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Abstract 

The changes and influencing factors of soil inorganic carbon (SIC) and organic carbon (SOC) on precipitation gradi-
ents are crucial for predicting and evaluating carbon storage changes at the regional scale. However, people’s under-
standing of the distribution characteristics of SOC and SIC reserves on regional precipitation gradients is insufficient, 
and the main environmental variables that affect SOC and SIC changes are also not well understood. Therefore, this 
study focuses on the Alxa region and selects five regions covered by three typical desert vegetation types, Zygophyl-
lum xanthoxylon (ZX), Nitraria tangutorum (NT), and Reaumuria songarica (RS), along the climate transect where pre-
cipitation gradually increases. The study analyzes and discusses the variation characteristics of SOC and SIC under dif-
ferent vegetation and precipitation conditions. The results indicate that both SOC and SIC increase with the increase 
of precipitation, and the increase in SOC is greater with the increase of precipitation. The average SOC content 
in the 0–300cm profile is NT (4.13 g kg−1) > RS (3.61 g kg−1) > ZX (3.57 g kg−1); The average value of SIC content is: RS 
(5.78 g kg−1) > NT (5.11 g kg−1) > ZX (5.02 g kg−1). Overall, the multi-annual average precipitation (MAP) in the Alxa 
region is the most important environmental factor affecting SIC and SOC.
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Introduction
Soils are the largest carbon pool in terrestrial ecosys-
tems, with soil carbon stocks accounting for more than 
quadruple the biological carbon stock and more than 
triple the atmospheric carbon stock, respectively [39, 
93]. Soil carbon stocks depend mainly on changes in 

soil inorganic carbon (SIC) and organic carbon (SOC) 
inputs and outputs, a process that is influenced by land 
use type, vegetation type, soil properties and microbial 
activity, and driven in particular by precipitation and 
temperature among the climatic variables. In addition, 
slight variations in soil carbon pools can further affect 
atmospheric carbon dioxide concentrations and global 
climate conditions [16, 33, 70, 94]. Understanding the 
patterns, magnitude and driving mechanisms of carbon 
cycling in terrestrial ecosystems remains a major chal-
lenge for Earth system science research [28, 46]. Thus, 
the study of changes in SIC density and SOC density over 
precipitation gradients and the factors influencing them 
is essential for predicting and assessing variations in car-
bon stocks at the regional scale.
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Soil carbon pools can be categorized into SIC and 
SOC, and slight changes in both can have important 
impacts on regional-scale carbon balance and terrestrial 
ecosystem carbon cycle [4, 42, 76, 101]. SOC, which is 
derived from the decomposition and transformation of 
plant apomictic material, is more active compared to SIC, 
and exhibits a rapid response to environmental and cli-
matic changes. SIC is stored mainly as dolomite (MgCO3) 
and calcium carbonate (CaCO3) in arid desert areas with 
scarce precipitation and is a more stable part of the soil 
carbon stock [25, 54, 55, 63]. SIC and SOC content also 
differed significantly in the driving mechanisms at dif-
ferent soil depths [34, 49, 77, 80]. Major climatic vari-
ables such as Multi-year average precipitation (MAP) 
and Multi-year average temperature (MAT) control Soil 
moisture content (SMC) dynamics while affecting the 
distribution and growth of vegetation, thus contributing 
to the dominant role of vegetation in the variation of SIC 
and SOC [45, 60]. Vegetation type, root dispersion, and 
soil water content all had an impact on SOC decompo-
sition and buildup at various levels of the soil, while soil 
type, soil water content, and vegetation type also had an 
impact on SIC dissolution and leaching. However, par-
ticularly in dry desert ecosystems, it is unknown how 
much of role factor like precipitation, temperature, soil 
type, soil characteristics, etc. have in influencing soil 
carbon accumulation. Precipitation plays a decisive role 
in determining net primary productivity and ecosystem 
structure in arid ecosystems, which in turn may influ-
ence the accumulation of SIC and SOC through abiotic 
or biotic factors associated with soil particulate matter 
deposition, vegetation productivity, and organic mat-
ter decomposition [10, 14, 92, 98]. Most studies indi-
cate that SOC typically rises with precipitation, but that 
SOC tends to exhibit a propensity to fall with soil depth 
because of biological factors such as uneven vegetation 
production and inputs of litter [43, 52, 72, 82]. Due to the 
scant amount of data, it is unclear how the SIC changes 
with soil depth and along the gradient of precipitation. 
As precipitation increased, SIC was reported to exhibit 
both increasing [81] and decreasing [61] results. Addi-
tionally, researchers have noted changes in the vertical 
distribution of SIC that are generally stable [24], decreas-
ing [81] and increasing [73–75, 79]. The spatial distribu-
tion of SIC and SOC profiles and their interaction with 
precipitation gradient are yet understudied aspects of the 
dry desert region, where precipitation is infrequent and 
vegetation is scant.

