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Abstract: Soil organic carbon (SOC) and soil inorganic carbon (SIC) are key components
of soil carbon pools in arid ecosystems, playing a crucial role in regional carbon cycling
and climate change mitigation. However, the interactions between these two forms of
carbon in arid alpine ecosystems remain underexplored. This study was conducted in
the Heihe River Basin (HRB) in the northeastern Qinghai-Tibet Plateau, focusing on the
distribution and dynamics of SOC and SIC in deep soil layers. Using data from 329 samples
collected from 49 soil profiles extending to the bedrock, combined with path analysis, we
explored the inter-relationships between SOC and SIC and quantified the influence of
environmental factors. The results showed that (1) SOC exhibited a unimodal distribution
with elevation, peaking at 3300-3600 m, while SIC continuously decreased with elevation,
with reduction rates ranging from —0.39% to —31.18%; (2) SOC and SIC were significantly
positively correlated (r = 0.55, p < 0.01), with SOC decreasing with depth and SIC showing
an inflection point at 50 cm depth; (3) SOC was primarily driven by nutrient factors, such
as total nitrogen (TN), with a path coefficient of 0.988, while SIC was influenced by abiotic
factors, including potential evapotranspiration (PET), with a coefficient of —1.987; (4) SOC
density accounted for 81.62% of the total soil carbon pool, playing a dominant role in
carbon storage, whereas SIC density exhibited dynamic changes, particularly at depths
of 110-150 cm. These findings advance our understanding of deep soil carbon dynamics
in arid alpine ecosystems and provide critical data for improving carbon management
strategies in similar regions.

Keywords: soil organic carbon; soil inorganic carbon; path analysis; the Qinghai-Tibet
Plateau

1. Introduction

Soil carbon reservoirs are fundamental to soil functionality and are critical in maintain-
ing soil productivity and mitigating climate change [1,2]. According to statistical data, soil

Land 2025, 14, 409

https://doi.org/10.3390/land 14020409


https://doi.org/10.3390/land14020409
https://doi.org/10.3390/land14020409
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://doi.org/10.3390/land14020409
https://www.mdpi.com/article/10.3390/land14020409?type=check_update&version=1

Land 2025, 14, 409

2of 16

is the primary carbon repository within terrestrial ecosystems, harboring approximately
1500 Pg of soil organic carbon (SOC) and 700-1000 Pg of soil inorganic carbon (SIC) [34].
In China alone, an estimated 80-120 Pg of SOC and 53-78 Pg of SIC are sequestered [5,6].
Hence, even slight changes in atmospheric concentrations can precipitate substantial fluc-
tuations, thereby exerting a substantial impact on the global climate [7]. With escalating
global climate change and substantial alterations in ecological landscapes, the soil carbon
pool has become a focal point in studies on terrestrial ecosystem carbon cycles and global
transformations [8-10]. Furthermore, it is a core subject of numerous global research ini-
tiatives targeting environmental shifts, such as the Global Carbon Program and World
Climate Research Program [11,12].

Soil carbon in arid regions constitutes approximately 52% of the global soil carbon
pool [13,14], with 32% of the global SOC and 80% of the SIC situated therein [15]. Integral
with the global carbon cycle, the carbon cycle in arid regions plays a crucial role in regional
soil carbon pools, carbon budgets, and broader global biogeochemical cycles. Previously,
SIC was believed to remain relatively stable over extended historical periods, thus exerting
a limited influence on the carbon cycle of terrestrial ecosystems [16,17]. However, recent
studies have highlighted rapid changes in the formation and turnover of secondary carbon-
ates in response to climate warming, challenging the traditional perceptions of SIC [18].
Consequently, akin to SOC, SIC represents a significant carbon reservoir in ecosystems,
although it has received less attention historically. Studies on the Mongolia Plateau [19] and
Loess Plateau [20] in China show that SIC is the main component of soil carbon pools in arid
areas. While some studies have suggested that SOC is a predominant component of the soil
carbon pool in the hinterland of the Qinghai-Tibet Plateau (QTP) [21], our understanding
of the changes in deep soil carbon in the QTP remains limited due to data constraints. The
variation in soil carbon and the relationship between SOC and SIC in the QTP is not yet
well understood.

