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Abstract Soil organic carbon (SOC) is a critical variable
used to determine the carbon balance. However, large
uncertainties arise when predicting the SOC stock in soil
profiles in Chinese grasslands, especially on desert
rangelands. Recent studies have shown that desert
ecosystems may be potential carbon sinks under global
climate change. Because of the high spatial heterogeneity,
time-consuming  sampling methods, and difficult
acquisition process, the relationships the SOC storage and
distribution have with driving factors in desert rangelands
remain poorly understood. Here, we investigated and
developed an SOC database from 3162 soil samples
(collected at depths of 0—10 cm and 10—20 cm) across 527
sites, as well as the climate conditions, vegetation types,
and edaphic factors associated with the sampling sites in
the desert rangelands of northern Xinjiang, north-west
China. This study aims to determine the SOC magnitude
and drivers in desert rangelands. Our findings demonstr-
ate that the SOC and SOC density (SOCD) were 0.05—
37.13 g'kg ! and 19.23-9740.62 g'm™2, respectively, with
average values of 6.81 + 531 g'kg! and 167038 +
1202.52 g'm2, respectively. The spatial distributions of
SOC and SOCD all showed gradually decreasing trends
from south-west to north-east. High-SOC areas were
mainly distributed in the piedmont lowlands of the Ili
valley, while low-SOC regions were mainly concentrated
in the north-west area of Altay. The redundancy analysis
results revealed that all environmental factors accounted
for approximately 37.6% of the spatial variability in SOC;
climate factors, vegetation factors, and soil properties
explained 15.0%, 1.7%, and 12.3%, respectively. The
structural equation model (SEM) further indicated that
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evapotranspiration, average annual precipitation, and the
SWC were the dominant factors affecting SOC
accumulation, mainly through direct effects, although
indirect effects were also delivered by the vegetation
factors. Taken together, the results obtained herein updated
the SOC data pool available for desert rangelands and
clarified the main driving factors of SOC variations. This
study provided supporting data for the sustainable use and
management of desert rangelands and the global ecosystem
carbon budget.

Keywords soil organic carbon, desert rangeland, SEM
analysis, driving factors, Xinjiang Uygur Autonomous
Region of China

1 Introduction

Soil represents the largest carbon pool in Earth’s
terrestrial ecosystem and contributes considerably to the
global carbon (C) balance (Lal, 2004). Compared to the
vegetation and atmospheric carbon pools, the soil organic
carbon (SOC) storage is 2—3 times higher in terrestrial eco-
systems (Scharlemann et al., 2014). Thus, a small propor-
tion of soil C loss may increase the atmospheric carbon
dioxide (CO,) concentration (Bradford et al., 2016),
leading to global climate anomalies (Chen et al., 2016;
Lal, 2019). To date, many studies have reported that SOC
storage is mainly concentrated in steppes (Li et al.,
2018a), meadows (Maetal.,2020), alpine meadows
(Guan et al., 2018), farmlands (Ghimire et al., 2019), and
wetlands (Wang et al., 2020). However, there is a lack of
knowledge regarding the carbon status in desert
rangelands, where harsh ecological-environmental
conditions, sparse vegetation, poor soil, relatively low
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SOC contents, and relatively low productivity occur (Su
etal., 2015). As a result, the carbon storage function of
desert rangelands has been ignored and underestimated
for a long time, and existing research on this topic has
been relatively weak (Wang et al., 2010; Germano et al.,
2011). Simultaneously, published research has empha-
sized that SOC sequestration is determined by different
climatic conditions (Chen et al., 2020; Lei et al., 2020),
land use patterns (Illiger et al., 2019), topographic factors
(Zhu et al., 2017), and soil types (Bruun etal., 2015).
However, little work has focused on changes in the SOC
among different soil matrix subclasses of the same
grassland, especially desert rangelands. At the same time,
the expansion of drylands caused by climate change and
human activities leads to decreased carbon stocks,
regional warming, and land desertification and increases
the uncertainty of grassland carbon dynamics (Huang
etal., 2015). Therefore, it is necessary to accurately
estimate SOC stocks and their changes to support
improved carbon management and climate change
mitigation measures (Scharlemann et al., 2014).