Arid deserts are distinguished by a lack of flora and 
a SOC content that is relatively low. The SIC in arid 
deserts has long been disregarded in the study of the 
terrestrial ecosystem carbon cycle because some aca-
demics once thought that it was essentially a “dead 

reservoir” and that its contribution to the modern car-
bon cycle was minuscule [65]. As a result, studies on 
the global carbon cycle have long ignored SIC in arid 
deserts. However, as the dominant form of soil carbon 
pool in semi-arid and arid zones, SIC may largely con-
tribute to soil carbon loss due to climate warming [70, 
94]. According to recent studies, 27% of the total CO2 
emissions from calcareous soils are attributed to SIC-
derived CO2 [70]. This implies that SIC is contributing 
more and more to the global carbon cycle. Although the 
SIC pool is slightly lower than the SOC pool at depths 
of 0–100  cm, estimates by various methods show that 
it is very large: 695–748  Pg  C [5], 940  Pg  C [17], and 
950 Pg C [66], exceeding the atmospheric carbon pool 
(760–880 Pg C) and terrestrial biotic carbon pool (540–
610 Pg C) [59]. More surprisingly, in soils at 0–200 cm 
depth, SIC stocks exceed 2300  Pg, which is compara-
ble to SOC stocks (2400  Pg) [5, 93]. This makes soil 
inorganic carbon important in the global carbon cycle. 
Additionally, because the worldwide desert region 
accounts for nearly one-fourth of the planet’s land area, 
its crucial significance in reducing climate change can-
not be understated [77, 80]. With a total size of roughly 
270,000  km2, Alxa is a typical dry desert region in the 
westernmost region of Inner Mongolia, China. With 
obvious zonal soil variations, the region is a transi-
tion zone from a steppe desert to a normal desert to 
a severely arid desert. It is currently unknown how 
much SIC and SOC are available in the soils of differ-
ent vegetation types in this region, which has extremely 
spatially heterogeneous ecosystems and intricate and 
diverse vegetation forms. More investigation is needed 
to compare the impact of various vegetation types, soil 
types, soil features, and other factors on the distribu-
tion and density of SIC and SOC on a broad regional 
scale. The dynamics of SIC and SOC along the region’s 
climatic gradients haven’t been the subject of numerous 
studies. These information gaps served as the primary 
driving force behind our endeavor.

On this basis, this study selected three typical vegeta-
tion types (Zygophyllum xanthoxylon (ZX), Nitraria tan-
gutorum (NT), and Reaumuria songarica (RS)) from arid 
areas on five plots of natural precipitation gradient in the 
Alxa Plateau. By comparing the distribution characteris-
tics and trends of SIC and SOC of three vegetation types 
at depths of 0–300 cm, we aim to understand the chang-
ing trends of SOCD and SICD with precipitation gradi-
ents in the Alxa region, as well as the main driving factors 
of SOCD and SICD changes at different soil depths. Pro-
vide the best solution for ecological afforestation and soil 
carbon sequestration under different precipitation gradi-
ents in arid desert areas based on the differences in soil 
carbon density among vegetation types.
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Materials and methods
Study area and transect description
With a total area of 270,000 square kilometers, the Alxa 
Plateau is situated in the southwest of the Mongolian Pla-
teau in the heart of interior Asia. The Afro-Asian Desert 
Zone, a mesothermal to warm-temperate transition to a 
desert characterized by shrubs and semi-shrubs, includes 
the Alxa Plateau, which is situated on its eastern flank. 
The geographic coordinates are between 97°10′–106°53′ 
East and 37°24′–42°47′ North. The landscape of the 
Alxa Plateau is dominated by high plains, while moun-
tains, hills, and deserts are widely distributed. The Ulan 
Buh, Tengger, and Badain Jilin Deserts are three of Chi-
na’s eight principal deserts, making up around 30% of 
the Alxa Plateau’s overall area. The surface of the three 
major deserts of Badain Jilin, Tengger, and Ulan Buhai is 
covered by a deep and loose sand layer. Alxa League is 
an interior plateau with a continental monsoon climate 
that is far from the sea. The geography, geomorphology, 
and bioclimatic conditions of the Alxa Plateau soil result 
in clear zonal distribution features, with brown calcic 
soil from the slow transition to gray desert soil and gray-
brown desert soil occurring from the northwest to the 
southeast. There are 29.8 million acres of native shrubs in 
Alxa Plateau.

In this study, the deserts and Gobi in the Alxa region 
were not included in the survey scope due to sparse veg-
etation. The five survey points selected in other areas 
of the Alxa region were Aratenchage (with a regional 
area of 19,000 square kilometers), Zhongquanzi (with a 
regional area of 11,717.6 square kilometers), Jilantai (with 
a regional area of 12,386 square kilometers), Toudao Lake 
(with an area of 4206 square kilometers), and Bayanhot 
(with an area of 5478 square kilometers). According to 
meteorological data in the Alxa region, there are com-
plete records of annual precipitation and annual average 
temperature in these areas, and precipitation has obvi-
ous regional characteristics, as shown in  Fig.  1. Mean-
while, in these areas, the distribution of overlords, red 
sand, and white thorns is widespread, and the vegeta-
tion between the plots is comparable. In each of the five 
locations, three typical types of desert vegetation were 
selected: bully, white thorn, and red thorn. The MAT 
range of these locations is 7.9 ℃to 9.1 ℃, and the MAP 
has increased from 36 to 260 mm. Precipitation is mainly 
distributed from June to September. In this study, MAP 
was calculated based on monitoring values from 1987 to 
2015.

The soil types in this study were based on the 1:1 mil-
lion “Soil Map of the People’s Republic of China” com-
piled and published by the National Soil Census Office 
in 1995 (https://​www.​Resdc.​cn). Based on the vectori-
zation of the Alxa map, obtain the soil types of the five 

study areas. The soil types at these five sites were mobile 
windswept sandy soils (MWSS), grayish-brown desert 
soils (GBDS), grayish-desert soils (GDS), light grayish-
calcareous soils (LGCS), and brownish-calcareous soils 
(BCS). Each site’s sampling points for the various vegeta-
tion kinds were close to one another, and the soil’s texture 
and type were generally constant. Basic facts about the 
five sites are listed in Table 1.

