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Abstract

Taking four land use types on the southern slope of the Qilian Mountains as the
research object, this study analyzed the contents and significant differences of
soil TC (total carbon) and TN (total nitrogen) in shallow (0-20 ¢cm) and deep
(20-50 cm) layers under different land use patterns using field sampling, labora-
tory analysis, and one-way ANOVA, and revealed the direct and indirect effects
of environmental factors on soil TC and TN through path analysis. The results
showed that: (1) Environmental factors interacted with each other and jointly
influenced soil carbon and nitrogen contents. Direct effects: The interaction
between soil carbon and nitrogen was significant, while pH had a minor direct
effect on soil carbon and nitrogen contents. Indirect effects: Soil water content
(SWC) mainly exerted an indirect positive effect on shallow soil TC content
through TN, whereas pH had an indirect negative effect on deep soil TC con-
tent through TN. Temperature (T) mainly exerted an indirect negative effect
on shallow soil TN content through precipitation (P), while bulk density (Pb)
had an indirect negative effect on deep soil TN content through TC. (2) Soil
carbon and nitrogen contents exhibited a clear “surface accumulation effect” .
With increasing soil depth, soil carbon and nitrogen contents showed a decreas-
ing trend. Forest land had the highest soil carbon and nitrogen contents, which
were significantly higher than those of grassland and cropland (P<0.05), but
did not differ significantly from shrubland (P>0.05). The soil nitrogen content
in the study area was relatively high, which could provide relatively adequate
nitrogen nutrients for vegetation growth in the study area. (3) Soil carbon and
nitrogen contents were comprehensively influenced by both natural environment
and human activities.
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Abstract

Taking the soils under four different land use types on the southern slope of
Qilian Mountain as the research object, we used field sampling, laboratory anal-
ysis, and one-way ANOVA to analyze the total carbon (TC) and total nitrogen
(TN) contents in surface (0-20 cm) and deep (20-50 cm) soil layers. Path anal-
ysis was employed to reveal the direct and indirect effects of environmental
factors on soil TC and TN. The results were as follows: (1) As a direct effect,
the interaction between soil carbon and nitrogen was significant, but pH had
little direct effect on soil carbon and nitrogen content. As an indirect effect,
soil water content (SWC) had a positive effect on TC content in surface soil
mainly through TN, whereas pH had an indirect negative effect on TC content
in deep soil mainly through TN. Temperature (T) had an indirect negative ef-
fect on soil TN content mainly through precipitation (P), whereas bulk density
(Pb) had an indirect negative effect on soil TN content mainly through TC.
(2) Soil carbon and nitrogen content showed obvious “surface polymerization.”
The content of soil carbon and nitrogen decreased as soil depth increased. The
carbon and nitrogen content of forest soil was the highest; these contents were
significantly higher than those found in soil from grassland and cultivated land
(P < 0.05) but were not significantly different from the contents in shrub soil
(P > 0.05). The soil nitrogen content in the study area was higher than the
national soil nitrogen content grading standard, which could provide sufficient
nitrogen nutrient elements for the growth of vegetation in this area. (3) Soil car-
bon and nitrogen content was affected by the natural environment and human
activities. Although this study focused on the effects of natural environmental
factors on soil carbon and nitrogen content, the effects of human activities on
these contents were not considered; thus, the impact of human activities should
be further analyzed in future research.
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Introduction

Soil is an important component of terrestrial ecosystems, providing essential
nutrient elements for plant growth. Soil carbon is the main carbon source for
plants, soil animals, and microorganisms, while nitrogen is a primary element
composing amino acids, and plant nitrogen is mainly absorbed from the soil
[1]. Soil also serves as a crucial global carbon and nitrogen pool. Any minor
changes in soil carbon and nitrogen content, whether through natural or anthro-
pogenic disturbance, may cause changes in atmospheric CO, and nitrogenous
greenhouse gas concentrations, thereby affecting global climate system changes,
precipitation pattern distribution, and human survival [2]. Soil carbon and ni-
trogen content is influenced by the combined effects of natural conditions such
as climate, topography, and soil physicochemical properties, as well as human
activities such as land use and cultivation management [3, 4], with various in-
teractions occurring among these factors [5].