Desert ecosystems are an important part of terrestrial
ecosystems and occupy more than 30% of the land
surface; the carbon storage of desert ecosystems is near
8% of the global carbon storage (Li et al., 2015). Deserts
are typical ecologically fragile areas that are extremely
sensitive to global climate change. The complex
environment in desert areas leads to obvious productivity,
species composition, and soil matrix variations (Xu,
1993), which in turn result in the high spatial hetero-
geneity of SOC. Some researchers have pointed out that
the contribution of desert ecosystems to the terrestrial
carbon cycle is almost negligible (Li et al., 2003). Others
have claimed that although the coverage of desert
vegetation communities is low, desert regions are widely
distributed, and applicability of their carbon storage for
decelerating global climate change cannot be ignored
(Wang et al., 2014). Moreover, the majority of previous
results have indicated that desert areas absorb large
amounts of CO, in the air at a slow rate (Huo etal,
2018), and many researchers believe that desert
ecosystems may be able to serve as long-sought “carbon
sinks” for the global carbon cycle (Stone, 2008; Evans
etal., 2014). As an important area for CO, fixation in the
future, desert rangelands have attracted increasing
attention from scholars, but strong evidence is still
lacking. Some researchers have pointed out that the SOC
content in the north-west desert steppe (at soil depths of
0-10 cm) was between 4.03 and 4.67 g-kg™! (Yang and
Liu, 2019), while the SOC content in the northern
semiarid sandy rangelands was higher than 2.31 g-kg™!
(Liuetal., 2013). Yangetal. (2019) indicated that the
average SOC density (SOCD) of the desert steppe
ecosystems in northern China was 2.51 kg-C-m™2
(2000—2017), with an average annual increase of
27.58 g'm™2, indicating that the studied desert ecosystem
has always been a net carbon sink (Lietal., 2015).
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Although various lines of evidence support the existence
of substantial carbon sinks in desert ecosystems, data
confirming these carbon sinks are still limited at present
(Petrie et al., 2015).

Most researchers have considered rangelands as a
whole when studying SOC and its relationship with
environmental factors (Ghimire et al., 2019), but the
differences in SOC that exist among different rangeland
types and their environmental implications have rarely
been examined. At the same time, during the soil
evolution process, the main factors controlling the desert
rangeland SOC vary depending on the complexity of the
environment (Chen et al., 2016; Alidoust et al., 2018; Li
et al., 2018b), even in the same area. Thus, the differences
in these factors (soil textures, vegetation types, climatic
conditions, and human disturbances) lead to a great deal
of uncertainty in overall assessments of China’s carbon
stocks (Delgado-Baquerizo et al., 2017; Alidoust et al.,
2018; Wang et al., 2019) and show that no environmental
factor can affect SOC as an independent parameter (Hu
etal., 2018). In analyses combining these factors, few
researchers have quantified the explanation of environ-
mental factors for SOC variation (Zhao et al., 2017). It is
of great significance for sustainable land management and
accurately predicting SOC stocks to quantify the effects
of environmental factors (Lal, 2004). Moreover, the soil
carbon storage of desert ecosystems has not yet been
comprehensively evaluated, and the SOC driving factors
are still unclear. Globally, SOC storage has been linked to
climate conditions, vegetation factors, soil properties, and
physicochemical factors (such as the soil texture and soil
type) (Suetal., 2015). Many studies have reported that
climate factors appear to be strongly associated with SOC
storage at the national and global scales; specifically, the
mean annual precipitation (MAP) has a more notable
impact than the mean annual temperature (MAT) (Tang
etal., 2018). Therefore, we hypothesized that climate
factors (especially MAP) are the main driving factors
affecting SOC in desert ecosystems. To test this
hypothesis and improve our understanding of SOC
accumulation in desert regions, we collected 3162 soil
samples (at depths of 0—10 cm and 10-20 cm) from 527
sites in the desert rangelands of northern Xinjiang, north-
west China, in 2017-2019. The SOC, pH, electrical
conductivity (EC), and bulk density (BD) were analyzed,
and climate data (including the MAT, MAP, and = 10°C
annual accumulated temperature) were collected. We
revealed and quantified the relationships between
environmental factors (climate, vegetation, and soil
physical and chemical properties) and SOC through
structural equation modeling. Specifically, the objectives
of this study were (i) to evaluate the status and spatial
distribution of SOC and SOCD in desert rangelands;
(i1) to explore the effect of climate, vegetation, and soil
properties on SOC storage; and (iii) to reveal the key
driving factors affecting the spatial variations in SOC.
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The results of this study can help us obtain better
quantitative predictions of SOC storage in the future and
provide a scientific basis for evaluating ecological
restoration practices and soil carbon management to
promote sustainable development.

2 Materials and methods

2.1 Overview of the study area

The study area was located in the northern part of the
Xinjiang Uygur Autonomous Region of China (latitude
42.14°-48.05° N, longitude 80.61°—95.92° E, elevation
range —100 to 2000 m; Fig. 1), the center of Eurasia. The
climate characteristics belong to the temperate continental
arid and semiarid climate types. The annual precipitation
is below 200 mm, and the = 10°C annual accumulated
temperature is 3000°C—3500°C. According to the
taxonomy established by the Food and Agriculture
Organization/United Nations Educational, Scientific and
Cultural Organization (FAO/UNESCO), the soil types in
the study area include aridisols and entisols and can be
divided into gray desert soils and gray—brown desert soils
(from the China soil classification system). The rangeland
is dominated by small arbors and shrubs, such as
Haloxylon  ammodendron,  Haloxylon  persicum,
Calligonum leucocladum, Tamarix ramosissima, Ephedra
przewalskii, and Sarcozygium xanthoxylum, and by
semishrubs, such as Ceratoides latens, Nanophyton
erinaceus, Sympegma regelii, Reaumuria soongarica,
Anabasis brevifolia, Anabasis salsa, Salsola orientalis,
Salsola arbuscula, Seriphidium borotalense, Seriphidium
terraealbae, Seriphidium  gracilescens, Seriphidium
transiliense, and Kalidium foliatum; additionally, there
are a few forbs, such as Petrosimonia sibirica,
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Ceratocarpus arenarius, and Halogeton glomeratus.
Therefore, according to the soil matrix and vegetation
type information, the analyzed desert rangelands can be
divided into sandy desert, gravelly sandy desert, gravelly
desert, soil desert, and saline desert types (Xu, 1993).

