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Highlights

¢ Soil organic carbon (SOC) content in brown and yellow-brown soils exceed those in red, yellow and purple soils.
¢ Spring irrigation plays a crucial role in enhancing SOC in farmland.

¢ Proper water management facilitates farmland carbon emissions reduction and carbon sink enhancement.

Abstract

Soil organic carbon (SOC) dynamics significantly influence ecosystem carbon source-sink balance, particularly in
agroecosystems. However, uncertainty remains regarding optimal land use types for maximizing farmland carbon
storage across different soil types, and identifying effective land management practices for enhanced carbon
accumulation is essential for reducing agricultural emissions and strengthening carbon sinks. This study examined
SOC variations in eastern Yunnan’s subtropical highlands (2,132 sites), analyzing topsoil (0—20 cm) across five
land uses (dryland, irrigated land, forestland, grassland and plantation) of five soil types (red, yellow, yellow-
brown, brown, purple). The investigation explored relationships between SOC and edaphic factors (26 elements) to
determine SOC influencing factors. The study area demonstrated a mean SOC content of 27.78 g kg™, with distinct
spatial heterogeneity characterized by lower values in the southwestern sector and higher concentrations in the
northeastern region. Brown soils displayed the highest SOC content (P<0.05), followed by yellow-brown then red,
yellow, and purple soils. lIrrigation significantly enhanced SOC storage, particularly in brown soils where irrigated
land contained 2.2-, 2.4-, and 1.6-times higher SOC than forestland, grassland, and dryland, respectively. Similar
irrigation benefits occurred in purple, yellow, and yellow-brown soils, indicating moisture limitation as the primary
SOC constraint. Notably, SOC exhibited strong positive correlations with nitrogen, sulfur, and selenium. Nitrogen
fertilization demonstrated dual benefits: enhancing SOC sequestration and promoting Se enrichment in crops,
potentially supporting specialty agriculture. Although land use impacts on SOC varied across soil types (P>0.05),
irrigation consistently emerged as the optimal management for carbon sink enhancement. These findings suggest
that targeted water management could effectively reduce farmland carbon emissions in moisture-limited subtropical
highlands. Strategic nitrogen application offers co-benefits for soil fertility and selenium biofortification, providing
practical pathways for climate-smart agriculture in similar ecoregions.
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1. Introduction

Soil organic carbon (SOC) constitutes the largest and most
dynamic terrestrial organic carbon pool, playing a crucial
role in regulating global carbon cycles and mitigating climate
change (Luo et al. 2023; Si et al. 2024). Its accumulation
and stability directly influence the capacity of terrestrial
ecosystems to sequester atmospheric CO,, serving as a key
indicator for ecosystem carbon sink functionality and climate
change adaptation strategies (Nyaupane et al. 2024).
Consequently, carbon stabilization — specifically, protecting
the soil carbon pool and enhancing carbon sink function —
has emerged as a research priority (Roe et al. 2021). Land
utilization for human activities alters soil physical, chemical,
and biological processes, thereby affecting SOC dynamics
(Yu et al. 2015). Agricultural soil contributes significantly
to reducing greenhouse gas emissions, enhancing carbon
sink effects and mitigating climate change (Zhou et al.
2023). Cropland has received considerable attention for
its substantial carbon sequestration potential, with its soil
carbon pool significantly influencing global climate change
(Raza et al. 2020). Cropland SOC is heavily influenced by
human activities, representing 14.5% of the total organic
carbon stock of 89.61 Mt C in China (Lal R 2004). However,
distinct differences exist in the cumulative effects of different
land use types on SOC: compared with cropland, natural
forests and artificial forests can retain an additional 20-40%
of SOC in the 0-30 cm soil layer through continuous litter
input and root turnover (Don et al. 2011; Poeplau and Don
2015); after grazing prohibition or reseeding of degraded
grasslands, the average annual increase of SOC can
reach 0.6 Mg C ha™', which is comparable to the carbon
sequestration rate of the conversion from cropland to
forestland (Yang Y et al. 2022; Gao et al. 2025); rubber,
oil palms and other plantations can also enhance SOC
via deep root systems and residue return under intensive
management, though the increase is regulated by tree age
and fertilization regimes (Guillaume et al. 2018). These
variations indicate that, beyond cropland, land use types
such as forestland, grassland and plantation all demonstrate
significant potential for SOC enhancement, and their carbon
sequestration efficiency is jointly influenced by vegetation
types, management measures and climatic conditions.
Therefore, systematic comparison of SOC accumulation
under different land use and management scenarios will
provide a scientific foundation for developing regional low-
carbon land use strategies.