Under the background of global change, studying and revealing the main con-
trolling factors affecting soil carbon and nitrogen content at the regional scale is
of great theoretical and practical significance for assessing the impacts of future
climate change on soil carbon and nitrogen, rationally utilizing and managing
land resources, and formulating regional strategies and measures to address
climate change [6]. Although some scholars have studied the ecological stoi-
chiometric characteristics of soil carbon, nitrogen, and phosphorus in the Qilian
Mountains [7], the research methods employed were mostly simple correlation
and multiple regression analysis. Simple correlation analysis cannot comprehen-
sively reflect the relationships among variables, and its results are somewhat
one-sided. Although multiple regression analysis can eliminate multicollinearity
among variables to a certain extent, because the partial regression coefficients
have units, the effects of each independent variable on the dependent variable
cannot be directly compared. Path analysis, based on multiple regression, de-
composes correlation coefficients into direct and indirect path coefficients. After
standardization, the units are removed and the coefficients can be compared
with each other, thus reflecting the degree of influence and relative importance
of each independent variable on the dependent variable [8].

The Qilian Mountains constitute an important ecological security barrier and
biodiversity conservation area in western China. The mountains block the south-
ward invasion and convergence of the Tengger, Badain Jaran, Kumtag, and
Qaidam Gobi deserts, preventing dry and hot storms from directly hitting the
“Chinese Water Tower” of the Three-River Source region. They maintain the
fragile ecological balance and sustainable economic and social development in
western China, playing important roles in water conservation, soil conserva-
tion, and carbon sequestration and oxygen release [9]. The Qilian Mountains
have complex terrain, obvious climate change, and diverse soil and vegetation
types, with strong variability in environmental factors affecting soil carbon and
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nitrogen content. This study selected the southern slope of the Qilian Moun-
tains, which has important ecological functions, and used a combination of field
sampling, laboratory analysis, one-way ANOVA, and path analysis to explore
the main environmental factors affecting regional carbon and nitrogen content,
aiming to provide a scientific basis for vegetation management and ecological
protection in this region.

1. Materials and Methods
1.1 Study Area Overview

The southern slope of the Qilian Mountains is located in the northeastern part
of Qinghai Province (Fig. 1) [Figure 1: see original paper|, covering most of
Qilian County and Menyuan Hui Autonomous County in Haibei Tibetan Au-
tonomous Prefecture, as well as parts of Gangcha County and Haiyan County in
Haibei Tibetan Autonomous Prefecture and Tianjun County in Haixi Mongolian
and Tibetan Autonomous Prefecture. The geographical location is 98°08 13 -
102°38 16 E, 37°03 17 -39°05 56 N, with a total area of approximately 2.4 x 104
km? and an average elevation of 3800 m [10]. The terrain is complex, domi-
nated by mountains with high elevations in the northwest and low elevations
in the southeast. Affected by climate and topography, the study area shows
obvious vertical differentiation in soil and vegetation. Soil types include moun-
tain forest soil, gray-cinnamon soil, chestnut soil, black soil, alpine steppe soil,
meadow soil, and cold desert soil. The forest is dominated by cold-temperate
coniferous forests, mainly including coniferous forests with Picea crassifolia as
the main constructive species, coniferous mixed forests composed of Picea cras-
sifolia and Sabina przewalskii, Sabina przewalskii sparse forests, broad-leaved
forests composed of Populus davidiana, Betula platyphylla, and white birch, as
well as coniferous-broad-leaved mixed forests. Shrub types mainly include Po-
tentilla fruticosa, willow, and Caragana jubata. Herbaceous plants are mainly
Gramineae, Artemisia, Carex, and Artemisia sphaerocephala [11]. Cultivated
land mainly includes highland barley and potatoes.

1.2 Sample Collection and Measurement

Based on the topography, landform, elevation, and land use status of the study
area, combined with field surveys, soil samples were collected in July 2019 under
four land use patterns: forest land, shrubland, grassland, and cultivated land.
The geographic coordinates of each sampling point were obtained using the
Ovital Interactive Map. A standard plot of 20 m x 20 m was set up for each
land use pattern, and five 1 m x 1 m standard quadrats were arranged in each
plot using an S-shaped pattern. Soil samples were collected layer by layer from
top to bottom using a soil drill with a diameter of 10 cm at depths of 0-20 cm
and 20-50 cm. Five sampling points were mixed into one soil sample, plant roots
and residues were removed, and the samples were placed in labeled self-sealing
bags and weighed. A total of 48 soil samples were collected. The soil samples
were brought back to the laboratory and air-dried in a ventilated, cool, and
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dry indoor environment, then sieved and ground for determination of relevant
indicators. Soil water content was determined using the drying method, bulk
density was determined using the ring knife method, and pH was determined
using the extraction electrode method (soil:water = 2.5:1.0) [12]. Soil particle
size was determined using a Master-sizer 2000 laser particle size analyzer. Soil
carbon and nitrogen contents were determined using a vario ISOTOPE cube
elemental analyzer produced by Elementar Company.