2.2 Plot selection and field sampling

Based on the distributions delineated in China’s
Vegetation Atlas at the 1:1000000 scale (Zhang et al.,
2007) and the 1:1000000 rangeland type map of Xinjiang
published in the 1980s (Xu, 1993), we selected desert
rangeland sampling sites across northern Xinjiang
according to the representativeness of the vegetation
types. Overall, 527 sampling sites were established
(Fig. 1), including 87 sandy desert sites, 58 gravelly
sandy desert sites, 168 gravelly desert sites, 202 soil
desert sites, and 12 saline desert sites. All of the field
measurements were conducted at the aboveground
biomass peak from July to September between 2017 and
2019.

At each site, we first conducted a detailed investigation
of the longitude, latitude, elevation, soil matrix,
community name, utilization mode, and intensity
information of the desert rangelands. Then, one typical
100 m % 100 m plot was established, and 9 herb subplots
(1 m x 1 m) were measured within each plot while
another 5 subplots (10 m x 10 m) were measured if the
plot contained small arbors or shrubs.

The species composition, height, coverage, plant
density, and aboveground biomass were investigated at
each site (Fig. 1). The height and plant density were
determined by the direct measurement method (Fang
et al., 2007). The aboveground biomass was determined
by the weighing method (Fang et al., 2007). The vegeta-
tion coverage was measured by the visual evaluation
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method (Yangetal, 2021). After measuring the
aboveground biomass of herbaceous and shrub plots, a
soil profile (1 m x 1 m x 1 m) was excavated in the center
of each plot (Fig. 1). Soil samples were obtained from
three vertical sections (at depths of 0—10 cm and 10—20
cm) by cutting soil blocks (Bao, 2000). At the same time,
we used a cutting ring (a stainless-steel cylinder with a
volume of 100 cm?) to collect the soil bulk densities at
the corresponding soil layers. We then carried the soil
samples back to the laboratory. In total, we collected
3162 soil nutrient samples and 3162 soil bulk density
samples (527 sites x 3 soil profiles x 2 soil layers).

2.3 Laboratory analyses

In the laboratory, the soil samples were air-dried after
visible plant roots, gravel, and other debris were re-
moved. Each dried soil sample was passed through a
0.25-mm mesh sieve before determining the SOC concen-
tration. The SOC content was measured using the Walkley-
Black dichromate oxidation method (Bao, 2000). The soil
samples were passed through a l-mm mesh sieve to
measure the soil pH and electrical conductivity using the
potentiometer and conductivity methods, respectively
(Bao, 2000). The soil bulk density samples were
determined using the drying method (105°C, 24 h) (Bao,
2000); then, a 2-mm mesh sieve was used to screen out
the gravel, and the samples were washed, dried, and
weighed. Then, we used the ratio of the gravel mass to
the dry bulk density to calculate the soil-rock ratio.

2.4 Calculation formula

We calculated the SOC density (SOCD, in g C-m2) of
each soil sample using the following equation:

(1

where SOCD represents the soil organic carbon density
(g'm™2); SOCi, BD,, T,, 0, are the organic carbon content
(g'kg™), soil bulk density (g-cm™), thickness (cm), and
mass proportion of the fraction (> 2 mm) in soil layer /,
respectively; and 10 is the unit conversion factor:

SD
Mean

SOCD = Z;’:I (1-6)x BD; xS OC; X T; x 10,

CV= x 100%,

2

in the above formula, CV represents the coefficient of
variation; SD represents the standard deviation of the
SOC content (g-kg™!) or density data (g'm™2); and Mean
represents the average value of the SOC content (g-kg™!)
or density (g'm2).

2.5 Environmental data

To analyze the key driving factors of SOC, some climatic
and environmental parameters were obtained at the 527
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sampling sites. Climatic variables can exert a lagged
accumulative effect on soil C storage (Delgado-Baquerizo
etal., 2017), so multiple-year averages were used to
explore the effects of these factors on the soil carbon
storage. The average values (derived over 1 km x 1 km
spatial grid data) of the long-term observed meteorolo-
gical data were gathered from the National Meteorolo-
gical Observatory (1957-2018) (Xuetal., 2019). Then,
the meteorological data representing each sampling point
were acquired by interpolation to indicate the climatic
conditions at the actual sampling points (such as annual
accumulated temperature = 10°C, MAT, and MAP).