SOC content demonstrates considerable variation across
different soil types. In the surface layer (0-10 cm), yellow
soil exhibits higher SOC content compared to red soil, while
at 10-30 cm depth, red soil contains more SOC than yellow
soil, suggesting that soil horizons significantly influence
carbon distribution (Wen et al. 2018). Analysis of surface
soil in the 0-20 cm layer reveals that SOC content follows
a decreasing sequence: brown soil>lime soil>yellow-brown
soil>yellow soil>red soil>purple soil (Chen F 2022). These
studies indicate that carbon sequestration efficiency under
identical land use patterns varies significantly across soil
types. Consequently, incorporating the interaction between

land use and soil types into regional carbon sink assessment
frameworks is crucial for accurate quantification of how
different land use types contribute to carbon accumulation in
various soil types.

Land use types reflect both natural conditions and human
activities, affecting SOC content through organic matter
input and regulation of SOC accumulation and release rates
(Yang Y H et al. 2022). Research has revealed substantial
differences in active organic carbon content under various
land use practices, particularly in the surface layer, though
these differences diminish with increasing soil depth (Li
et al. 2014). Agricultural practices across different land use
types influence nutrient transformation and bioavailability,
including SOC, N, and phosphorus (P) content (Ebabu et al.
2020). Land use practices also affect SOC binding to sail
particles and minerals (particularly iron (Fe)/aluminum (Al)
oxides), aggregate stability, and fundamental ecosystem
functions (Udom and Ogunwole 2015). The SOC content
varies among land use types due to changes in environment,
ecosystem structure, and soil structure resulting from
anthropogenic disturbances (Xiao et al. 2023). Studies
indicate that SOC content in grassland is higher than in
cropland at soil depths of 10—-20 cm (Wiesmeier et al. 2012;
Nuralykyzy et al. 2023). However, research has shown that
cropland can contain higher SOC than grassland (Li et al.
2019), with some instances showing elevated SOC levels in
grasslands compared to forestland (Yang Y H et al. 2022). In
our research on South Changshan Island, the SOC content
in 0—30 cm reservoir soil exceeded that of adjacent orchards
(Wang et al. 2014). While land use types clearly influence
SOC accumulation within identical soil types, empirical
research data remain limited. Most studies focus on specific
regions or individual soil types, with few comprehensive
assessments of land-use impacts across broad edaphic
gradients, limiting our understanding of land use effects on
SOC dynamics.

The study area selected was Fuyuan County in Qujing
City, situated in the subtropical highlands of eastern Yunnan
Province, Southwest China. We measured SOC in topsoil
and analyzed fundamental physicochemical properties,
including particle size distribution, pH, and concentrations
of 26 elements: aluminum (Al), arsenic (As), boron (B),
calcium (Ca), cadmium (Cd), cobalt (Co), chromium (Cr),
copper (Cu), fluorine (F), iron (Fe), mercury (Hg), iodine
(1), potassium (K), magnesium (Mg), manganese (Mn),
molybdenum (Mo), nitrogen (N), nickel (Ni), phosphorus (P),
lead (Pb), sulfur (S), selenium (Se), silicon (Si), titanium (Ti),
vanadium (V), and zinc (Zn). The research examined SOC
variations across 2,132 sampling sites in the subtropical
plateau of eastern Yunnan, analyzing five land-use types
(dryland, irrigated land, forestland, grassland, plantation)
within five distinct soil types (red, yellow, yellow-brown,
brown, purple). This study aims to determine whether land
use patterns differently affect carbon storage across soil
types and to elucidate the underlying mechanisms. These
findings provide science-based land management strategies
and practical approaches for implementing low-carbon,
climate-resilient agriculture.
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2. Materials and methods
2.1. Overview of the study area

The study area is located in eastern Yunnan Province, China
(104°10°-104°25E, 25°21°'-25°32’N), characterized by karst
plateau—mountain topography with elevations ranging from
735 to 2,865 m. This subtropical climate zone has a mean
annual temperature of 17.6°C (2011-2020), considerable
sunshine duration, and mean annual precipitation of 974 mm
(Fick and Hijmans 2017; Wang et al. 2017; Harris et al. 2020).
Approximately 80% of precipitation occurs between May and
October. Dryland agriculture constitutes the primary land
cover, followed by forestland and grassland. Major crops
include wheat (Triticum aestivum), maize (Zea mays), konjac
(Amorphophallus konjac), and walnut (Juglans regia). The
terrain exhibits a northwestward ascent and southeastward
descent, featuring mountainous ridges and valleys.