Soil sampling and measurements
Before conducting soil sampling surveys, we first select 
areas far away from human activities to conduct experi-
ments. Then, a vegetation survey will be conducted, and 
areas with three typical vegetation types that do not over-
lap with each other will be used as sample plots for soil 
sampling. Vegetation plots with good growth status and 
similar community density will be selected for soil sam-
pling. This ensures that soil samples are not affected by 
human activities and cross vegetation. In order to repli-
cate the soil samples, three 5 × 5 m plots were set in the 
middle of each vegetation type. The way each vegetation 
type is surveyed is based on the classical rules for veg-
etation surveys. There were nine layers of soil samples 
in each plot: 0–20 cm, 20–40 cm, 40–60 cm, 60–80 cm, 
80–100 cm, 100–150 cm, 150–200 cm, 200–250 cm, and 
250–300 cm. Shallow soil samples from 0 to 100 cm were 
not mixed, and deeper soil samples from 100 to 300 cm 
were mixed according to a 50  cm layer. Using stainless 
steel cutting rings (100 cm3 in volume), a soil profile was 
drilled to a depth of 300 cm in the middle of each stand 
to gather the soil bulk density (BD) of the undisturbed 
soil cores. The layout of soil sampling points and soil 
stratification are shown schematically in Fig. 2.

To eliminate stones or roots larger than 2  mm, the 
treated and air-dried soil samples were sieved. It was 
then pulverized in a ball mill and put through a soil fil-
ter with a mesh size of 100. The K2Cr2O7–H2SO4 oxi-
dation method was used to measure the SOC content, 
and a modified pressure transducer method was used to 
measure the SIC content. The pH was calculated using 
the electrode method, and BD represents the soil’s dry 
weight per volume after drying. For SMC, the soil’s fresh 
weight was measured first, and once it had dried, its dry 
weight was measured.

Calculation of SOC and SIC density and data analysis
The following equation was used to determine SICD or 
SOCD (kg  m−2) from soil bulk weight and inorganic or 
organic carbon content:

(1)SICD = SICi × BDi × Di × (1− Gi)/100

https://www.Resdc.cn
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where SICi (g kg−1) represents the soil’s inorganic carbon 
content, SOCi (g kg−1) represents its organic carbon con-
tent, BDi (g cm−3) represents its bulk density, and Di (cm) 
represents the soil’s layer thickness, Gi is the gravel con-
tent (> 2 mm) of soil layer Di.

Using one-way analysis of variance (ANOVA) and mul-
tiple comparisons in SPSS (version 23.0), the variability 

(2)SOCD = SOCi × BDi × Di × (1− Gi)/100
of SOC and SIC between vegetation types or soil depths 
was investigated. To investigate trends in SOCD and 
SICD along the gradient of precipitation in Origin (2022), 
linear regression was utilized. Using Pearson correlation 
coefficients, the significance of the influencing factors as 
well as the link between SOC and SIC densities and envi-
ronmental factors were determined. Redundancy analysis 
(RDA) was performed using Canoco software (version 
5.0) to assess the relative contribution of environmental 

Fig.  1  Sampling point locations, rainfall lines, and plant type diagrams, where I, II, III, IV, and V represent Alaten Chaog, Zhongquanzi, Kirantai, 
Toudao Lake, and Bayanhot, respectively. Precipitation data from Alxa League Meteorological Monitoring Station

Table 1  The basic description of the studied sites

WH, CR distributions indicate the mean plant height and mean plant cover at the three sampling sites

Site Alaten Chaog Zhongquanzi Kirantai Toudao Lake Bayanhot

Soil type MWSS GBDS GDS LGCS BCS

MAP(mm) 65.6 84.6 120.8 149 206.7

MAT(℃) 8.7 9.1 8.9 8.2 7.9

Altitude (m) 1462 1257 1328 1480 1309

Plant type MH(cm) CR(%) MH(cm) CR(%) MH(cm) CR(%) MH(cm) CR(%) MH(cm) CR(%)

OD 53.2 5.3 56.7 6.1 73.3 8.3 95.8 14.5 123.2 17.3

NT 13.6 4.3 15.2 5.2 17.3 9.3 16.8 13.5 17.2 19.3

RS 30.4 5.5 35.2 5.8 32.7 8.3 38.8 12.5 53.2 18.3
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factors to the variability of SOC and SIC densities in dif-
ferent soil layers.

Results
Profile changes in soil carbon content of different 
vegetation types
The SOC content had a substantial vertical distribu-
tion, as seen in Fig. 3 (a–c). The SOC content gradually 
decreased with soil depth. The SOC concentrations of 
OD, NT, and red sand RS revealed various significant 
changes in the various soil layers according to soil depth. 
The reason for this is that as the soil layer deepens, the 
ability of vegetation to increase soil carbon content grad-
ually decreases. Mainly attributed to the differences in 
the distribution of litter and roots on the profile, both of 
which are the main sources of SOC. Firstly, the surface 
litter is difficult to transport to the bottom soil, mak-
ing it difficult for the carbon input from litter to enter 
deeper soil layers. In addition, the surface root biomass 
of each vegetation type is higher than that of the bottom 
layer, and it gradually decreases with the deepening of 
the soil layer, resulting in a decrease in carbon input by 
the roots as the soil layer deepens, leading to a decrease 
in SOC content as the soil layer deepens. The SOC con-
tent did not differ significantly between ZX (5.12 g kg−1), 
NT (5.99  g  kg−1), and RS (5.77  g  kg−1) in the top soil 
layer (0–20  cm). The SOC content differed significantly 
between the profiles of ZX, NT, and RS in the soil layer 
of 20–200  cm. The SOC concentration in the profiles 
of ZX, NT, and RS did not differ noticeably within the 

200–300 cm soil layer. From Table 2, the mean SOC con-
tent values for the 0–300  cm profiles were as follows: 
NT (4.13 g kg−1) is followed by RS (3.61 g kg−1) and ZX 
(3.57 g kg−1).