A land evaporation data set (2000—2018 GLEAM V3)
of satellite observations was obtained from the
organization website, a vector data image of the study
area was clipped, a raster fishing net was created, and
evapotranspiration data of the sampling points were
acquired (Brecht et al., 2016). Based on sun chlorophyll
fluorescence observations derived from the Orbiting
Carbon Observatory-2 (OCO-2), GOSIF data were
obtained after deep learning training to represent the
physiologic status of the surface vegetation (Li and Xiao,
2019).

The MODIS NDVI data set (2000—2019) utilized
herein was a MOD13A1 product from the NASA data
distribution center; this data set has been widely used to
study global and regional vegetation changes (Liand
Xiao, 2019).

2.6 Data analysis

2.6.1 Inverse distance weighted interpolation analysis

Inverse distance-weighted spatial interpolation is a
weighted average interpolation method. This method is
based on the principle of similarity outlined in the first
law of geography. It is generally considered that the
closer the distance between two objects is, the higher
their similarity is, and vice versa (Xu et al., 2019). We
used the geostatistical analysis tool in ArcGIS 10.4.1 to
perform the interpolation calculations (at a spatial
resolution of 1 km), cut the study regions after mask
processing, and then drew spatial distribution maps of the
SOC and SOCD results.

2.6.2 Statistical analysis

The statistical software SPSS 26.0 (SPSS, Chicago, IL,
USA) was used to perform the Kolmogorov—Smirnov
test, Pearson correlation analysis, one-way ANOVA, and
multiple comparisons (Duncan) test to explore the
relationships and differences in SOC, SOCD, and
environmental factors among test sites. The raw SOCD
data in the 0-10 cm and 10-20 cm layers reflected
approximately right-skewed distributions.

A redundancy analysis (RDA) (McArdle and Anderson,
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2001) was performed with Canoco 5.0 (Biometrics-Plant
Research International, Wageningen, The Netherlands) to
assess the ability of the environmental variables to
explain the SOC contents; the significance of the
environmental factors was tested by the Monte Carlo
permutation test method. Structural equation modeling
(SEM) was used to explore the direct and indirect effects
of environmental variables on SOC (Eisenhauer et al.,
2015). SEM was conducted with Amos 21.0 (Chicago,
Illinois, Illinois Small Water Company, USA). To
simplify the model, the soil moisture content (SWC) and
pH were selected from the soil chemical factors; the
MAP, evapotranspiration (Evap) and elevation (Ele) were
selected from the climate factors; and the normalized
vegetation index (NDVI), sun-induced chlorophyll
fluorescence (SIF) and aboveground biomass (AGB)
were selected from the vegetation factors. In Pearson
correlation analyses and multimodel reasoning, these
factors have been proven to be the main predictors of
SOC variance. The criteria for evaluating the SEM fit,
such as the P values, %2 value, goodness-of-fit index
(GFI), and root mean square error of approximation
(RMSEA), were adopted in this study by referring to
Hooper (Hooper et al., 2008).

3 Results

3.1 Descriptive statistics

Table 1 provides the statistical SOC and SOCD results
obtained in the studied desert rangelands. The average
SOC and SOCD were 6.81 g-kg™! and 1670.38 g'm2 for
the 0—20 cm layer, respectively; the minimum values
were 0.05 g-kg! and 19.23 g-m2, respectively; the
maximum values were 37.13 g-kg™! and 9740.62 g-m2,
respectively; and the CVs were 77.96% and 71.99%,
respectively. The average SOC showed a gradual
decrease with increasing depth; the contents were 7.62
and 6.13 g-kg™! at depths of 0-10 cm and 10—20 cm,
respectively, and the corresponding CVs were 76.50%
and 78.87%, respectively. The SOCD also showed a
decreasing trend and exhibited large variability between
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the different soil depths (0—10 cm and 10—20 cm), with
averages of 931.57 and 743.49 g-m™2, respectively, and
CVs of 72.94% and 74.00%, respectively. Therefore, the
SOC and SOCD values of the 0—20 cm layer all showed
median variability with CV values between 10% and
100% (Sequeira et al., 2014). The SOC was positively
skewed, and the skewness levels of the 0-10 c¢cm and
1020 cm layers were 1.58 and 1.93, respectively. The
SOCD also showed the same trend, with skewness values
of 1.91 and 1.86, respectively. As shown in Fig. 2, the
0-10 cm SOC and SOCD were extremely significantly
higher than the corresponding values measured at 10—
20 cm (P <0.01).