Recent research emphasizes the need for a more integrated understanding of SOC and
SIC, particularly in the context of climate change and land use. Both SOC and SIC play
essential roles in the global carbon cycle, but their dynamics are shaped by different biotic
and abiotic factors. SOC is primarily influenced by biological processes such as biomass
input and litter decomposition, while SIC is governed by chemical and physical processes,
including soil pH and moisture [22]. In arid and semi-arid regions, where SIC dominates,
the relationship between these two carbon forms is particularly complex. Some studies
have shown a positive correlation between SOC and SIC in agricultural lands [23], while
others suggest an inverse relationship, especially in areas with high soil acidity or lower
precipitation [21]. These findings highlight the importance of considering both SOC and
SIC when studying soil carbon dynamics, as they contribute differently under varying
environmental conditions. The Heihe River Basin (HRB), situated in the northeastern region
of the QTP in the arid terrain of northwest China, serves as a transitional zone between
the QTP and the Loess Plateau. Mi et al. [24] estimated that approximately 84% of SIC
in China is stored in regions receiving less than 500 mm of annual precipitation. In the
HRB, the annual precipitation ranges between 289.9 and 535.8 mm. Distinctive climatic
conditions and geographical positioning make it an ideal location for investigating SOC
and SIC dynamics in arid alpine ecosystems. The distribution and accumulation of SOC
and SIC are fundamentally governed by soil-forming factors, including parent material,
climate, organisms, topography, and time. For example, precipitation strongly influences
carbonate leaching and accumulation, leading to the formation of calcic horizons [25]. This
study builds upon these theoretical foundations to investigate SOC and SIC dynamics
in the arid alpine ecosystem of the Heihe River Basin. The objectives of our study were
twofold: (1) to analyze the distribution patterns of SOC and SIC in alpine arid ecosystems
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and their inter-relationships and (2) to investigate the influence of soil physicochemical
properties and environmental factors on SOC and SIC, elucidating the primary influencing
factors and pathways. These findings significantly enhance our understanding of deep
soil carbon dynamics in arid alpine ecosystems and provide critical data and insight into
similar regions.

2. Materials and Methods
2.1. Study Area

The HRB is situated in the hinterland of the Qilian Mountains, within the arid expanse
of northwest China. It is the second-largest inland river in China, with a total length of
820 km, and plays a pivotal role in maintaining ecological security in the region [26]. The
HRB (98°-101° E, 37.5°-39° N) constitutes the primary flow-generating area of the basin.
This area exhibits significant topographical variations, with elevations ranging from 2256 m
to 5281 m, encompassing an area of approximately 1.1 x 10* km? (Figure 1). Meteorological
data from 1961 to 2019 reveal that annual precipitation in this region varies between 289.9
and 535.8 mm, while the average annual temperature is approximately —0.99 °C, indicative
of an alpine arid continental climate. At elevations greater than 3400 m, permafrost is widely
distributed throughout the HRB, making it a quintessential alpine mountain ecosystem in
China [27].
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Figure 1. Distribution of sampling points in the Heihe River Basin.

2.2. Data Collection and Analysis

In July 2023, a comprehensive soil sampling campaign was conducted in the HRB,
yielding a total of 49 representative soil profiles. The sampling strategy meticulously
considered various factors, including land use type, vegetation cover, and elevation. Specif-
ically, five profiles were collected from areas with elevations below 3000 m, 10 profiles
from elevations between 3000 m and 3300 m, and 17 profiles from elevations between
3300 m and 3600 m. Moreover, 12 profiles were obtained from elevations between 3600
and 3900 m, and five profiles were obtained from elevations above 3900 m. To ensure
a well-distributed representation across different elevations, the sampling points were
strategically chosen, with the majority of profiles extending to depths greater than 90 cm.
To facilitate a comprehensive analysis of the deep soil carbon characteristics, an excavator
was employed to excavate a section approximately 230 cm deep at an altitude of 3167 m for
additional sampling (Figure 1). All soil samples were meticulously collected at intervals of
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10 cm within the top 30 cm layer and intervals of 20 cm below the 30 cm depth threshold. A
total of 329 soil samples were collected. Undisturbed stratified soil samples were acquired
using a 250 cm® European ring cutter for subsequent analysis of soil bulk density (BD). Soil
water content (SWC) measurements were conducted using the gravimetric method, with
samples dried to a constant weight in an oven at 105 °C, in accordance with the protocol
outlined by Walter et al. [28]. Additionally, a handheld GPS device was used to determine
the elevation and aspect of each sampling site, ensuring a comprehensive documentation
of the sampling locations.

The collected soil samples were subjected to a series of analytical procedures for
comprehensive characterization. First, the soil was air-dried, mixed, and sieved through
a 2.0 mm sieve to determine pH and conductivity, following the method described by
Dai et al. [29]. Subsequently, the composition of the soil particles was analyzed using a
Mastersizer 2000 laser particle size analyzer (Malvern Panalytical, Malvern, UK) to deter-
mine the percentage of soil particles according to the US Soil Classification System. Total
phosphorus (TP) and total potassium (TK) levels were quantified using the reagent method.
Soil carbon and nitrogen contents were assessed using a Vario ISOTOPE cube elemental
analyzer (Elementar, Langenselbold, Hesse, Germany). SIC was determined based on
the difference between the total carbon and SOC. To facilitate the analysis, the sample
data were further processed at intervals of 0-10, 10-30, and >30 cm. Meteorological and
environmental data were obtained in August 2023 from the Resource and Environmental
Sciences Data Center (https://www.resdc.cn, accessed on 12 February 2025). Soil carbon
density was calculated according to the method described by Yang et al. [30]. A Pearson’s
correlation coefficient was used to assess the relationship between soil carbon and other
relevant factors. Furthermore, the direct and indirect impacts of the major environmen-
tal factors were evaluated through a path analysis, following the approach described by
Zhang et al. [31]. These analytical techniques and statistical methods were employed to
comprehensively understand the dynamics and factors that influence soil carbon in the
study area.

