stoichiometric ratio cumulative interpretation 55.54 95.09 95.27 98.99
Soil stoichiometric ratio - the cumulative amount explained by soil physicochemical factors 58.3 99.81 100
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Table 7. The importance ranking and significance test results of soil physical and chemical
factor variable explanation

Env:cronmental Explain/% Contribution/% Importance-F Significant-P
actors
TP 16.9 17.7 70.1 0.002
TN 40.9 429 55 0.002
TOC 34.5 36.2 17.9 0.002
NiN 15 1.6 7.6 0.004
EOC 0.3 0.3 1.7 0.172
S 0.2 0.2 1.2 0.284
NaN 0.2 0.2 1.1 0.284
AK 0.2 0.2 0.8 0.39
TK 0.2 0.2 0.8 0.47
AmN <0.1 0.1 0.5 0.602
POC <0.1 <0.1 0.4 0.606
AP <0.1 <0.1 0.3 0.714
AL <0.1 <0.1 0.3 0.734
DOC <0.1 <0.1 0.2 0.822

C/N is a sensitive index of soil quality, and it affects the cycling of soil nutrients,
organic C, and N (Luo et al., 2015; Zhu et al., 2013b). Studies have shown that C/N
content on the southern slope increases along with elevation, probably due to the
decrease in temperature and increase in humidity in the forest, the inhibition of soil
microbial activity, the decrease in soil carbon mineralization rate, and the increase in
soil organic carbon accumulation (Qin et al., 2019; Fang et al., 2004). In the northern
slope, TOC content increased or changed slightly with the increase in elevation
gradient, and the change in soil TOC content was less than that of TN content. The
reason may be that extra N elements required for microbial growth in the soil would be
released into the soil and increase its N element content (Ma et al., 2020; Wang et al.,
2020; Hou et al., 2021; Lasota and Bonska, 2021; Li et al., 2021). The variation range
of TOC content was larger than that of TN content, the C/N value was higher than the
average level of Chinese forest soil (13.7) (Wu et al., 2019b), and TOC was at an
abundance level. According to the principle of ecological stoichiometry, the formation
of organic matter also requires a certain amount of N and some other nutrients (Tao et
al., 2016; Zhu et al., 2013b). Therefore, stable C/N can be used to estimate soil N
stocks, C stocks, and C and N cycling in ecosystems (Tao et al., 2016; Tessier and
Raynal, 2003). Soil C/P was regarded as the standard of soil P mineralization ability,
and it was also the basic index to evaluate the P release amount of soil organic matter
and the ability of microorganisms to absorb P in the environment after mineralization
(Zeng et al., 2015b). The present study has shown that the soil C/P value in the northern
and southern slopes increased with altitude, but no significant difference was found
between the altitudes. Low soil C/P value represented high availability of soil P, which
can promote soil microorganisms to decompose organic matter and release nutrients, as
well as increase the content of soil available P (Tian et al., 2010; Griffiths et al., 2012).
At the same time, we found that the soil C/P values of the six sampling points of each
elevation in both slopes were lower than the average in China except for the southern
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slope at an altitude of 3800 m, which was higher than the average in China (136) (Tian
etal., 2010; Wu et al., 2003), but much lower than the global average (186) (Zhao et al.,
2015a). N/P can be used as an indicator of soil nitrogen saturation status and a threshold
for measuring the degree of soil nutrient limitation (Zhao et al., 2015b). In this study,
the soil N/P value increased along the elevation in the northern slope, whereas the trend
in the southern slope was opposite; no significant difference was found between
elevations. The mean soil N/P values of the six elevation gradients on both slopes of
Sejila Mountains were much lower than the global average (13.1) and the Chinese
average (9.3) (Wu et al., 2003; Zhao et al., 2015a). The CV range of N/P was 5.86%—
56.90%, combined with the higher C/P value, which indicates a possibility that soil N
and soil P was relatively deficient in alpine forest ecosystems of Sejila Mountains
(Cleveland and Liptzin, 2007; Tessier and Raynal, 2003; Bui and Henderson, 2013;
Tian et al., 2018). Soil C/N and N/P showed two opposite trends with elevation. Soil
C/N increased with the elevation on the southern slope, but decreased with the elevation
on the northern slope; soil N/P decreased with the elevation on the southern slope and
increased with the elevation on the northern slope. Meanwhile, the soil TN content in
the study area was extremely high; it was higher than the national average soil nitrogen
content (1.07) (Liu et al., 2022). The variations of soil C:N and N:P along the elevation
gradient were mainly restricted by N element.