1.3 Data Sources and Processing

Meteorological data were obtained from the China Meteorological Data Sharing
Network (http://cdc.cma.gov.cn). The professional meteorological interpolation
software Anusplin was used to interpolate the average temperature and precip-
itation during the growing season for 12 meteorological stations within and
around the study area. Vegetation index products were derived from MODIS
satellite data (https://ladsweb.nascom.nasa.gov/). The “Extract Multi Values
to Points”tool in ArcGIS was used to extract corresponding temperature, precip-
itation, and NDVI data based on the latitude and longitude of sampling points.
Data processing and statistical analysis were completed in SPSS 20 and Excel
2010 software. Stepwise regression analysis was used to establish multiple re-
gression equations for environmental factors and TC and TN contents. Selected
environmental factors included temperature (T), elevation (Elv), precipitation
(P), slope (Slp), soil bulk density (Pb), soil water content (SWC), normalized
difference vegetation index (NDVI), clay, silt, and sand. Based on the regression
analysis results, path analysis was performed on significant factors to compare
the degree of influence and relative importance of each factor on TC and TN
contents. One-way ANOVA was used for significance testing, and the Duncan
method was used for multiple comparisons. Pearson method was used for simple
correlation analysis, and Origin software was used for plotting. All experimental
data are expressed as mean + standard deviation.

2. Results

2.1 Soil TC and TN Contents and Significance Analysis under Differ-
ent Land Use Patterns

Calculating soil carbon and nitrogen content in a single profile using layer thick-
ness as a weight can reduce estimation errors caused by differences in soil carbon
and nitrogen at different depths [13]. In this study, the surface soil carbon and
nitrogen content was the weighted average of 0-20 cm, and the deep soil carbon
and nitrogen content was the weighted average of 20-50 cm. As shown in Table 1
, among the four land use types, the difference in TC content in surface soil was
greater than that in deep soil. The difference in TC content between forest land
and cultivated land was the largest, at 45.15 g - kg™!, and the difference in TN
content between forest land and cultivated land was the largest, at 2.94 g - kg .
The TC content of surface soil was about 1.5 times that of deep soil. Forest
land had the highest TC and TN contents, which were significantly higher than
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those of grassland and cultivated land (P < 0.05) but not significantly different
from shrubland (P > 0.05). With increasing soil depth, TC and TN contents
under all four land use types showed a decreasing trend. Among them, grass-
land showed the largest decrease in TC and TN contents between surface and
deep soil, with deep soil TC and TN contents decreasing by 44.76% and 46.01%
compared with surface soil, respectively. Cultivated land showed the smallest
difference between surface and deep soil TC and TN contents, decreasing by
5.11% and 3.34%, respectively. Except for cultivated land, the TC and TN
contents in surface soil under the other three land use types were significantly
higher than those in deep soil (P < 0.05). Overall, the order of surface soil
TC and TN contents was: forest land > shrubland > grassland > cultivated
land. The order of deep soil TC and TN contents was slightly different: forest
land > grassland > shrubland > cultivated land. According to the national
soil nitrogen content grading standard, >2 g - kg~! indicates an excellent state
[14], indicating that the soil nitrogen content in the study area is high and can
provide sufficient nitrogen nutrient elements for vegetation growth.

2.2 Stepwise Regression Analysis of Soil TC and TN with Environ-
mental Factors

Multiple regression equations were established between environmental factors
and TC and TN contents in surface and deep soil through stepwise regression
analysis:

Surface soil (0-20 cm): TC = 84.09 + 9.15TN - 8.14pH + 0.26SWC
TN =-16.33 + 0.07TC + 0.08P + 0.51T + 0.36pH

Deep soil (20-50 cm): TC = 70.33 + 9.69TN - 9.50pH
TN =-0.91 + 0.06TC - 1.47Pb + 0.02Slp + 0.43pH

The regression equations showed that TN, pH, and SWC had significant effects
on TC content in surface soil (P < 0.05). TC, P, T, and pH had significant effects
on TN content in surface soil (P < 0.05). TN and pH had significant effects
on TC content in deep soil (P < 0.05). TC, Pb, Slp, and pH had significant
effects on TN content in deep soil (P < 0.05). Other environmental factors
were not significant and were eliminated in the stepwise regression. Due to
interactions among environmental factors, there may be collinearity in regression
analysis. Therefore, variance inflation factor (VIF) and tolerance (Tol) were
used for multicollinearity diagnosis. When VIF > 10 or Tol < 0.1, serious
multicollinearity exists among independent variables. Table 2 shows that VIF <
10 and Tol > 0.1, indicating no multicollinearity problems among environmental
factors.