3. Results and Analyses
3.1. Distribution Pattern of SOC and SIC

Figure 2 illustrates the spatial distribution of the soil sampling points across the el-
evation gradient, accompanied by the corresponding average soil carbon content. SOC
demonstrates an initial increase followed by a decrease with elevation, reaching its peak
value (42.96 + 4.86 g/kg) within the altitude range of 3300-3600 m and its lowest value
(24.7 £ 7.37 g/kg) below the 3000 m elevation mark. This pattern likely reflects the com-
bined effects of vegetation productivity, temperature, and organic matter decomposition.
The altitude range of 3300-3600 m provides optimal conditions for vegetation growth
and organic matter accumulation, leading to the peak in SOC. However, other ecological
processes, such as changes in soil microbial community structure, could also contribute
significantly to SOC accumulation in this elevation range. Soil microbes are essential for
organic matter decomposition, and their activity is influenced by factors such as vegetation
inputs and temperature. In this region, microbial activity likely supports greater carbon
sequestration, contributing to the observed SOC peak. At altitudes below 3000 m, higher
temperatures accelerate organic matter decomposition, which leads to a decrease in SOC.
At altitudes above 3600 m, the decline in SOC may result from reduced vegetation cover,
lower organic inputs, and harsher climatic conditions that limit microbial activity and
organic matter accumulation. Conversely, SIC content exhibited a declining trend with
increasing elevation, with the rate of decline accelerating as elevation increased (ranging
from 0.39% to 31.18%). This suggests that SIC is more dominant in lower elevations where
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arid conditions and strong evaporation promote carbonate precipitation. At higher eleva-
tions, increased precipitation and lower temperatures favor the dissolution and leaching of
carbonates, reducing SIC accumulation. These findings highlight the contrasting drivers of
SOC and SIC distributions, with SOC being primarily controlled by biological factors, such
as vegetation and organic inputs, while SIC is driven by abiotic processes, including soil
hydrology, carbonate chemistry, and the dissolution—precipitation processes influenced by
temperature and moisture.
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Figure 2. Distribution of soil carbon along the elevation gradient at the designated sampling points.
((a) Organic carbon distribution, (b) inorganic carbon distribution).

At various elevation gradients, SOC decreased with increasing soil depth. Below
3600 m, SOC exhibited a continuous decline in deeper soil layers, likely due to reduced
organic inputs and microbial activity at depth. However, above 3600 m, SOC levels in
the 10-30 cm and >30 cm soil layers showed no significant differences, indicating that
SOC is predominantly concentrated in the surface or shallow soils within the alpine arid
ecosystems. Conversely, SIC showed an initial increase and then a decrease with soil
depth, typically peaking within the 10-30 cm soil layer. This pattern may reflect carbonate
precipitation processes, which are influenced by soil hydrology and CO, concentration,
with the 10-30 cm layer acting as a zone of carbonate accumulation. To corroborate these
findings, we selected three representative sampling sites for a detailed analysis, taking
into account factors such as elevation, vegetation, and soil (Figure 3). Figure 3 illustrates
that SOC decreased with soil depth at all three sampling points, with the rate of decline
gradually slowing. This pattern underscores the role of surface vegetation input and
microbial activity in SOC distribution. Except for sampling site No. 717, SIC increased with
soil depth up to 50 cm but decreased beyond that depth. At site No. 717, SIC exceeded
SOC as a significant component of total soil carbon, particularly in deeper layers, likely
due to enhanced carbonate accumulation under forest vegetation. In contrast, at sites No.
740 and No. 731, SIC was concentrated in the 10-30 cm layer, consistent with the broader
elevation trends. Despite these variations, SOC remained the primary contributor to total
soil carbon across most of the region (Figures 2 and 3).

Based on Table 1, there are significant differences in the organic carbon (SOC) and
inorganic carbon (SIC) content at different soil depths (0-10 cm, 10-30 cm, >30 cm) between
grassland and shrubland systems. At the 0-10 cm depth, the organic carbon content in grass-
land is 49.65 g kg !, while in shrubland it is 69.6 g kg !, indicating that shrubs contribute
to a higher accumulation of organic carbon in the surface soil. As soil depth increases, the
difference in organic carbon content between grassland and shrubland decreases. At the
>30 cm depth, the difference becomes more pronounced (grassland 19.43 g kg~!, shrubland
37.35 g kg 1), showing that shrubland systems have an advantage in accumulating organic
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carbon in deeper soil layers. Regarding inorganic carbon, the differences between grassland
and shrubland systems are relatively small. Overall, the trend shows that inorganic carbon
content increases slightly with soil depth. In shrubland, inorganic carbon content is slightly
higher than in grassland at all depths, but the difference is not significant. In summary;,
shrubland systems exhibit higher organic carbon accumulation both in surface and deeper
soil layers, while inorganic carbon variation is more influenced by soil depth, with little
difference between the two systems.
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Figure 3. Vertical distribution of soil carbon at three representative sampling sites. SOC, soil organic
carbon; SIC, soil inorganic carbon. ((a) 717 Sampling point, (b) 731 sampling point, (c) 740 sam-
pling point).