2.2. Point layout and sample collection

A total of 2,132 topsoil sampling sites were established in
1 km™ grids (Fig. 1), each subdivided into four 0.25 km?
sampling cells. Each sampling cell contained an appropriate
number of sampling points, primarily on agricultural land
(sampling density, 8—11 points km™); all other land use types
maintained a sampling density of 4-5 points km™. A total of
2,132 surface soil samples were collected from the study area,

with a sampling density of 8.22 samples km™. The statistics
of different land use patterns of various soil types at each
sampling point in the study area are presented in Table 1.

The surface soil samples were collected in 2020 at a
depth of 0-20 cm (each soil sample comprised sub-samples
collected from a 0—-20 cm soil column). A representative
plot was selected for sampling, with the sampling point
positioned at the plot center. Sub-samples were collected
from the same plot as the initial field sample (maintaining the
same plot type), at locations determined by the sampling plot
shape. Distances from the global positioning system (GPS)
location of the field sample to the sub-sampling points ranged
from 20-50 m. Before sample collection, a bamboo shovel
removed the soil surface portion that had direct contact
with the hoe. The shovel was then used to dig downward
along the sampling pit wall to a depth of 20 cm, extracting
a cylindrical soil column (radius, 10 cm). The collected soil
from each sample point was broken up, with root systems,
straw, stones, insects, and other debris removed and placed
in a bag. For each sample point, five sub-sample pit samples
were thoroughly mixed to ensure a standard composition.

The soil vertical profile was obtained by digging 2 m
longitudinally. Prior to sampling, the profile was smoothed.
Samples were collected from each layer from bottom to top
to prevent upper layer soil from affecting lower layers. The
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Fig. 1 Distribution of soil sampling points in eastern Yunnan Province, China.

Table 1 Statistics of soil types and land use types in the research area

Brown soil Yellow-brown soil Yellow soil Purple soil Red soil

Land use Sample Land use Sample Land Sample Land use Sample Land use Sample
type size type size use type size type size type size
Forestland 72 Forestland 19 Forestland 30 Forestland 30 Forestland 19
Plantation 14 Plantation 2 Plantation 13 Plantation 6 Plantation 6
Dryland 788 Dryland 151 Dryland 287 Dryland 334 Dryland 236
Grassland 34 Grassland 1 Grassland 18 Grassland 17 Grassland 11
Irrigated land 27 Irrigated land 1 Irrigated land 1 Irrigated land 8 Irrigated land 2
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weight of each sample exceeded 1 kg. Each profile was
divided into layers at 20 cm intervals, and a thin layer of soil
samples was cut from the vertical profile, with 10 samples
taken from each profile. All samples were transported to the
laboratory and placed in a cool, ventilated location to dry. The
samples were ground and sieved through a 200-mesh sieve.
During sample collection, key information including sampling
point coordinates, crop type, land use type, soil type, and
surrounding environmental conditions was documented.