Relationships between soil C, N, and P stoichiometric characteristics and soil factors

Soil ecological stoichiometric characteristics are not only affected by vegetation,
climate, topography, and other factors, but also closely related to soil physical and
chemical properties (Zhang, 2017). The carrier and medium for plants to absorb
nutrients come from soil, which is also an important site for a series of physiological
and biochemical reactions; changes in soil physical and chemical factors have a
significant impact on nutrient cycling (Li et al., 2015). Studies have shown the
significant relationship between soil physicochemical factors and ecological
stoichiometric ratios. Soil TOC, TN, NiN, and TP were the main driving factors
affecting the stoichiometric characteristics of soil C, N, and P. TOC, TN, NiN, and TP
were significantly correlated with soil stoichiometric characteristics (Zhang, 2017; Li et
al., 2019; Guo et al., 2020). Soil TOC, TN, TP, and NiN can promote the increase in
soil C/N, N/P, C/P, and P element, which were likely to be the limiting factors of soil
ecological stoichiometric ratio.

Conclusion

The present study has shown that slope aspect is an important factor affecting soil
nutrient and stoichiometric ratio. Altitude has a significant effect on N, P, and C/N
(P < 0.05); slope aspect has a very significant effect on C, P, C/N, and C/P (P < 0.01).
The interaction of altitude and aspect has significant effects on P, C/N, and C/P
(P < 0.05). The soil C/N and N/P in the study area has shown opposite trends with the
increase in altitude, and the variations on the altitude gradient were limited by nitrogen.
Altitude slightly affects C/N, C/P, and N/P, and slope aspect has significant correlation
(P < 0.05) or extremely significant correlation (P < 0.01) with soil stoichiometric ratio
at each altitude. Elucidating changes in soil quality based on studies of soil nutrient
element content and stoichiometric ratio alone is insufficient. The interaction between
soil nutrient elements must be considered (Tao et al., 2016; Zhu et al., 2013b), and the
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present study has found a significant relationship between soil nutrient content and
stoichiometric ratio. In summary, elevation and aspect explain the limited variation in
soil nutrient stoichiometry in the Sejila Mountains. These findings demonstrate the
critical role of topographic factors in alpine regions in influencing soil nutrient
stoichiometry and advance understanding of soil nutrient interactions in our subalpine
forest ecosystems.
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APPENDIX

Table Al. Altitudinal distribution characteristics of stoichiometric ratios in north and south
slopes

CIN C/IP N/P

Aspect | Altitude
Mean+SD | CV/% Mean = SD CV/% Mean = SD CV/%

3800 20.87+2.29 | 1098 | 109.30 +3.68 3.37 5.28 +0.61 11.56
3900 15.03+1.13 | 7.52 72.07 £5.83 8.09 483+0.72 14.97
North 4000 13.73+0.51 | 3.68 65.24 £ 3.27 5.01 4.75+0.28 5.86
slope 4100 13.27+3.26 | 2455 | 66.64+13.44 | 20.16 528 +1.81 34.23
4200 13.17+3.26 | 2455 | 66.64+13.44 | 20.16 528 +1.81 34.23
4300 13.82+1.32 | 9.53 89.31+33.41 | 30.07 6.65 + 3.17 47.65

3800 | 2255+391 | 17.34 | 76.00+32.59 | 42.88 | 3.57+2.01 56.50
3900 |32.02+11.03| 34.45 |171.32+74.17| 43.29 | 5.26+0.82 15.63
South 4000 | 16.66+0.25 | 151 |[114.99+2534| 22.04 | 6.91+154 22.27
slope 4100 | 19.75+2.38 | 12.03 [113.08+1029| 9.10 | 5.76+0.65 11.30
4200 | 18.46+2.41 | 13.05 [13225+4192| 317 | 7.32+263 35.93
4300 | 17.83+2.05 | 11.48 | 131.93+7.57 | 574 | 7.49+1.24 16.55
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