Table 1. SOC and SIC changes under various LULC patterns.

. Soil Depth (cm)

Variable Land Use/Land Cover 0-10 10-30 530
Grassland 49.65 31.4 19.43

-1
SOC (gkg™) Shrub 69.6 52.34 37.35
Grassland 5.44 6.32 5.27

-1
SIC (gkg™) Shrub 6.6 8.19 8.59

3.2. Distribution Pattern of Soil Organic Carbon Density and Soil Inorganic Carbon Density

Although SOC decreased with increasing soil depth, SIC exhibited an inflection point
at 50 cm, indicating a shift in the dominant carbon forms within the soil profile. Our
examination of soil carbon density revealed that SOCD was predominant in surface and
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shallow soils, reflecting higher organic matter inputs and microbial activity in these layers.
Interestingly, in the 110-150 cm soil layer, SOCD accounted for 54% of the carbon pool,
challenging the inorganic carbon dominance in deeper soils. Beyond 150 cm, SOCD
regained its dominance, highlighting its importance as a persistent contributor across all
depths (Table 2). Soil inorganic carbon density (SICD) demonstrated an initial increase,
peaking at 50-70 cm, before decreasing with further depth. This pattern is likely shaped by
carbonate precipitation, which is most active under optimal moisture and pH conditions in
this layer. The inflection point of SICD, occurring one layer deeper than that of SIC, suggests
a lag in carbonate redistribution compared to SOC cycling. Interestingly, the maximum
values of both SOCD and SICD at 50-70 cm indicate potential interactions between organic
and inorganic carbon processes.

Table 2. Changes in the vertical distribution of soil organic carbon density (SOCD) and soil inorganic
carbon density (SICD).

Changes in SOCD and SICD Vertical Distribution of SOCD

Soil Depth Proportion of Carbon Pool in o
(cm)P the Same Soil Layer (%) and SICD (%)
SOCD SICD SOCD SICD
0-10 89.01 10.99 11.53 4.60
10-20 84.39 15.61 9.25 5.53
20-30 81.72 18.28 9.29 6.72
30-50 79.16 20.84 17.57 14.95
50-70 76.97 23.03 18.80 18.18
70-90 71.10 28.90 13.48 17.71
90-110 74.34 25.66 12.94 14.43
110-130 54.35 45.65 3.39 9.21
130-150 54.65 45.35 3.15 8.44
150-170 83.28 16.72 0.21 0.14
170-190 90.03 9.97 0.21 0.08
190-210 95.03 4.97 0.17 0.03

As depicted in Figure 4, the spatial distribution of the soil carbon pool gradually
diminished from southeast to northwest, with SOCD playing a predominant role in shaping
this gradient. The southeast region, characterized by higher precipitation and vegetation
cover, supports greater SOC inputs and accumulation, while the drier and less vegetated
northwest restricts SOC storage. Regions with relatively high SICD values were primarily
scattered across shallow mountain zones and away from river channels. These areas
benefit from limited leaching and enhanced carbonate precipitation under drier conditions,
contrasting with river-adjacent regions where stronger leaching likely reduces carbonate
retention. However, due to the relatively smaller SICD values, their influence on the overall
spatial distribution of the soil carbon pool remains minimal. The mean values of SOCD
and SICD were 24.23 kg C m~2 and 5.46 kg C m~?, respectively, indicating that SOCD
accounted for 81.62% of the total soil carbon pool, serving as the primary carbon pool in
the region. Despite its lower contribution, SICD plays a crucial role in deeper soil layers,
particularly in the 110-150 cm range where SOCD and SICD exhibit near-equal significance.
This layer represents a critical transition zone where interactions between organic and
inorganic carbon pools may be most pronounced, influencing the long-term stability of the
soil carbon pool.
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Figure 4. Spatial distribution pattern of soil organic carbon density (SOCD) and soil inorganic carbon
density (SICD) based on sampling point scale.