2.3. Measurement of soil properties

SOC was determined using the concentrated sulfuric acid-
potassium dichromate wet oxidation method (Walkley
and Black 1934), with heat application (170-180°C) in oil
for 5 min (Li et al. 2018). Soil N was determined using
the Kjeldahl method (Bremner 1960). Soil particle size
composition was analyzed using the Bouyoucos hydrometer
method, classifying soil particles into three categories: clay
(<0.002 mm), silt (0.002-0.05 mm), and sand (0.05-2 mm)
(Bouyoucos 1962). According to the USDA classification,
soils were categorized as sandy, loam, or clay (Eyong and
Ofem 2020). Concentrations of P, Al, Ca, Fe, K, Mg, Cr, Cu,
Mn, Ni, Pb, Si, Co, Cd, Ti, and V were measured using X-ray
fluorescence spectrometry (XRF) (Goldstein et al. 1996).
The soil-water mixture (1:2.5 ratio) was agitated for 1-2 min,
settled for 30 min, and pH was measured using a FE20K pH
meter (FE20K FiveEasy Plus, Mettler Toledo, Greifensee,
Switzerland) (Li et al. 2021). For additional chemical
analysis, soil samples were air-dried, ground through a 200-
mesh sieve, and dried at 105°C. The concentrations of
ferric oxide (Fe,0;), potassium oxide (K,0), calcium oxide
(Ca0), magnesium oxide (MgQO), and Zn in soil samples
(3-5 g) were determined through XRF. Mo, Hg, I, and
Se concentrations were measured by inductively coupled
plasma-mass spectrometry (ICP-MS) (Falciani et al. 2000).
B concentrations were analyzed using Inductively Coupled
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Plasma Optical Emission Spectroscopy (Avio 550 Max ICP-
OES, PerkinElmer, Shanghai, China) (Yi et al. 2023), F
was measured by ion chromatography (IC) (Arul Suganthi
et al. 2023), and S concentrations were determined using a
volumetric analytical method (Galindo et al. 1969).

2.4. Data processing and analysis

ArcGIS v.10.5 was employed to map sampling point
distribution, and analysis of variance (ANOVA) was performed
using SPSS v. 20.0. Duncan’s multiple comparison test
was utilized to compare groups, with the significance level
established at 0.05. The ggpubr package in R (v. 4.3.1) was
used to generate a matrix heatmap. Correlation analysis was
conducted, and elemental-concentration plots of soil samples
were created using Origin 2023.

3. Results

3.1. SOC content of different soil types and SOC spa-
tial distributions

The SOC content exhibited a decreasing trend in the following
order: brown soil (33.52+27.57 g kg™')>yellow-brown soil
(30.42+23.63 g kg ')>red soil (24.91£12.03 g kg™')>yellow soil
(24.20+11.19 g kg ")>purple soil (18.12+12.55 g kg™") (Fig. 2-A).
Brown soil demonstrated 10.2% higher SOC than yellow-brown
soil (though not statistically significant; P>0.05), and 34.6—
85.0% greater SOC compared to other soil types (P<0.05).
The coefficient of variation reached its maximum in brown soil
and minimum in yellow and red soils. SOC concentrations
showed no significant difference between brown and yellow-
brown soils (P>0.05), while both demonstrated significantly
higher levels than other soil types (P<0.05). Red and yellow
soils exhibited comparable SOC levels (P>0.05), whereas
purple soil displayed significantly lower concentrations
(P<0.05). SOC content demonstrated notable spatial variability
across the study area (104°10°-104°25°E, 25°21°-25°32°N),
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Fig. 2 The distribution of soil organic carbon in the study area. A, soil organic carbon (SOC) content in different soil types in the
study area. B, heat map of spatial distribution of SOC. Different lowercase letters denote significant differences (P<0.05).
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ranging from 1 to 182 g kg™ with a mean of 27.78 g kg™
(Fig. 2-B). High-SOC regions were predominantly located in
the northeastern area (104°18°-104°25°E, 25°24°-25°32°N),
with maximum SOC content reaching 182 g kg™'. In contrast,
low-SOC zones were concentrated in the southwestern region
(104°10°-104°15E, 25°21°-25°24°N), with minimum values of
1 gkg”. Intermediate SOC levels displayed a heterogeneous
spatial distribution, showing gradual transitions from east to
west between high- and low-concentration zones, suggesting
complex interactions between topographic features and soil
properties.

3.2. SOC content of different land use types

Significant variations in SOC content were observed
across land use types within each soil category (Fig. 3). In
red soils (Fig. 3-A), dryland exhibited significantly higher
SOC compared to forestland, plantation and irrigated land
(P<0.05), while grassland showed no significant differences
from these types. For brown soil (Fig. 3-B), irrigated land
demonstrated the highest SOC (P<0.05), followed by dryland,
while forestland, grassland, and plantation displayed similar
lower values. Yellow soil (Fig. 3-D) exhibited patterns similar
to brown soil, i.e., irrigated land showed the highest SOC
(P<0.05), dryland ranked second, and forestland/grassland/

plantation demonstrated no significant differences. Purple
soil (Fig. 3-C) displayed significantly higher SOC in irrigated
land compared to forestland, grassland, dryland, and
plantation (P<0.05), with no differences among the latter four.
In yellow-brown soil (Fig. 3-E), irrigated land similarly showed
significantly higher SOC than other land uses (P<0.05), while
forestland, grassland, dryland, and plantation maintained
similar levels. Notably, brown soil under irrigation exhibited
the highest SOC among all sampled sites.