The change of SIC content in the soil profile was dif-
ferent from the progressive decline of SOC content, 
as seen in Fig. 3 (d–f).On the other hand, the SIC con-
tent displayed a pattern of minor growth followed by a 
steady decline. In the 0–20  cm top soil level, there was 
no significant difference between ZX (2.92  g  kg−1) and 
NT (3.33  g  kg−1). However, there was a significant dif-
ference with RS (3.94 g kg−1). Vertical distribution of SIC 
content of different plant types in the 20–60 cm soil pro-
file showed that SIC content was much lower than SOC 
content. There was no discernible change in SIC content 
between ZX, NT, and RS in the 80–100 cm soil profile. 
From Table  2, the SIC concentration within the 100–
300 cm soil profile demonstrated the same considerable 
variation in ZX, NT, and RS. The mean SIC content val-
ues in the 0–300 profile were in the following order: RS 
(5.78 g kg−1) > NT (5.11 g kg−1) > ZX (5.02 g kg−1).

Differences in soil carbon density among different 
vegetation types
Figure  4a–c shows the variation in ZX, NT, and RS as 
well as the variation in SOCD across various soil pro-
files. In the 0–100  cm soil layer, the SOCD differences 
between ZX (6.31  kg  m−2), NT (7.17  kg  m−2), and RS 
(6.89  kg  m−2) were not statistically significant. The per-
centage of SOCD in the top 100  cm soil depth was ZX 

Fig. 2  Layout of Soil Sampling Points and Soil Stratification Schematic
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(45.44%), NT (44.42%), and RS (52.28%) in the 0–300 cm 
soil layer. At soil depths of 100–200 cm, there was a large 
difference in SOCD between NT (5.39  kg  m−2) and RS 

(3.62 kg m−2), but not much difference with ZX (4.15 kg 
m−2). The percentage of SOCD at 100–200 cm soil depth 
in the 0–300 cm soil layer was ZX (29.88%), NT (33.43%), 

Fig. 3  Distribution of SIC and SOC contents by soil profile for ZX, NT, and RS. Error lines show how the same plant at the same site differs in SOC 
and SIC. Significant changes in SIC and SOC contents of ZX, NT, and RS in the same soil layer are represented by various lower case letters (P < 0.05). 
a, b, c denote the SOC content of ZX, NT, and RS, and d, e, f denote the SIC content of ZX, NT, and RS, respectively
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Table 2  Descriptive statistics of ZX, NT and RS at 0–300 cm SOC and SIC content

Soil carbon content Plant type Min Max Mean SD CV (%)

SOC(g kg−1) ZX 2.14 5.12 3.57 1.02 0.28

NT 2.04 5.99 4.13 1.23 0.29

RS 1.71 5.77 3.61 1.56 0.43

SIC(g kg−1) ZX 2.92 6.18 5.02 1.18 0.23

NT 3.33 6.06 5.11 0.86 0.16

RS 3.94 6.79 5.78 0.99 0.17

Fig. 4  The number of SOCD and SICD of ZX, NT, and RS (bars) and their percentages (black circles) in various soil layers. For ZX, NT, and RS, different 
lowercase letters denote statistically significant variations in SOC and SIC densities within the same soil layer (P < 0.05). a, b, c denote the SOC 
content of ZX, NT, and RS, and d, e, f denote the SIC content of ZX, NT, and RS, respectively
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and RS (27.53%), respectively. At 200–300 cm soil depth, 
the difference in SOCD between NT (3.57  kg  m−2) and 
RS (2.66  kg  m−2) was significant, but the difference 
with ZX (3.43 kg m−2) was negligible. The percentage of 
SOCD at 200–300  cm soil depth in the 0–300  cm soil 
layer was ZX (24.67%), NT (22.15%) and RS (20.18%), 
respectively. The mean SOCD values for the 0–300 pro-
files were as follows: NT (5.38 kg m−2) is followed by ZX 
(4.63 kg m−2) and RS (4.39 kg m−2).

Figure  4(d–f) shows the variation in ZX, NT, and RS 
as well as the variation in SICD across various soil pro-
files. Overall, the SICD in the 0–300  cm soil layer did 
not significantly alter with soil profile. There was no 
statistically significant difference in SICD between ZX 
(6.76 kg m−2), NT (7.08 kg m−2), and RS (7.64 kg m−2) in 
the 0–100 cm soil depth range. The percentage of SICD 
in the 0–100 cm soil layer over the 0–300 cm soil depth 
was ZX (29.97%), NT (31.07%), and RS (29.11%), respec-
tively. Differences in SICD at 100–200  cm soil depth 
were not significant between NT (7.88 kg m−2) and ZX 
(8.26  kg m−2), but were significant between RS (9.78  kg 
m−2). The percentage of SICD at 100–200 cm soil depth 
in the 0–300 cm soil layer was ZX (36.61%), NT (34.57%), 
and RS (37.24%), respectively. Within the 200–300  cm 
soil depth, SICD did not differ significantly between NT 
(7.84 kg m−2) and ZX (7.54 kg m−2), while it differed sig-
nificantly with RS (8.84 kg m−2). The percentage of SICD 
at 200–300 cm soil depth in the 0–300 cm soil layer was 
ZX (33.41%), NT (34.36%), and RS (33.65%), respectively. 
The mean SICD for the entire 0–300 cm soil layer were, 
in descending order RS (8.76 kg m−2), NT (7.61 kg m−2), 
and ZX (7.52 kg m−2). Since the deep soil carbon density 
makes up more than 50% of the shallow soil, regional car-
bon sequestration will be greatly understated if just the 
shallow soil carbon density in the 0–100 cm soil layer is 
taken into account when estimating soil carbon density.