3.3. Factor Analysis
3.3.1. Correlation Analysis

Figure 5 illustrates the relationship between soil carbon and various factors. The aspect
(ASP), precipitation (PRE), NDVIJ, total nitrogen (TN), and silt content exhibited positive
correlations with SOC and SIC, while sand content showed a negative correlation. These
relationships highlight the importance of vegetation and soil texture in carbon storage.
NDVI and PRE promote SOC accumulation through increased organic inputs, while silt
content enhances SOC retention by protecting it within soil aggregates. Conversely, sandier
soils, with lower nutrient and water retention, are less conducive to SOC and SIC accumula-
tion. Soil depth (DEP), mean annual temperature (TEM), and potential evapotranspiration
(PET) negatively impacted SOC, reflecting the reduced organic inputs and accelerated
decomposition in deeper, warmer, and drier soils. In contrast, the aridity index (AI) pro-
moted SOC, likely due to reduced microbial decomposition under drier conditions, while
inhibiting SIC formation, as insufficient moisture limits carbonate precipitation. Soil water
content (SWC) showed contrasting effects on SOC and SIC. High SWC supported SOC
accumulation by enhancing vegetation growth and slowing decomposition while inhibiting
SIC by promoting carbonate dissolution and leaching. Similarly, soil pH was negatively
correlated with SOC but positively correlated with SIC, indicating that acidic conditions
stabilize SOC while alkaline conditions favor carbonate formation. In summary, SOC is
primarily driven by vegetation, soil texture, and moisture, while SIC is more influenced by
soil pH and aridity. These findings highlight the complementary roles of SOC and SIC in
the carbon cycle and the need for further exploration of their interactions under changing
environmental conditions.
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3.3.2. Path Analysis

We employed a path analysis, based on a correlation analysis and a stepwise multiple
linear regression equation, to dissect the direct and indirect effects of environmental factors
on SOC and SIC. This statistical method enabled us to quantify the relative influence of
variables such as TN, SWC, and elevation, providing a comprehensive understanding of
the causal relationships driving soil carbon dynamics (Figure 6).

Figure 6. Path coefficient diagram between soil carbon content and other influencing factors. Dashed
arrows represent the direct effects of the respective factors on soil carbon content, whereas solid
arrows represent the indirect effects of the respective factors on soil carbon content, mediated by
another factor. ((a) Organic carbon, (b) inorganic carbon).

Our analysis revealed that TN exerted the most substantial direct effect on SOC, with
a path coefficient of 0.988, indicating its pivotal role in SOC accumulation. Previous stud-
ies [32] have highlighted that TN promotes plant growth, enhances root biomass, and
stimulates microbial metabolic activity, thereby providing critical inputs to SOC while
improving the stability of soil organic matter. Additionally, variables such as Al and SWC
indirectly influence SOC by modulating soil moisture conditions. For instance, in arid and
semi-arid regions, higher SWC facilitates greater vegetation cover and microbial activity,
ultimately contributing to SOC storage [33]. Similarly, TP alleviates phosphorus limitations
on plants and microbes, thereby enhancing SOC accumulation, particularly in nutrient-
limited alpine regions [15]. Notably, soil pH exhibited a negative indirect effect on SOC,
likely due to reduced microbial activity and inhibited organic matter decomposition in
alkaline environments [34]. In contrast, the dynamics of SIC were primarily driven by
the direct effects of geographical and climatic factors, particularly TEM, PET, and DEM.
High PET intensifies evaporative processes, concentrating calcium and carbonate ions in
the soil and facilitating carbonate precipitation [35]. DEM indirectly influences SIC by
regulating TEM and PET; for instance, low temperatures and unique hydrological condi-
tions in high-altitude regions may affect the dissolution and precipitation of carbonates.
Moreover, an alkaline environment (pH > 8) significantly promotes carbonate formation,
a critical factor in SIC accumulation. To optimize SIC fixation, specific land management
practices, and climate change adaptation strategies can be employed. Adjusting irrigation
regimes to balance PET can help reduce excessive evaporation, thus preventing the loss of
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water and promoting the conditions necessary for carbonate precipitation. By managing
irrigation systems to ensure adequate water availability without excessive evaporation,
we can regulate the soil moisture levels that influence both SOC and SIC. In addition,
improving soil drainage conditions can mitigate the risk of waterlogging, which could
otherwise reduce the efficiency of SIC accumulation by preventing carbonate precipitation.
Furthermore, pH regulation through the use of soil amendments (e.g., adding lime or
organic matter) can further enhance SIC sequestration, particularly in regions with more
acidic soils. These land management practices, along with targeted adaptation measures
to the unique climatic conditions of arid and semi-arid regions, could greatly improve the
efficiency of SIC accumulation and make carbon sequestration more sustainable in the face
of climate change.

These findings suggest that SOC dynamics are predominantly governed by soil physic-
ochemical factors, whereas SIC dynamics are heavily dependent on geographical and
climatic factors. This conclusion aligns with the environmental characteristics of high-
altitude arid regions such as the Qinghai-Tibet Plateau and Qilian Mountains. In these
areas, low temperatures and nutrient limitations contribute to SOC stability, while arid con-
ditions create favorable environments for SIC precipitation. From a practical perspective,
these results hold significant implications for regional soil management. For example, sus-
tainable irrigation practices that enhance SWC can improve SOC storage, while regulating
PET and pH may optimize SIC sequestration.