3.2 Comparison of SOC and SOCD values among
different desert sites

In the 0—20 cm soil layer (Fig. 3), the highest SOC was
measured in the soil desert (8.79 g-kg™!), while the lowest
SOC was obtained in the sandy desert (3.20 g-kg™!). The
SOC of the soil desert was significantly higher than those
of the gravelly desert (1.30 times), gravelly sandy desert
(1.38 times), saline desert (1.30 times), and sandy desert
(2.75 times). The SOCs of the gravelly desert, gravelly
sandy desert, and saline desert were not significantly
different (P > 0.05) but were all significantly higher than
those of the sandy desert. The SOCDs showed the same
trends as the SOCs; the largest mean SOCD was obtained
in the soil desert (2180.93 g-m2), while the smallest was
obtained in the sandy desert (925.14 g-m~2). The SOCD
of the soil desert was significantly higher than those of
the gravelly desert (1.39 times), gravelly sandy desert
(1.57 times), saline desert (1.42 times), and sandy desert
(2.36 times). However, there was no significant
difference among the gravelly desert (1569.44 g-m™2),
saline desert (1533.54 g'm2), and gravelly sandy desert
(1392.85 g'rm2). The SOC and SOCD differences at
depths of 0—10 cm and 10—20 cm among different desert
types were similar to those at the 0—20 cm depth.

3.3 Spatial patterns of SOC and SOCD

The spatial patterns of SOC and SOCD were similar in
the 0—10 cm, 10—20 cm, and 0—20 cm layers (Fig. 4).

Table 1 Descriptive statistics of the SOC content and density of desert rangelands in northern Xinjiang

Soil layer Variable Mean Med. SD. Ske. Kur. Min. Max. CV/%
0-10 cm SOC (g-kg™h) 7.62 6.18 5.83 1.58 3.57 0.19 37.13 76.50
SOCD (g'm2) 931.57 774.97 679.49 1.91 6.84 3.23 5749.65 72.94
10—20 cm SOC (g-kg™h 6.13 4.97 4.83 1.93 6.00 0.05 34.55 78.87
SOCD (g-m2) 743.49 609.26 550.15 1.86 5.66 3.56 3990.97 74.00
0-20 cm SOC (g-kg™h 6.81 5.49 5.31 1.74 4.63 0.05 37.13 77.96
SOCD (g-m2) 1670.38 1390.89 1202.52 1.86 6.20 19.23 9740.62 71.99

Note: Med., SD., Ske., Kur., Min., Max., and CV are abbreviations for the median, standard deviation, skewness, kurtosis, minimum, maximum, and

coefficient of variation, respectively.
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Overall, both SOC and SOCD at the 0—20 cm layer
decreased from south-west to north-east, but clear
differences could also be identified. For SOC, high-value
areas were distributed in the northern Tacheng region
(Emin County), Ili region (Ili valley), western Changji
region (Manas County), Urumqi city, and eastern Hami
city (Yiwu County); all of these regions belong to the soil
desert type. The low-value areas were unevenly
distributed and included the sandy desert and gravelly
desert sites; these areas were mainly located in the north-
western Altay (Habahe County and Jimunai County) and
southern Altay (Fuhai County) regions, Karamay city,
and Bortala. The SOCD distribution was similar to that of
SOC; the high-value areas had relatively abundant precipi-
tation, while low-value areas had sparse precipitation,
sparse vegetation, and serious wind erosion. At the same
time, the spatial distribution patterns of SOC and SOCD
in the 0—10 cm and 10—20 cm soil layers were similar to
those in the 0-20 cm soil layer.

Through the accuracy verification of the spatial
interpolations, the results showed a significant positive
correlation between the measured and predicted values in

the 0—20 cm soil layer (P < 0.01); the correlation
coefficients derived for SOC and SOCD were 0.9302 and
0.9060, respectively (Fig. 5).

3.4 Effects of environmental factors on SOC

To further clarify the effects of climate, soil and
vegetation factors on the spatial variations in SOC, a
partial redundancy analysis (pRDA) was used to conduct
an equation analysis of the SOC variations (Fig. 6).
Environmental factors accounted for 37.6% of the
variation in SOC in desert rangelands. Vegetation, soil
and climate factors accounted for 1.7% (P < 0.01), 12.3%
(P < 0.05), and 15.0% (P < 0.05) of the SOC variation,
respectively.

The SEM results revealed that soil factors (i.e., SWC
and pH) and climatic factors (i.e., MAP, Evap, and Ele)
could explain approximately 38% of the total variation in
SOC (at 0—20 cm). The model provided good fits (y* =
11.637, df = 7, y%/df = 1.662, P = 0.113, GFI = 0.995,
RMSEA = 0.035; Fig. 6). The SEM model was fitted
successfully when the goodness-of-fit metrics were
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Fig. 5 Linear correlation analysis results between the predicted and measured SOC and SOCD values in surface soils (at a depth of

0-20 cm).