Variation of SICD, SOCD, and STCD along the precipitation 
gradient in various soil strata
The association between SOC, SIC, and STC concen-
trations and MAP in each soil layer of various vegeta-
tion types was examined using linear regression analysis 
(Fig. 5). As shown in Fig. 5 (a–c), ZX, NT, and RS found 
a significant positive correlation between SOCD and 
MAP in the surface 0–20  cm of the soil. ZX showed a 
significant positive correlation between SOCD and MAP 
at 0–60 cm soil depth. In the 80–150 cm soil depth, NT 
demonstrated a substantial positive link between SOCD 
and MAP. In the 80–100 cm soil depth, RS demonstrated 
a substantial positive association between SOC density 
and MAP. In other soil depths, SOCD and MAP did not 
significantly correlate according to ZX, NT, and RS.

The association between SICD and MAP is depicted 
in Fig. 5 (d–f). In the 0–40 cm soil layer, ZX revealed a 
sizable positive link between SIC density and MAP. In 
the 20–60 cm soil depth, NT found a considerable posi-
tive relationship between SICD and MAP. Only in the 
80–100  cm soil depth did RS demonstrate a substantial 
positive association between SICD and MAP. Figure 5(g, 
h) depicts the association between total SIC, SOC, STC, 
and MAP in the 0–300 cm soil depth. The SOCD of ZX, 
STCD of NT, and SOCD of RS were all considerably and 
positively connected with MAP in the 0–300  cm soil 
depth. The three vegetation types’ SICD, SOCD, and 
STCD all rose with rising precipitation gradients, though 
not all of them significantly correlated with MAP.

Factors influencing soil carbon density and their relative 
contributions
In Table  3, Person’s correlation analysis revealed that 
in the 0–200  cm soil depth, SOCD was strongly and 
positively linked with MAP and SMC. In the 0–300 cm 
depth, SOCD was substantially and positively correlated 
with soil type (ST), and in the 200–300 cm depth, SOCD 
was significantly and negatively correlated with pH. In 
the 0–300 cm soil depth, SOCD and MAT had a negative 
correlation that was not statistically significant. In the 
shallow 0–100  cm, SICD was likewise significantly and 
positively linked with MAP and SMC [10]. In the deep 
100–300 cm depth, SICD was strongly and favorably con-
nected with pH and ST. In the 0–300 cm, SOCD and ST 
had a strong and positive correlation. According to the 
Person correlation analysis, MAP, SMC, pH, and ST are 
the key variables influencing SOCD and SICD, with the 
other variables having a relatively minor impact [11].

The two-dimensional ordination diagram for SOCD 
and SICD correlations with each physicochemical ele-
ment is shown in Fig. 6 as a result of RDA ranking. The 
size of the correlation is shown in Fig. 6 by the length 
and direction of the arrows; the longer the arrow, the 
higher the correlation, and the greater the cosine value 
between the arrow angles, the higher the correlation 
[21]. As shown in Fig.  6, the amount of explanation 
of SOCD and SICD by seven environmental factors 
gathered in the first two axes reached 76.57%, 83.61%, 
86.19%, 85.32%, 76.81%, and 76.3%, respectively, 
84.88%, 68.95%, and 42.1% in the 0–20cm, 20–40cm, 
and 250–300cm soil layers. The impacts of MAP, ST, 
SD, SMC, and pH on SOCD and SICD were stronger 
in the 0–20 cm soil depth [28]. MAP, SMC, and ST had 
a stronger impact on SOCD and SICD in the 20–40 cm 
soil depth. In the 40–60cm depth, the impacts of MAP, 
SMC, pH, and ST on SOCD and SICD were more pro-
nounced. In the 60–100cm depth, the impacts of MAP, 
MAT, SMC, and ST on SOCD and SICD were stronger. 
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In the 100–150cm depth, the impacts of MAP, SMC, 
pH, and ST on SOCD and SICD were stronger [31]. 
In the 150–250cm depth, the impacts of MAP, SMC, 
pH, and ST on SOCD and SICD were stronger in the 
200–250  cm soil layer. In the 250–300cm depth, the 
impacts of MAP, pH, and ST on SOCD and SICD were 
stronger [33].

The respective contribution of the primary environ-
mental elements to SOCD and SICD at each depth is 
calculated in Fig. 7. The average variance in SOCD was 
described by MAP, pH, SMC, ST, BD, PT, and MAT, 
while the average variance in SICD was explained by 

53.97%, 19.13%, 10.01%, 6.44%, and 5.08%, respec-
tively, and 3.99% and 1.35%.