4. Discussion
4.1. SOC and SIC Relationship

Our investigation revealed a significant positive correlation between SOC and SIC
(r = 0.55, p < 0.01), emphasizing their interconnected roles in the soil carbon cycle. SIC
content increased with soil depth within the topsoil layer (<50 cm); however, beyond this
critical depth, SIC declined with increasing soil depth. This finding partially contrasts
with other studies, such as Zhang et al. [4] and Du et al. [21], which reported a consistent
increase in SIC with soil depth due to carbonate precipitation in deeper soils. However,
our results align with findings from regions such as the middle and lower Yellow River
Delta [36], the North China Plain [22], and the Yanqi Basin in northwest China [23].

CO; + H,O = HCO; +H (1)

Ca?t +2HCO; = CaCOj; + CO, + H,O )

The positive SOC-SIC correlation can be explained through interactions mediated by
CO; flux. SOC decomposition generates CO,, which reacts with water to form HCO; and
H* (Equation (1)). HCOj; acts as a substrate for carbonate precipitation (Equation (2)),
linking SOC and SIC formation. However, this relationship is influenced by environmental
factors such as pH and water availability. For instance, higher H" concentrations in
SOC-enriched regions may shift Equation (2) leftward, inhibiting carbonate formation.
Conversely, under alkaline conditions, HCO; promotes SIC accumulation [2,22].

In alpine regions, low temperatures and limited water movement in frozen soils
reduce microbial activity and restrict carbonate dynamics. These constraints explain the
diminished SIC accumulation beyond 50 cm in our study, contrasting with findings in
temperate or subtropical zones [15]. The accumulation of SIC in the 10-50 cm layer reflects
optimal conditions for carbonate precipitation, including moderate water availability and
favorable pH [12,35]. At greater depths, lower temperatures and reduced CO, flux suppress
SIC formation, highlighting the importance of environmental constraints in shaping SOC-
SIC dynamics. Our findings underscore the complementary roles of SOC and SIC in soil



Land 2025, 14, 409

11 of 16

carbon storage. SOC serves as a dynamic carbon pool concentrated in surface soils, while
SIC represents a more stable reservoir in subsoil layers. The interaction between these pools
in alpine ecosystems is modulated by freeze-thaw cycles, hydrological processes, and pH
gradients. These dynamics are crucial for understanding carbon storage in regions affected
by permafrost and seasonal freeze-thaw cycles.

The positive correlation between SOC and SIC observed in our study is not unique
to alpine ecosystems. Across different ecosystems globally, this relationship appears to
hold, with variations depending on local environmental factors such as temperature,
precipitation, soil type, and vegetation cover. For instance, studies in temperate regions
and tropical forests have similarly observed a positive correlation between these two
carbon pools [22,23,36], though the relative contribution of each may vary. In arid and
semi-arid regions, however, SIC can sometimes dominate, especially in regions where
carbonate precipitation is favored by the climate [4,21]. As global changes, particularly
climate change and land use change, continue to impact ecosystems, the relationship
between SOC and SIC may evolve. Climate change may alter precipitation patterns,
increase temperatures, and affect the freeze—-thaw cycles in colder regions, all of which
could influence the rates of both SOC decomposition and SIC formation. In arid regions,
for example, increased temperatures and altered precipitation regimes could promote more
rapid carbonate precipitation, increasing SIC formation. On the other hand, changes in
land use, such as agricultural expansion or deforestation, could modify the input of organic
matter to the soil, which would affect SOC dynamics and potentially disrupt the balance
between SOC and SIC.

From a global perspective, understanding how SOC and SIC interact under changing
climatic and land use conditions is critical for predicting future soil carbon dynamics.
Further research is needed to assess how these relationships may change under different
climate scenarios, particularly in regions experiencing rapid environmental shifts.

This study demonstrates that SOC and SIC not only differ significantly in spatial dis-
tribution but also contribute distinctively to carbon storage. SOC is primarily concentrated
in the surface layer (0-30 cm), accounting for 81.62% of the total soil carbon, while SIC is
predominantly found between 50 and 70 cm and continues to accumulate in deeper soil
layers. This aligns with the findings of Wang et al. [12], which suggest that, in arid and
cold environments, SIC serves as a long-term stable carbon pool, whereas SOC is more
influenced by biological processes and its storage fluctuates with environmental conditions.
Moreover, SOC is affected by vegetation productivity and microbial degradation, whereas
SIC is more regulated by carbonate chemical processes [15]. In high-altitude ecosystem:s,
SOC accumulation is limited by temperature, precipitation, and vegetation type, while
SIC deposition is influenced by evaporation and the availability of Ca?*. Consequently, in
regional carbon balance, SOC provides a rapid cycling source of active carbon, while SIC
functions as a long-term, stable carbon reservoir.