Fig. 4 Spatial patterns of SOC (left) and SOCD (right) in the desert rangelands in northern Xinjiang.
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605

Fig. 6 Driver analysis results of SOC combined with the RDA and SEM results.

satisfied (RMSEA =< 0.085, GFI = 0.93). The climate
factors exerted the strongest direct effect on SOC, with a
standardized coefficient of 0.68 at a depth of 0—20 cm
(P < 0.01). The direct effect coefficient of soil on SOC
was 0.22. Regarding the soil properties, the direct
influence of the SWC (r = 0.62, P < 0.01) on SOC was
stronger than that of pH (» = —0.22, P > 0.05). The MAP,
Evap, and Ele were all positively correlated with the
climate factors, especially MAP (» = 0.59, P < 0.01) and
Evap (r = 0.65, P < 0.01). Notably, the soil properties
were negatively correlated with NDVI (» = —0.03) and
positively correlated with SIF and AGB, but none of
these relations reached a significant level. The effects of
climate properties on the SIF (» = 0.62, P < 0.01) and
NDVI (= 0.50, P < 0.05) were significant, but the effect
of climate properties on AGB was not obvious. None of
the vegetation factors (NDVI, SIF, or AGB) had an
obvious direct correlation with SOC. None of the
vegetation factors (NDVI, SIF, or AGB) had an obvious
direct relation with SOC.

In the figure, the single-headed arrows indicate the
hypothesized direction of causation. The numbers next to
the single-headed arrows show the standardized path
coefficients, indicating the effect size of the relationship.
The blue arrows represent positive correlations, and the
green arrows represent negative correlations; the asterisks
indicate statistical significance (**P < 0.01; *P < 0.05).
SWC: soil moisture content; MAP: average annual
precipitation; Evap: evapotranspiration; Ele: elevation;
NDVI: normalized difference vegetation index; SIF: sun-
induced chlorophyll fluorescence; and AGB: abovegr-
ound biomass.

4 Discussion

4.1 Spatial distribution characteristics of SOC

The field investigation results showed that the surface
SOC of desert rangelands in northern Xinjiang was
relatively low; the average SOC content at the 0-20 cm
depth was 6.81 g-kg™!. Our results were higher than the

SOCs measured in arid regions in Spain (0—30 cm,
2.7 g'kg™!) and during the second soil survey in China
(1.78 gkg!, n = 7292) (Wang and Zhu, 2000; Anta
et al., 2020). This may have been because the data of
previous studies were obtained from published literature
or extrapolated from models, so there was a great deal of
uncertainty. However, existing results vary greatly at
different regional scales. For example, the SOC in the
Taklimakan Desert shelterbelt has been reported to be
1.39 g'kg™! (Ma et al., 2021), and that in a quicksand area
was reportedly only 0.60 g-kg™! (Yang et al., 2020); this
value was lower than our results. The overall SOC of the
Gurbantonggut Desert was found to be 6.00 g-kg™! (Li
etal., 2010), which was similar to our results. This
phenomenon results mainly from the extremely dry
climate conditions in the Taklimakan Desert in southern
Xinjiang; in this region, the annual precipitation is only
259 mm (Yangetal,2020) and plant resources are
seriously scarce. In comparison, the deserts of northern
Xinjiang have more precipitation and richer vegetation
types than the Taklimakan Desert. The presence of more
precipitation and vegetation lead to increased litter and
root exudates, which not only affect the SOC of the soil
under the vegetation canopy (Lietal.,2019) but also
cause changes in the abiotic environment under the
canopy (e.g., in the soil temperature, SWC, and pH)
(Yang et al., 2020). Obvious differences were observed
among various SOC types in diverse climate regions and
even in the same region due to the use of multivariate
approaches. Yan etal. (2019) estimated that the SOC
values derived by using remote sensing technology were
1.3 times higher than our results (8.70 vs. 6.81 g-kg™!).
These differences may have resulted from the different
data sources, grassland climate conditions, soil matrices,
and litter inputs among different vegetation types
affecting the turnover and accumulation of soil carbon
(i.e., the presence of different microorganisms (fungi,
enzymes, etc.) lead to different decomposition products of
fine matter in soils) (Lange et al., 2015; Nicolas et al.,
2019).

The topsoil SOCD in the cold desert Ladakh was
2178.25 g'm2; the surface SOCD of the Nulla Valley
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was 2345.00 g'm 2; and that of the Indus Valley was
2011.50 g-m2 (Acharyaetal., 2012). In north-west
China, the average SOCD was only 723.00 g-m~2 (Zhao
etal., 2011), and the Loess Plateau surface SOCD was
2640.00 g'm 2. The SOCD measured in our study was
1670.00 g'm 2. The results varied widely by region, and
this phenomenon was closely related to the soil matrix
and aboveground vegetation types recorded at the
sampling sites, thus further indicating the complexity and
spatial heterogeneity of desert rangeland environments.
As determined from their vertical distributions, SOC and
SOCD decreased significantly with increasing depth
(Fig. 2). Previous results have shown that the vertical
SOC distribution is mainly affected by soil leaching,
microbial activities, and mechanical soil disturbances
(West et al., 2020). From the perspective of the horizontal
distribution, the SOC in Habahe County was the lowest,
and this low value was caused by serious wind erosion.
The soil matrix in this region mainly consists of sandy
soils, and there is no surface runoff. Only a small portion
of the precipitation acts to encourage vegetation growth
under strong evaporation conditions. The Ili valley had
the richest precipitation among the areas considered in
this research, with the best vegetation and soil
development among the sampled desert types. The areas
with the highest SOC and SOCD values were mainly
concentrated in the alluvial plains in front of the
mountains in the Ili valley (Fig. 4). The increase in local
precipitation may be caused by the increase in elevation.
Shrubs and herbaceous vegetation can effectively
intercept water, promote vegetation growth, and further
increase the nutrient inputs from litter and roots (Knapp
et al., 2008).