Discussion
Patterns of spatial distribution of SOC over a precipitation 
gradient
Several investigations have shown that fluctuations in 
SOC content are mostly caused by environmental factors 
such as precipitation and temperature [49, 62, 68]. This 
study’s redundancy analysis revealed that precipitation 
was the primary cause of the fluctuation in SOC content. 
At these five sites on the Alxa Plateau, we discovered that 
SOC content rose with MAP in this study, showing that 

Fig. 5  Variation of SICD, SOCD, and STCD along the precipitation gradients in various soil strata. **Indicates significance of linear regression 
at the 0.05 level. a, b, c denote the linear relationship between SOC density and precipitation for ZX, NT, and RS, respectively, d, e, f denote the linear 
relationship between SIC density and precipitation for ZX, NT, and RS, respectively, and g, h, i denote the linear relationship between total soil 
carbon density and precipitation for ZX, NT, and RS, respectively
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potential SOC buildup should be greater in wetter places 
than in dry areas. Previous research on the fluctuation 
of SOC content with precipitation gradient in the Inner 
Mongolia Plateau, China [18], and northwestern territo-
ries, Iran [61] can also be used to corroborate the con-
clusions of this study. Because soil moisture effectiveness 
is typically a significant constraint for plant output, par-
ticularly in arid desert locations, SOC content increased 
as MAP increased [35, 97, 104]. This is also illustrated by 
the fact that SMC contributed to SOC content to a lesser 
extent than MAP in this study, and the contribution of 
SMC to SOC content became progressively more promi-
nent with soil depth change [37]. According to Huang 
et  al. [30] and Hong et  al. [26], increased precipitation 
typically results in increased soil moisture, which boosts 
plant productivity and litter inputs. Arid soils also have 
an impact on how water infiltration moves organic mat-
ter from shallow to deep soils. Soil moisture effective-
ness may also be a limiting element in the organic carbon 
generation from microbial degradation of plant litter in 
deep soils [96]. In dry and semi-arid terrestrial ecosys-
tems, MAP is also a significant limiting factor for pro-
ductivity and the sustainability of development [2, 7, 9]. 
In this study, the link between SOCD and MAP was quite 
favorable. At every soil depth, as the gradient of precipi-
tation grew, SOCD grew as well. According to Banning 
et  al. [3] and Iglesias et  al. [31], more litter is produced 

as a result of increased aboveground biomass due to 
increased precipitation, which is a key source of soil 
nutrients through microbial breakdown processes [4].

For the reason of the efficient buildup of litter inputs 
and microbial decomposition activities of above and 
below-ground biomass, shallow soil (0–100  cm) had a 
stronger association between SOC and MAP than deep 
soil [19, 56, 91]. When precipitation rose, soil mois-
ture recharge conditions allowed for the full growth 
and accumulation of above and below-ground bio-
mass, which encouraged litter input and microbial 
activity. For instance, it was discovered that an aver-
age of 95% of woody vegetation at six paired sites had 
roots depths > 200  cm across a rainfall gradient in the 
southwest of the United States, with a correspond-
ing increase in biomass with the rainfall gradient and 
a gradually decreasing root density with soil depth 
[84]. Because root biomass is assumed to be the pri-
mary source of soil nutrients, SOC decreases with soil 
depth [19, 21, 37, 53, 83, 99]. By using Person correla-
tion analysis, it was also discovered that SOC content 
was negatively linked with MAT. This might be because 
hotter temperatures hasten evapotranspiration, which 
decreases soil moisture availability and plant yield 
[73–75, 79, 86]. Through its impact on microbial break-
down, temperature can regulate fluctuations in SOC 
inventory [50]. At our sampling sites, MAT’s influence 
on variations in SOC content was less noticeable. The 

Table 3  Pearson correlation analysis between SOCD and SICD and environmental variables

* denotes significant correlation at the P < 0.05 probability level. **indicates significant correlation at the P < 0.01 probability level. Plant type (PT), multi-annual average 
precipitation (MAP), multi-annual average temperature (MAT), soil moisture content (SMC) Soil bulk density (BD), Soil type (ST)

Variables Depths(cm) PT MAP MAT SMC BD pH ST

SOCD 0–20 0.172 0.767** −0.414 0.401** 0.457* 0.325 0.536*

20–40 0.291 0.751** −0.365 0.370** 0.334 0.343 0.421*

40–60 0.17 0.850** −0.398 0.312** 0.358 0.593* 0.432

60–80 0.052 0.807** −0.462 0.332* 0.292 0.206 0.571*

80–100 0.014 0.69** −0.369 0.411** 0.145 0.387 0.668**

100–150 0.118 0.498* −0.284 0.658** 0.034 0.014 0.647**

150–200 0.313 0.557 −0.312 0.42* 0.317 0.137 0.545*

200–250 0.316 0.194 −0.249 0.368 0.107 -0.465* 0.581*

250–300 0.338 0.381 −0.262 0.071 0.201 -0.142* 0.479*

SICD 0–20 0.296 0.653** 0.424 0.518* 0.017 0.553 0.376

20–40 0.346 0.75** 0.368 0.68* 0.031 0.391 0.545*

40–60 0.117 0.723** 0.421 0.509* 0.139 0.417* 0.424*

60–80 0.119 0.808* 0.368 0.411 0.159 0.396 0.504*

80–100 0.096 0.846* 0.483 0.594* 0.033 0.552* 0.408**

100–150 0.272 0.658 0.361 0.479 0.333* 0.527* 0.598*

150–200 0.244 0.556 0.219 −0.26* 0.066 0.719* 0.505*

200–250 0.435 0.192 0.367 −0.302 0.104 0.652** 0.661**

250–300 0.172 0.274 0.234 −0.205 0.128 0.649** 0.704**
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non-significant variances in MAT between the five 
study sites, which ranged from 7.9 to 9.1 ℃, may help 
to explain the phenomena. The upgrading of SOC dis-
tribution patterns from the stand scale to the regional 
scale is supported by our results, which subtly highlight 
the significance of taking into account both soil depth 
and rainfall when measuring SOC density.