4.2. Controlling the Drivers of SOC Change

Soil nutrients, particularly TN and TP, are widely acknowledged as pivotal drivers of
SOC dynamics (Figure 6). TN enhances soil nitrogen availability, supporting plant growth
and increasing litter inputs to SOC pools [37]. TP alleviates phosphorus limitation in high-
altitude regions, further promoting vegetation productivity and organic matter input to
soils [15]. Beyond nutrient inputs, environmental factors such as SWC and Al significantly
influence SOC. Higher SWC and humid conditions enhance vegetation growth and SOC in-
put, but they may also create anaerobic conditions, inhibiting SOC decomposition [38]. Soil
pH is another key factor influencing SOC dynamics. Low pH constrains microbial diversity
and activity, reducing organic matter decomposition and promoting SOC accumulation. In
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contrast, a high pH restricts vegetation nutrient uptake by sequestering essential elements
like nitrogen and iron in the soil matrix [18]. Correlation analyses further revealed that
silt-rich soils support higher SOC stocks than gravelly soils due to their superior adsorption
and water retention properties [34].

Elevation indirectly impacts SOC dynamics by modulating temperature and vegeta-
tion productivity. In our study, elevations exceeding 3600 m were characterized by low
temperatures that constrained vegetation growth and reduced litter inputs, limiting SOC
accumulation [33,39]. However, the 3300-3600 m range emerged as a SOC hotspot, likely
due to optimal temperature and water availability that promote vegetation productivity.
Future climate change may pose a risk to this carbon-rich zone, as warming temperatures
could accelerate SOC decomposition and result in significant carbon losses.

The storage capacity of SOC is influenced not only by nutrients (such as TN and TP)
but also by soil texture and land use type. In the study area, SOC is primarily concentrated
in the surface layer (0-30 cm), while deeper SOC accumulation is relatively low, which
may be related to low temperatures and limited microbial activity [22]. Moreover, SOC
content shows significant variation across different land use types (Table 1). In grassland
systems, SOC content is higher (49.65 g kg~!, 0-10 cm), while shrubland systems exhibit
even higher SOC content (69.6 g kg~!, 0~10 cm), which may be attributed to differences
in plant biomass and litter input [34]. These results suggest that grassland and shrubland
ecosystems play a vital role in soil carbon sequestration, especially in arid and semi-arid
regions. Another important aspect of SOC storage is its stability. Although SOC is a key
component of the soil carbon pool, it is highly susceptible to microbial decomposition and
climate change. Under rising temperatures, SOC may decompose more rapidly due to
enhanced microbial activity, leading to carbon release.

4.3. Controlling the Drivers of SIC Change

Our study revealed that SIC levels in the HRB exhibited a relatively low profile,
markedly distinct from semi-arid regions of northwest China [4] and closely akin to findings
from the hinterlands of the QTP [21]. This discrepancy reflects the contrasting effects of
regional water availability, evaporation, and temperature gradients. In the HRB, a negative
correlation between SIC, SWC, and Al suggests that arid conditions favor SIC accumulation,
a trend supported by numerous studies [12,40-42].

CaCO; +2H" = Ca®" + H" + HCO; = Ca?" + CO; + H,0 3)

The influence of elevation on SIC dynamics is typically mediated by environmental
factors such as temperature and evaporation. In general, as the elevation increases, the
temperature decreases, which attenuates the SOC decomposition rates and subsequently
reduces CO; emissions (Section 4.1). Simultaneously, increased evaporation rates contribute
to substantial SIC accumulation within the soil [18]. Furthermore, lower soil pH levels,
which typically signify elevated concentrations of H™ ions in the soil, prompt Equation (3)
to shift toward reduced carbonate production [38]. The impact of TK on SIC dynamics is
predominantly indirect, primarily exerted through its influence on plant growth and the
regulation of soil pH levels [17].

The storage capacity of SIC plays a crucial role in the carbon cycle. Compared to
SOC, SIC forms at a slower rate but exhibits much higher stability, allowing it to persist
in the soil for thousands of years [36]. In the study area, SIC storage peaks at a depth
of 50-70 cm and gradually decreases in deeper layers. This pattern suggests that SIC
has a high accumulation potential in mid-depth soils, particularly in arid regions where
carbonate precipitation conditions are favorable [38]. Due to its long-term stability, the role
of SIC in regional carbon balance cannot be overlooked. Recent studies have shown that
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SIC may provide a long-term buffering effect on CO, through dissolution—precipitation
processes [4]. Therefore, although SIC exhibits low short-term dynamics, its contribution to
long-term carbon sequestration warrants attention in global carbon management strategies.
Future research should further quantify SIC storage rates and assess its dynamic changes
under different land use practices.