3.3. Correlation between SOC and soil elements

Among the five soil types in the study area, SOC demonstrated
significant pairwise positive correlations with N, S, and Se
(P<0.01, r,=0.87, rs=0.65, r5,=0.78; Fig. 4), and all four elements
showed negative correlations with Mg (P<0.01, r,=-0.44,
rn=—0.54, rs=—0.52, r;,=—0.68; Fig. 4).

3.4. Correlation of SOC with soil texture, altitude and pH

Soil texture exhibited variation among different soil types.
Purple soil predominantly consisted of sand (79.0%). In
yellow soil, sand and silt comprised 47.6 and 31.4%,
respectively. Red soil primarily contained silt and sand,
constituting 43.6 and 37.7%, respectively. The particle
distribution in brown and yellow-brown soils demonstrated
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Fig. 4 Correlations between soil organic carbon (SOC) and various elements in different soil types in the study area. A, full soil
type. B, yellow-brown soil. C, red soil. D, purple soil. E, yellow soil. F, brown sail.

similarity (Fig. 5-A). Soil texture influences surface
SOC content (Fig. 5-B). Loam exhibits the highest SOC
content ((31.35+25.74) g kg™'), demonstrating substantial
SOC enrichment capacity. The SOC content in sandy
((26.61+21.15) g kg™") and clay ((24.13+13.85) g kg™")
textures was notably lower than in loam (P<0.05), though
without significant difference between them. The interaction
of soil type and texture influences the spatial distribution of
SOC (Fig. 5-C), displaying binary collaborative regulation
characteristics. The brown soil-loam combination

demonstrates higher SOC content compared to other
soil type-texture combinations, creating SOC enrichment
hotspots. The clay combination of yellow soil and various
texture combinations of purple soil generally exhibit lower
SOC content. The interaction between land use types and
soil texture determines SOC accumulation patterns (Fig. 5-D).
Irrigated land maintained the highest SOC content across
all texture conditions, showing significantly higher levels in
sandy and clayey soils compared to other land use types
(P<0.05). The clay soil-irrigated land combination produced a
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soil texture (P<0.05).

notable SOC enrichment hotspot ((57.93+31.30) g kg™"). The
soils in the study area were acidic (pH 4.02-7.50). The SOC
content of different soil types showed no correlation with pH
(Fig. 6). Linear regression analysis revealed that while all five
soil types demonstrated a significant decrease in SOC with
increasing altitude (P<0.001), the altitude factors exhibited
relatively weak explanatory power for SOC variability
(R?=0.046-0.093) (Fig. 7).

4. Discussion
4.1. Analysis of differences in surface SOC content
under each soil type

Multiple factors including soil-forming parent material, soil
properties, and fertilizer application affect SOC content
across different soil types (Ni et al. 2022; Ortner et al. 2022;
Amaleviciute-Volunge et al. 2024). Soil Cd concentrations
influence bacterial community structures, which subsequently

affects SOC immobilization and decomposition in various soil
types (Meng et al. 2023). Agricultural land in the study area
received N fertilizer and farmyard manure applications, which
generally increased SOC content across all soil types (Chan
et al. 2010; Jiang et al. 2022; Just et al. 2024). The impact
of N input on SOC content varies by soil type (Ni et al. 2022),
representing a primary factor in SOC content variation among
soil types in this study.