Patterns of spatial distribution of SIC over a precipitation 
gradient
Raheb et al. [61] looked at how MAP affected SIC pools 
in dry, semi-arid, and sub-humid environments. With the 
increase in MAP, total SICD increased from 3.75 kg m−2 
under arid and semi-arid conditions to 11.32  kg  m−2 
under sub-humid dry conditions, respectively. The high-
est SIC/SOC ratio was found in the arid desert region, 
where soils had lower SOC contents. The significant 

Fig. 6  RDA two-dimensional ordination plots of the correlation of SIC and SOC with environmental factors for different soil layers with ordinal 
numbers (a–i) in the order of soil layers 0–20, 20–40, 250–300 cm. The abbreviations in the figure are respectively: plant type (PT), multi-annual 
average precipitation (MAP), multi-annual average temperature (MAT), soil moisture content (SMC) soil bulk density (BD), soil type (ST)



Page 12 of 17Zhu et al. Carbon Balance and Management           (2024) 19:19 

impact of precipitation on SIC storage is indicated by 
the high value of this ratio compared to SOC [38]. Arid 
soils are enriched with pedogenic inorganic carbon (PIC) 
thanks to precipitation ratios during high evaporation 
circumstances that prevent carbonate breakdown and 
leaching. The development and accretion of rocky cal-
careous and calcareous horizons in arid regions with lim-
ited effective precipitation is facilitated by an increase in 
SIC content, according to a study by Wu et al. [87]. The 
potential for SIC accumulation is greater in arid locations 
with poor effective precipitation than in humid regions 
with rich effective precipitation, according to this study’s 
finding that SICD showed the same increasing tendency 
with precipitation gradient [38]. For instance, SIC reser-
voirs are more prevalent in regions with annual precipi-
tation below 500 mm [40, 59, 60]. According to [54, 55], 
there are 84% of China’s total SIC reservoirs in areas with 
MAP is less than 500 mm [40]. Seasonal droughts result 
in decreased root activity and soil moisture, and seasonal 
dry periods are suitable for carbonate precipitation [23, 
64, 103]. The average annual precipitation of the Alxa 
Plateau is mainly distributed in July–September, with 
little precipitation in the other periods, thus allowing a 
longer period of carbonate precipitation [53].

The overall distribution of SIC across the soil profile 
similarly showed a pattern of smaller in the lower lay-
ers and greater in the deeper layers. The lower soil pH 
and higher SOC in the topsoil can be linked to this pat-
tern, where SOC decomposition can produce an acidic 
environment that encourages carbonate dissolution [70, 
73–75, 79, 101]. Second, increased CO2 partial pressure 

and SMC could be the cause of a smaller SIC in the 
topsoil. This causes Eq.  (3) to be shifted to the left and 
results in carbonate dissolution. In the deep soil profile, 
changes in soil inorganic carbon content were mostly 
impacted by root biomass, Ca2+, and HCO3

− and CO2 
partial pressure. The root biomass of the deep soil grew 
in step with the rise in precipitation. Firstly, the input of 
root litter material increased, which stimulated the activ-
ity of soil fauna and microorganisms and accelerated the 
decomposition of litter material, and the unstable SOC 
was mineralized to produce more CO2, which drove 
Eq. (4) to carry on to the left, and was further dissolved 
in soil solution to form HCO3

−, that was subsequently 
combined with the decomposed Ca2+ released from lit-
ter material combines and precipitates as CaCO3 [101]. 
Secondly, in extreme arid soil environments, PIC can be 
formed from the enrichment of unutilized excess Ca2+ 
by roots in the mucilaginous sheaths around root hairs, 
and the accumulation of large amounts of HCO3

− in the 
mucilaginous sheaths as a result of respiration, which 
makes the mucilaginous sheaths provide a unique envi-
ronment for the combination of Ca2+and HCO3

−, and in 
both cases, the action of these two, PIC development in 
deep soils is encouraged [41, 58, 89]. Finally, The possibil-
ity that deeper soils have higher SIC is connected to the 
rainy season’s carbonate leaching from topsoil to deeper 
soil [54, 55, 90, 100].

(3)Ca
2+

+ 2HCO
−

3
↔ CaCO3 +H2O+ CO2

(4)
CaCO3 + 2H

+
↔ HCO

−

3
+H

+
+ Ca

2+
↔ H2O+ CO2 + Ca

2+

Fig. 7  Relative contribution of environmental factors to (a) SOC and (b) SIC density at each depths
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Correlation between SIC and SOC
SIC and SOC relationships can be diverse, with posi-
tive [73–75, 79], negative [101] or uncorrelated relation-
ships [51]. For instance, in China, topsoil samples from 
the western Loess Plateau and the North China Plain 
revealed an inverse relationship between SIC and SOC 
[29, 95], while samples from the Badan jirin Desert in 
China and the Yanqing Basin in Xinjiang demonstrated 
that SIC and SOC had a favorable connection [69, 78]. In 
arid ecosystems, the link between SIC and SOC is main-
tained in large part by soil pH [64, 74]. More CO2 will be 
released into the soil as a result of microbial decomposi-
tion of SOC and plant root respiration, making the soil 
more acidic [74]. A negative link between the surface 
SIC and SOC results from carbonate dissolution being 

encouraged by low pH [20, 36]. In this work, as can be 
seen from Fig.  8, SIC and SOC within the top 100  cm 
depth, on the other hand, showed an intense positive 
connection. Because the soils of the five sites in this study 
were alkaline soils, the soil parent material was brown 
desert soil type or calcareous soil type, with high pH and 
abundant Ca2+, Mg2+ and other ions, carbonic acid was 
formed after the decomposition of SOC to form CO2, 
and reacted with Ca2+, Mg2+ and other ions to form car-
bonate-like substances stored in the soil [13, 47]. In addi-
tion, alkaline soils are less likely to cause solubilization 
of SIC, thus SIC and SOC have a significant favorable 
association [6, 27]. Differences in SIC-SOC correlations 
reflect the fact that SIC and SOC may behave differently 
in response to changes in environmental conditions [64]. 