4.4. Implication for Carbon Management

Although situated in an arid region, the HRB predominantly relies on SOC as the
primary source of its soil carbon pool. This finding deviates from those of studies conducted
in arid regions [2,4,15]. However, this pattern is consistent with the observations in the
northern QTD, as evidenced by Du and Gao [21]. We propose that this discrepancy stems
from the inhibitory effects of the cold climate of the region on SIC accumulation. Reports
from the second Chinese scientific expedition to the QTP indicate an unprecedented process
of warming and humidification, which is particularly pronounced in mountainous areas,
such as the HRB [43]. This climatic shift has multifaceted implications for carbon dynamics.
Warming temperatures increase soil temperatures and promote microbial activity and soil
respiration in alpine mountain ecosystems, which can lead to carbon pool loss. Conversely,
climate warming extends the accumulated temperature, thereby prolonging the growing
season, enhancing vegetation productivity, and increasing the source of soil carbon input.
Furthermore, climate warming accelerates glacial melting, extends vegetation growth limits,
and augments the soil carbon pool. Melting glacial water also promotes vegetation growth.
However, the relatively minimal carbon stored in deep permafrost (Sections 3.1 and 3.2)
mitigates the release of significant carbon volumes upon permafrost thawing.

Although the current impact of climate warming on soil carbon loss in the HRB may
not be readily apparent, it is crucial to acknowledge its potential consequences, particu-
larly given the high SOC levels observed within the elevation range of 3300-3600 m. Any
damage to the alpine soil carbon pool could have irreversible effects on the economy and
society of the region. The predominance of SOC in the soil carbon pool suggests that
nutrient management practices should prioritize enhancing SOC sequestration. Conversely,
managing SIC requires mitigating abiotic stressors such as potential evapotranspiration and
temperature. These findings provide actionable insights for policymakers and land man-
agers aiming to optimize carbon storage in arid alpine regions. First, stringent ecological
protection measures must be upheld, accompanied by active efforts to restore grasslands
degraded by human activity and other factors. In addition, expanding low-shrub planting
could be considered to mitigate rising surface temperatures, thereby reducing the rate of
soil carbon release brought about by increased microbial activity. However, it is important
to recognize that ecological restoration and the expansion of low-shrub planting will in-
evitably increase ecological water demand. This increased demand could potentially lead
to a reduction in runoff production capacity, exacerbating the imbalance between the water
resource supply and demand. These factors highlight the need for careful consideration
and strategic planning for future ecological protection and resource management.

5. Conclusions

In this study, we investigated the soil profile from the surface to the bedrock in the
Heihe River Basin (HRB) of the northeastern Qinghai-Tibet Plateau (QTP), China, to
analyze the distribution patterns of soil organic carbon (SOC) and soil inorganic carbon
(SIC), quantifying the influence of various environmental factors and elucidating the
primary influencing pathways. The main conclusions are as follows:

1. Inthe arid alpine ecosystem of the HRB, SOC, and SIC exhibit distinct spatial and ver-
tical distribution patterns. SOC increases with elevation, peaking at 42.96 + 4.86 g/kg
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within the 3300-3600 m range, before declining at higher elevations. In contrast, SIC
decreases continuously with elevation, reflecting the influence of abiotic factors such
as temperature, evaporation, and water dynamics, while SOC is primarily driven by
biological processes like vegetation productivity and organic matter inputs. SOC is con-
centrated in surface soils, whereas SIC accumulation is most pronounced in the 10-50 cm
soil layer, shaped by hydrological and chemical constraints on carbonate formation.

A significant positive correlation between SOC and SIC (r = 0.55, p < 0.01) highlights
their interconnected roles in the soil carbon cycle. SOC decomposition generates
CO2, which facilitates carbonate formation. However, higher elevations with lower
temperatures and freeze-thaw cycles limit this process, particularly in deeper soil
layers (>50 cm), where SIC accumulation declines. These findings underscore the
dynamic coupling of SOC and SIC, regulated by both biological and abiotic factors.
This coupling should be considered when designing carbon management strategies
that balance the conservation of both organic and inorganic carbon pools.

SOCD constitutes 81.62% of the total soil carbon pool, dominating carbon storage in
the HRB. However, SOC-rich zones (3300-3600 m) are vulnerable to warming-induced
carbon release, threatening the stability of the regional carbon pool. To mitigate these
risks and preserve soil carbon storage, we propose the following region-specific carbon
management strategies:

(@).  Vegetation Conservation: Prioritize the restoration and expansion of vegetation,
particularly in SOC-rich areas, to enhance carbon input.

(b).  Water and pH Management: Optimize water resource management to support
vegetation growth and SOC accumulation while adjusting the soil pH to
promote SIC formation.

().  Climate Adaptation: Implement measures to mitigate warming impacts on
permafrost and soil carbon pools, such as reducing surface disturbance and
enhancing vegetation cover.

These strategies are essential in preserving soil carbon pools in arid alpine regions and

supporting long-term carbon sequestration under changing climatic conditions.
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