2.3 Path Analysis of Environmental Factors’ Effects on Soil TC and
TN Content

Stepwise regression analysis cannot intuitively reflect the contribution of each
environmental factor to soil carbon and nitrogen content. However, by calculat-
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ing path coefficients using standardized regression coefficients and decomposing
correlation coefficients into the algebraic sum of direct and indirect path coef-
ficients, the effects of each environmental factor on soil carbon and nitrogen
content can be more intuitively reflected [15]. Path analysis was performed on
significant environmental factors affecting TC and TN contents, with path coef-
ficients calculated according to reference [16]. The results are shown in Tables
3 and 4 [TABLE:3, TABLE:4].

2.3.1 Path Analysis of Environmental Factors’ Effects on TC Content
Table 3 shows that among the significant environmental factors affecting TC
content in surface and deep soil, TN had the largest direct path coefficient, indi-
cating that TN had the largest direct effect on TC content, showing a positive
effect. pH had a smaller direct effect on TC content, showing a negative effect.
For surface soil, the environmental factor with the largest indirect path coeffi-
cient for TC content was SWC, which had an indirect positive effect on surface
soil TC content mainly through TN, followed by pH, which had an indirect neg-
ative effect on surface soil TC content mainly through TN. For deep soil, the
environmental factor with the largest direct path coefficient was TN, which had
an indirect negative effect on deep soil TC content. The direct path coefficients
of TN and pH were larger than their indirect path coefficients, indicating that
their contributions to TC content were mainly direct effects. The indirect path
coeflicient of SWC was larger than its direct path coeflicient, indicating that its
main contribution to TC content was indirect effects through influencing other
factors.

2.3.2 Path Analysis of Environmental Factors’ Effects on TN Content
Table 4 shows that among the significant environmental factors affecting TN
content in surface soil, TC and pH had relatively large direct effects, with direct
path coefficients above 0.3 and showing positive effects, while T had the smallest
effect. For deep soil, the significant environmental factors affecting TN content
were TC, Pb, Slp, and pH, with TC having a large direct effect and Pb having a
small direct effect. Among all environmental factors, the factor with the largest
indirect path coefficient for surface soil TN content was pH, which had the
largest indirect effect on surface soil TN content mainly through TC. The factor
with the smallest indirect effect was T. The factor with the largest indirect path
coeflicient for deep soil TN content was Pb, which had an indirect negative effect
on deep soil TN content mainly through TC, followed by pH. The factor with
the smallest indirect effect was Slp. The direct path coefficients of TC, T, and
pH were larger than their indirect path coefficients, indicating that the main
contributions of these environmental factors to TN content were direct effects.
The indirect path coefficient of Pb was larger than its direct path coefficient,
indicating that its main contribution to TN content was indirect effects through
influencing other factors.
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3. Discussion
3.1 Effects of Land Use Patterns on Soil Carbon and Nitrogen Content

The results of this study showed that forest and shrubland soils in the study
area had relatively high TC and TN contents, while grassland and cultivated
land had relatively low contents. These differences may be related to climate
conditions, vegetation types, litter stock, root distribution, human disturbance,
and soil management practices [17]. Surface litter is one of the most impor-
tant sources of soil organic carbon [18]. Compared with shrubland, grassland,
and cultivated land, forest land has more surface litter and is distributed at
higher altitudes. As altitude increases, temperature gradually decreases while
precipitation increases within a certain range. The low-temperature and humid
environment makes litter difficult to decompose and slows the mineralization
of soil organic matter, leading to carbon accumulation [19]. In addition, for-
est land has deeper roots, more understory litter, and less human disturbance,
resulting in more soil organic matter accumulation and less decomposition. Cul-
tivated land has less carbon content because it is strongly affected by human
management activities such as tillage, and the traditional farmland management
measures and single crop production model cause serious loss of soil organic mat-
ter components, thereby affecting the accumulation of soil organic matter and
storage of organic carbon [20]. Differences in soil carbon content under different
land use patterns are also related to root growth and distribution. Roots are the
only way to directly transfer crop photosynthate to the underground [21], and
the decomposition of a large number of dead roots can provide rich nutrients
for the soil. The roots of forest land and shrubland are deeper than those of
grassland and cultivated land, resulting in higher soil carbon content in forest
land and shrubland.