To evaluate the total SOC amount in the soil carbon
pool in the desert rangelands of northern Xinjiang, we
measured the soil carbon storage in different substrates.
The sampled sites could be ordered by their SOCD from
high to low as follows: the gravelly desert, saline desert,
gravelly sandy desert, and sandy desert. This result was
similar to those obtained by other researchers; in past
studies, the SOC contents of sandy deserts have been
found to be lowest (Li et al., 2010; Ma et al., 2021). This
phenomenon is due to the relative scarcity of plant
resources in sandy deserts and to the scarce litter, water
shortages, and weak microbial activities of these regions
making it impossible to replenish the SOC in the soil
(Evans et al., 2014). The sampled soil deserts were
distributed on the edge of the alluvial fan in front of the
Tianshan Mountains; these regions have good soil
textures, nutrients, and water contents (Zhao et al., 2011).
The soil desert surfaces were densely covered with
grasses; the biodiversity was rich in these regions, and the
grass root systems were mainly concentrated on the
surface, thus affecting the distribution of the bulk density
and porosity in the soil profile (Alidoust et al., 2018). The
surface soil moisture was largest in the soil desert.
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Compared with sandy deserts, soil desert vegetation
exhibits shallow root systems, small canopies, and high
groundwater levels, and surface water resources are
abundant in these regions (Chen etal.,, 2018a), thus
resulting in the storage reservoirs having relatively high
storage capacities. Soil deserts could be better at
providing optimal environmental habitats for microor-
ganisms, enhancing the diversity of microbial commu-
nities, and strengthening the stability of the
microenvironment, thereby storing SOC (Chen et al.,
2018b. This phenomenon was similar to the mechanism
by which the dominant species were found to drive the
influence of neighboring vegetation (Michalet et al.,
2006). The mechanism of this process mainly involved
the expansion and creation of realized ecological niches
and providing space for more species to accumulate SOC
(Crotty and Bertness, 2015). The soil deserts contained
more and richer vegetation types than the sandy deserts.
Our research results showed that there were significant
differences in the SOC changes among different desert
subtypes. On the one hand, this phenomenon was related
to the microenvironment caused by different rangeland
types. Clay occupies a large proportion of soil deserts,
and herbaceous plants produce extra organic matter
during the soil colonization and development processes,
which in turn promote the carbon input to shallow soils
(Tong et al., 2018). On the other hand, in arid environ-
ments, the carbon input of litter to soils is greater than the
carbon output of microbial mineralization, and this
imbalance is conducive to SOC accumulation. However,
the low SOCs measured in sandy deserts mainly result
from litter being easily eroded and blown away by strong
winds (Knapp et al., 2010).

4.2 Main factors controlling the SOC distribution

The SOC and SOCD values varied greatly because the
surface SOC was easily affected by human activities,
vegetation, and soil material changes, especially in terms
of the environmental complexity and high spatial
heterogeneity (Li and Shao, 2014). This study was based
on extensive field sampling of desert rangelands in
northern Xinjiang and on a combination of multiple
theoretical predictions into a comprehensive model to
compare the direct effects (i.e., climatic and soil
properties) and indirect effects (i.e., vegetation factors) on
SOC in natural ecosystems. The findings of this study
suggest two broad generalizations.