In this study, the SOC content in purple soil was lower
compared to other soil types (Fig. 2-A), a finding consistent
with previous research (Chen F 2022; Li et al. 2023). Purple
soil develops in subtropical regions where exposed purple
parent rock undergoes weathering through temperature,
light, and water processes. Its limited soil formation time and
developmental processes result in low fertility (Wang et al.
2018). Purple soil zones experience significant soil erosion
and fertility loss due to steep topography, high precipitation,
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and suboptimal land use practices (Liang et al. 2022). The
soil is characteristically shallow and loose, with poor water
permeability in the shale layer. In purple soil regions, rainfall
occurs frequently and concentrates in summer, while silt
mesocosm development is more pronounced (Shen et al.
2021). Consequently, purple soil demonstrates weak erosion
resistance and easily degradable aggregate structure,
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resulting in relatively low SOC content in the topsoil layer.
Sandy soils exhibit significantly higher organic carbon
mineralization rates compared to clay soils (Liddle et al. 2020;
Medeiros et al. 2022), with values up to twice as high in sandy
substrates (Fraseth et al. 2022). Red and yellow soils share
ferro-aluminous properties (Schaetzl and Anderson 2005) but
differ in soil texture (Fig. 5-A). Yellow soil contains more sand
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than red soil (Fig. 5-A). While red soil has less sand content,
it shows lower clay proportion, whereas brown soil exhibits
higher clay and silt content, corresponding to elevated SOC
levels. Furthermore, brown soil and yellow-brown soil in
this study are primarily leached soils. The substantial SOC
accumulation in leached soils results from secondary clay
mineral enrichment through leaching processes and iron-
aluminum-organic matter complex protection mechanisms,
significantly increasing mineral-bound organic carbon
proportion (MAOC>50%) (Li et al. 2023).

B

180 1

150 4

y=—0.0250x+72.0300

Pearson’s r=—0.2621
R?=0.0687
P<0.001

120 1

SOC content (g kg™')
(<]
o
1

(o2}
o
1

30 A
O T T T T T T T
1,600 1,700 1,800 1,900 2,000 2,100 2,200 2,300
Altitude (m)
180
y=—0.0232x+63.0137
150 4 Pearson’s r=—0.2148
—~ R?=0.0461
E) 120 4 P<0.001
2 o .
<
£ 90 4
f
8 2
O
o
]

(2]
o
1

w
o
1

0 T T T T T T T
1,600 1,700 1,800 1,900 2,000 2,100 2,200 2,300

Altitude (m)

Fig. 7 Linear relationships between soil organic carbon
(SOC) and altitude across soil types. A, red soil. B, yellow
soil. C, yellow-brown soil. D, purple soil. E, brown soil.

4.2. Analysis of differences in SOC content by land
use type under each soil type

The observed effects of different land use types on SOC
in this study resulted from anthropogenic disturbances
(Anderson and Coleman 1985). Across the five soil
types, irrigated land demonstrated substantially higher
SOC content compared to other land use types (Fig. 3),
attributable to the positive correlation between SOC fraction
and soil water content (Yang et al. 2020). Adequate water
availability creates favorable conditions for ecological
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processes including microbial decomposition, enabling
microorganisms to maintain high activity levels and promote
SOC accumulation (Fernandez et al. 2021). Unlike drylands
with limited water resources, irrigated land maintains soil
water content at levels more conducive to soil carbon
fixation (Ye et al. 2023). Increasing dryland SOC content
may be achieved through soil water addition (Ortiz et al.
2022). The study area features predominantly contiguous
terrace distributions in drylands. During rainy seasons,
surface SOC in terraces migrates to lower soil profile levels.
Topsoil and organic matter transport from upper slopes
results in higher SOC content in low-lying terraced drylands
compared to elevated locations, explaining the substantial
SOC content variation in agricultural fields, as noted by
Chadwick et al. (2016). Cropland exhibited higher SOC
content than woodlands and grasslands due to applications
of farmyard manure, N fertilizer, and chemical fertilizer.
Fertilizer application enhances SOC content (Jordon et al.
2024; Shi et al. 2024; Li and Li 2025). Sustained fertilization
increases soil carbon sequestration rates and capacity, while
chemical fertilizer application also elevates SOC content
(Smith et al. 2020; Shah et al. 2021; Liu et al. 2022; Zhou
et al. 2022; Xu et al. 2025). Human irrigation and fertilization
practices have markedly improved agricultural land water
and nutrient conditions compared to grasslands. While
plantations receive fertilization, they experience greater
human interference, including fruit tree pruning for growth
control and other operations that reduce soil organic matter
input. Mechanical soil disturbances (e.g., tillage) typically
cause significant decreases in SOC stocks, with reductions
exceeding 20% in intensively managed agroecosystems
(Krauss et al. 2022; Kutova et al. 2024). Therefore, reducing
deep plowing in plantations and implementing debris and tree
branch backfilling can enhance plantation soil SOC content.