Fig. 8  Correlation between SOCD and SICD
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For example, SOC was less stable at high soil pH, and soil 
salinity inhibited the effective accumulation of SOC [65]. 
On the other hand, it increased the concentrations of 
Mg2+ and Ca2+ in the soil, which promoted the accumu-
lation of SIC, resulting in a bad correlation between SIC 
and SOC [15, 48, 85]. Whereas, under the conditions of 
high SMC and pH, the decomposition of SOC and leach-
ing of SIC increased, thus indicating a positive relation-
ship between SIC and SOC [20, 71, 98].

Since the research on the interrelationship between 
SIC and SOC is still limited, the results of different land 
use or the same land use in different regions indicate that 
the interaction between SIC and SOC is very sophisti-
cated, which may be a reflection of the spatial and tem-
poral superposition of the various processes or reactions 
that lead to the formation of carbonates. In addition, 
both the SOC/SIC values and the correlation analysis 
of SOC and SIC contents can only speculate or support 
the interrelationship between SOC and SIC contents 
from the statistical results. Still, they cannot directly 
explain the transformation process between SOC and 
SIC. Therefore, relevant studies should be strengthened 
in the future to clarify the interrelationship between SIC 
and SOC contents under different environmental factors, 
and to enhance the mechanistic study of the soil carbon-
ate transformation process with the help of modeling and 
isotope methods, to have a solid scientific foundation for 
fairly assessing how much SIC contributes to the global 
soil carbon balance.

Unexplained changes in SIC and SOC accumulation
In this work, SIC and SOC fluctuations in the 0–300 cm 
soil depth were analyzed, instead of using straightfor-
ward qualitative assertions or correlation analyses, the 
majority of the variations in soil carbon pools were suc-
cessfully explained. This result provides a key theory in 
terms of better explaining the causes of SIC and SOC 
changes. Conversely, a fraction of the variations in soil 
carbon buildup are still not well understood. Lack of 
information regarding soil clay, chalk, and sand particles 
related to soil texture may be to blame for the inadequate 
explanation for some of the SOC changes. One of the key 
elements influencing the difference in SOC content is the 
proportion of sand, silt, and clay in soil particles, espe-
cially in deep soils. Additionally, soil aggregates provide 
physical protection against the formation of SOC con-
tent [67, 88]. A small amount of organic matter inputs 
from above and below-ground apoplastic material also 
helps to boost SOC content [12, 19]. Most soil microor-
ganisms are heterotrophic, using soil organic matter as 
a source of energy and carbon, and SOC accumulation 
is also correlated with root apoplastic decomposition 
and the intensity of microbial activity. Differences in the 

characterization of soil microbial communities may also 
explain some of the SOC decomposition [32]. As a result, 
a dearth of information about elements like plant lit-
ter, root biomass, and microbial communities may be to 
blame for some of the inexplicable changes in SOC.

The the inadequate explanation of some of the SIC vari-
ations can be a result of a lack of information on soil con-
ductivity, soil texture, and soil salinity. Soil texture and 
structure control, among other things, soil permeability, 
and water dynamics, and therefore indirectly influence 
the depth of PIC accumulation [11, 44, 98, 100]. The geo-
graphical distribution of Ca2+ and Mg2+ plasma content 
in the soil is influenced by soil salinity and conductivity, 
which has an impact on SIC formation and transmission. 
The absence of information on the physicochemical char-
acteristics of the soil in the deep inter-root layer of the 
soil may be one of the reasons why there is also a por-
tion of SIC buildup that cannot be explained. When there 
are substantial, live roots, carbonate dissolution is greatly 
increased. This is due to the release of H+ and carboxylic 
acids by roots [1, 22], which makes the inter-root CO2 
concentration 100  fold higher than in the atmosphere, 
and the local pH of inter-root soils two units lower than 
that of non-inter-root soils, leading to an increase in 
the dissolution of carbonate near roots. The absence of 
information on soil microorganisms could be the second 
explanation. Fungi and bacteria found in soil play a major 
role in the development of PIC. Bacteria can quickly 
accumulate visible carbonate if there are Ca2+ and Mg2+ 
in the fluid [8, 57, 102].

Conclusions
This study investigated the changes in SOC and SIC 
of three vegetation types in the 0–300cm soil profile 
and their variation with precipitation gradients in five 
regions from western to eastern Alxa region. Firstly, the 
SICD and SOCD of these five regions increase with the 
increase of MAP. Among these three types of vegeta-
tion, the SOC content and density are in the order of 
NT > RS > ZX, and the SIC content and density are in the 
order of RS > NT > ZX. Secondly, Pearson and RDA anal-
yses indicate that MAP, SMC, pH, and ST have a signifi-
cant impact on soil carbon density in arid desert areas. 
This study indirectly emphasizes the importance of con-
sidering both soil depth and rainfall when evaluating soil 
carbon density, which can support the upgrading of soil 
carbon density distribution patterns from stand scale to 
regional scale. In order to gain a deeper understanding 
of the impact mechanism of soil carbon density, subse-
quent research should also investigate relevant informa-
tion such as soil texture, vegetation roots, and biomass, 
in order to gain a more comprehensive understanding of 
changes in soil carbon density.
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