First, our results illustrated that the biogeographical
patterns of carbon pools in desert rangelands coincide
with the MAP and Evap distribution patterns (Fig. 4),
thus suggesting that these climate factors play critical
roles in shaping the distribution of carbon stocks. As
expected, the SEM results supported our hypothesis that
precipitation regulates the SOC distribution in desert
rangelands (Fig. 6). Furthermore, the results derived
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herein implied a soil development relationship that may
also relate to climate anomalies. Unlike in other scholars’
research, the influence of MAT did not reach a significant
level in desert rangelands in this work (Tang et al., 2018).
However, the effects of strong evapotranspiration and
temperatures were synergistic (i.e., the higher the
temperature was, the stronger the effects of soil
evaporation and plant transpiration were). The strong
positive effect of climate conditions on the desert
rangeland SOC storage indicated that precipitation is
generally the determinant factor for plant production and
microbial respiration in arid areas (Chen et al., 2020). In
areas with high precipitation, the stronger the activities of
microorganisms and enzymes are, the greater the soil
evapotranspiration is. High precipitation values could
increase the availability of the respiratory matrix, change
the utilization of microbial C, and stimulate microbial
growth and activities (Zhao et al., 2016). Moreover, we
found that climate conditions, particularly high
precipitation, are associated with both higher NDVI and
higher SIF values and had consistently positive effects on
SOC storage (Chen etal.,2016). However, vegetation
(especially shrubs) had a weak impact on SOC. The
contribution of vegetation to SOC mainly involved the
transport of carbon sources to rhizosphere microorgani-
sms through autotrophic respiration. The sparse
vegetation, low community coverage, and few vegetation
leaves of new branches on desert rangelands (Su et al.,
2015) were also the main reasons for the low correlation
found between AGB and SOC in this research. For
example, most shrub vegetation (such as H.
ammodendron) stumps and lignin are difficult for
microorganisms to decompose (Artiningsih, 2006), and
easily decomposed litter easily moves with the wind,
resulting in the poor preservation of SOC.

Second, our results indicated that the direct effects of
SOC storage depend on the SWC while excluding the
effects of all other factors. This finding suggested that
higher SWCs led to better vegetation growth and that the
microenvironment also changes accordingly. Then,
microbial activity increases to promote the decomposition
of litter and carbon inputs (Tunlid et al., 2016), thus
improving the SOC storage. An increase in soil moisture
also promotes root proliferation. Roots can provide a
substrate for microorganisms and stimulate the synthesis
of kinase. At the same time, roots provide secretion and
oxygen and thus allow enzymes to maintain their normal
activities, promote higher turnover, and cope with
extreme climatic conditions (Song et al., 2019). In the
arid or semiarid western region of Inner Mongolia, the
SOC distribution has been found to be mainly limited by
the SWC (Song et al., 2019); this was also apparent in our
results. The clay, sand, and silt composition ratio in the
soil transforms along with a change in soil moisture.
Wind erosion destroys the soil aggregate structure,
reduces the soil porosity and accelerates the mineraliza-
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tion of SOC to SIC. However, higher AGB levels do not
necessarily lead to greater SOC storage in soils (e.g., in
sandy desert). For example, the vegetation in the sandy
desert rangeland mainly includes H. ammodendron and
H. persicum, and sandy deserts cannot effectively use
short-term rainfall to rapidly increase the number of H.
ammodendron or H. persicum individuals to cope with
the stress caused by the water and nutrient reductions.
Thus, the carbon turnover and release processes are
altered (Kusliené et al., 2014). Therefore, in arid regions,
water is the key to providing species diversity and
ensuring ecosystem stability.

Based on the SEM results, we considered the MAP,
Evap, and SWC to be of equal importance to estimate the
direct effects of environmental drivers. However, there
was uncertainty due to the complexity of the root biomass
and SOC effects in desert rangelands (Tong et al., 2018).
The response and feedback relationships between soil
properties and rangeland degradation were coupled and
indispensable. The response and feedback of soil factors
to rangeland degradation coexisted. There were many
kinds of soil factors, and their interactions were complex.
The causal relationships among these soil factors were
not clear in the studied desert rangelands. Thus, when
looking for the driving factors of SOC in desert
rangelands, more soil factors (such as the soil carbon
fraction, soil mechanical composition, soil microorga-
nisms, and soil respiration) should be included from a
broader perspective. Quantifying desert SOC and
determining its driving factors can provide a scientific
basis for sustainability and the “carbon neutrality and
carbon peaking” goal. In the future, it is necessary to
strengthen the research on technical approaches to earn
foreign exchange, optimize ecosystem management
measures, and adopt measures to address local conditions.

5 Conclusions

The SOC and SOCD values of desert rangelands in
northern Xinjiang were 0.05-37.13 g-kg™! and 19.23—
9740.62 g-m 2, respectively, with average values of
6.81 g-kg™! and 1670.38 g-m™2, respectively. The SOC
and SOCD spatial distributions in desert rangelands
showed decreasing trends from south-west to north-east.
The derived SOC and SOCD data sets both showed
moderate spatial variability (71.99%—78.87%). The
independent interpretation abilities of climate factors,
vegetation factors, and soil factors on the spatial variation
in SOC were 15.0%, 1.7%, and 12.3%, respectively. The
SEM results showed that vegetation factors have little
effect on the spatial distribution of SOC in the desert
rangelands. The SOC distribution was controlled not only
by climate factors (MAP and Evap) but also potentially
by soil factors, especially SWC, in the studied desert
rangelands. Overall, the current results enhanced our
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understanding of SOC in the arid regions of north-west
China and the Central Asia region and provided evidence
regarding SOC and climatic-vegetation-soil interactions
as well as on the management of desert rangelands as
potential sinks in regional or global C budgets.
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