4.3. Analysis of other factors affecting soil organic
carbon

This study revealed a significant positive correlation between
SOC content and soil N, S, and Se (Fig. 4). Selenium
demonstrates a significant impact on plant growth at
appropriate concentrations, primarily by enhancing plant
resistance and increasing chlorophyll content (Han et al.
2013). As N serves as the essential element for chlorophyll
synthesis in plants (He et al. 2022), the synergistic
interactions between Se and N substantially promote SOC
accumulation, particularly in dryland soils with high Se/N
availability. These elements are prevalent in the study
area. The application of N fertilizer and farmyard manure
in drylands provides substantial N supplementation (Laub
et al. 2023). In conjunction with S, these soil elements
are vital for plant growth and metabolism, facilitating SOC
synthesis in drylands (Zenda et al. 2021). Research has
demonstrated that N enrichment significantly increases
SOC content (Bai et al. 2021; Tang et al. 2023). Plant-
active selenium serves as a permissible selenium source
for humans and animals, while nitrogen fertilization in the
study area’s drylands enhances plant selenium uptake and
content (Kong et al. 2023). Studies have identified strong
correlations between soil C, N, and selenium, with organic

carbon showing significant positive correlation with soil
selenium content, aligning with the present findings (Zhou
et al. 2014; Li et al. 2017). Nitrogen fertilizer application thus
facilitates high selenium maize production and agricultural
product improvement while increasing soil organic carbon.
Variations in soil-forming materials, climate, topography,
vegetation cover, and human intervention create spatial
heterogeneity in SOC at multiple scales (Wang et al. 2023),
resulting in a spatial distribution pattern of SOC in the study
area with higher values in the northeast and lower values in
the southwest (Fig. 2-B).

The SOC content in loam significantly exceeds that
of sandy soil and clay soil (Fig. 5-B), primarily due to its
balanced particle composition’s synergistic effect. This
combination creates a distinctive microenvironment: the
moderate pore structure ensures sufficient aeration for
plant growth (increasing carbon input) (Virto et al. 2008)
while reducing organic matter leaching through powder
and clay particle surface adsorption (Cotrufo et al. 2019).
Furthermore, it facilitates water-stable aggregate formation,
providing effective physical protection for organic carbon
(Lehmann et al. 2020). This “input-preserve” equilibrium
renders SOC accumulation efficiency in loam notably higher
than in sandy soil (where excessive aeration accelerates
organic matter decomposition) (Angst et al. 2021) and clay
(where insufficient aeration restricts root activity and carbon
input) (Six et al. 2000). Consequently, loam texture in brown
soil of the leached soil class exhibits higher SOC content than
various textures in other soil types including red soil, yellow
soil, yellow-brown soil and purple soil (Fig. 5-C). The SOC
content of sandy and clay irrigated land significantly exceeded
that of the other four land use types (Fig. 5-D, P<0.05), further
validating irrigation’s positive effect on SOC and providing
evidence for green and low-carbon agriculture. Analysis
of 2,132 sample points reveals an altitude range of 1,632—
2,297 m, with a significant weak negative correlation between
altitude and SOC (Fig. 7, P<0.001), indicating decreasing
SOC content with increasing elevation, manifesting as slope
foot>slope middle>slope top (Luo et al. 2024). During 2011—
2020, the study area’s average annual temperature varied
between 17.0°C-17.9°C, with annual precipitation ranging
from 644-1,167 mm. The relatively narrow research area
leads to no significant differences.

5. Conclusion

The study area exhibited a mean SOC content of 27.78 g kg™,
with surface soil content decreasing in the order of brown
soil>yellow-brown soil>red soil>yellow soil>purple soil.
Among the five soil types, irrigated land showed the highest
SOC content, while drylands demonstrated the highest SOC
content among agricultural land uses. Increased soil water
content in dryland regions would enhance soil SOC content
in agricultural lands. Nitrogen fertilizer application facilitates
high selenium maize production and agricultural product
improvement while increasing SOC content.
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