The study of soil carbon and nitrogen content in surface and deep soil under
different land use patterns on the southern slope of Qilian Mountains showed
that soil carbon and nitrogen content was greater in surface soil than in deep soil,
showing obvious “surface polymerization.” This is consistent with the research
of Niu et al. [22] on the characteristics of shallow soil carbon content in Picea
crassifolia forest in Qilian Mountains. This is mainly because organic carbon
formed by the decomposition of aboveground litter and underground plant roots
first enters the soil surface, making surface soil carbon content significantly
higher than deep soil content. In addition, as soil depth increases, plant roots
in the soil become fewer and humus content decreases significantly compared
with the surface, so soil carbon content shows a decreasing trend with increasing
soil depth [23]. Soil nitrogen content also showed surface > deep layer, mainly
because soil nitrogen content is affected by rainfall, animal and plant residues,
litter, plant roots, and microbial decomposition. Nutrient elements formed by
the decomposition of surface litter and underground plant roots first enter the
soil surface, making surface soil nitrogen content higher than deep soil content
[24].
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3.2 Effects of Environmental Factors on Soil Carbon and Nitrogen
Content

There is a high degree of synergy between soil carbon and nitrogen [25]. In
this study, surface and deep soil carbon and nitrogen were positively correlated,
which is consistent with the research results of Zhang et al. [26]. This is because
when plant residues enter the soil and undergo decomposition, carbon becomes
CO, while nitrogen becomes nitrate that is leached or absorbed by plants. The
C:N ratio in the soil will become roughly the same, and when relative equilibrium
is reached, soil nitrogen content roughly determines soil carbon content [27].

The results of this study showed that TN, temperature, precipitation, pH, and
bulk density are important factors affecting soil carbon and nitrogen. Temper-
ature and precipitation are important factors affecting surface soil TN content.
Temperature is negatively correlated with surface soil TN content, while pre-
cipitation is positively correlated with surface soil TN content. This is because
temperature mainly controls soil respiration flux, plant root growth, soil animal
activity, soil microbial activity, and the decomposition rate of soil nutrients,
indirectly affecting soil TN content. Increased temperature can promote plant
nitrogen absorption and input to a certain extent, promote nitrogen deposition
and mineralization, and precipitation can effectively improve the water envi-
ronment of plant roots and soil microorganisms in surface soil. Soil moisture
regulates soil respiration intensity by affecting plant root growth, microbial ac-
tivity, soil porosity, and gas diffusion. Increased precipitation is beneficial to
the storage and accumulation of soil nitrogen to a certain extent [28]. pH is
negatively correlated with surface and deep soil carbon and nitrogen because
pH significantly affects the ability of soil microorganisms to fix and accumulate
carbon and nitrogen by influencing their activities [29]. Soil microorganisms
generally have the highest activity in the neutral pH range of 6-8, and both
overly acidic and overly alkaline conditions severely inhibit soil microbial ac-
tivity, thereby affecting the transformation and supply of nitrogen and other
nutrients. Soil bulk density is an important factor affecting deep soil TN con-
tent and is negatively correlated with deep TN content, which is consistent with
the research results of Miao et al. [30]. This is because soil bulk density affects
soil microbial activity and the material cycle of soil nutrients by influencing soil
porosity, aeration, and water-heat conditions, thereby affecting soil nitrogen
content.

4. Conclusion

This study took the southern slope of Qilian Mountains as the research area
and investigated the soil carbon and nitrogen contents under four different land
use patterns and their relationships with environmental factors. The main con-
clusions are as follows:

1. There are obvious interactions among environmental factors that jointly
affect soil carbon and nitrogen content. TN has the largest direct effect on
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TC content at different soil depths, while pH has a relatively small direct
effect on TC content. SWC has an indirect positive effect on surface soil
TC content mainly through TN, while pH has an indirect negative effect
on deep soil TC content mainly through TN. Temperature has an indirect
negative effect on soil TN content mainly through precipitation, while bulk
density has an indirect negative effect on soil TN content mainly through
TC.

2. Soil carbon and nitrogen content shows obvious “surface polymerization.”
With increasing soil depth, TC and TN contents show a decreasing trend.
Forest soil has the highest carbon and nitrogen content, which is signifi-
cantly higher than that of grassland and cultivated land (P < 0.05) but
not significantly different from shrubland (P > 0.05). The soil nitrogen
content in the study area is relatively high and can provide sufficient ni-
trogen nutrient elements for vegetation growth. Vegetation management
and protection should be strengthened to ensure the balance and cycling
of regional soil nutrient elements.

3. Soil carbon and nitrogen content is affected by the comprehensive influence
of structural factors such as climate and soil physicochemical properties,
as well as stochastic factors such as human activities. This study focused
on the effects of natural environmental factors on soil carbon and nitrogen
content but did not consider the effects of human activity factors, which
should be further analyzed in depth in future research.
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