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Abstract

Soil organic carbon (SOC) is a critical indicator for soil fertility and ecosystem stability, yet
its spatial distribution in slope croplands remains poorly understood at the small watershed
scale. This study compared SOC content and its associated factors in two small watersheds
in the hilly black soil region of Northeast China that share similar topographic and climatic
conditions but differ in the adoption of slope cropland conservation measures. Surface
soil samples (0-20 cm) were collected across both watersheds using a 400 m x 400 m grid,
and a random forest model was used to identify the association of each factor with SOC
content. The SOC content in forests was higher than that in cropland. The SOC content
in cropland with soil and water conservation measures was 51.84% higher than that in
cropland without such measures. SOC tended to be lower on steeper slopes. For slopes of
5~8°, cropland with conservation measures had SOC 76.98% higher than cropland without
measures. Random forest analysis showed that the relative importance of SOC predictors
varied among different management types. The contribution of total nitrogen (TN) and
slope was higher on cropland without conservation measures, while the importance of soil
pH and slope was relatively higher in cropland with measures. These findings suggest
avenues for research to optimize conservation measures to improve soil quality in black
soil regions.

Keywords: black soil; small watersheds; soil erosion; soil and water conservation measures;
soil organic carbon; land use

1. Introduction

Population growth and declining arable land resources pose serious challenges to
global food security, especially in the context of climate change. Efforts to improve cropland
quality, agricultural ecosystem stability, and crop production resilience are important to
ensuring national food security and reducing risks to the global food system [1]. Soil
organic carbon (SOC), an essential measure of soil fertility and soil quality, serves as an
important part of the carbon cycle of terrestrial ecosystems [2]. SOC plays a key role in
stabilizing soil structure, improving the retention of water and nutrients, and enhancing
erosion resistance [3]. The accumulation and loss of SOC are regulated by land use,
topographic conditions, and soil erosion processes [4]. In particular, erosion directly leads
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to the migration and loss of organic carbon, destroys the structure of soil aggregates, and
accelerates its mineralization and decomposition [5]. Compared with other ecosystems,
cropland is repeatedly affected by disturbances from long-term tillage, water erosion,
and crop growth, and thus it displays more complicated surface SOC migration and
redistribution processes [6].

To date, many studies of the ecological benefits of soil and water conservation measures
have been focused on a single land use type [7] and at the scale of individual slopes or fields.
SOC in slope croplands undergoes varying degrees of loss under different intensities of soil
erosion. Accelerated decomposition of soil organic matter driven by high-emission climates
further exacerbates substantial regional SOC depletion [8]. Increasing terrain gradient
and topographic fragmentation intensify soil erosion on slope croplands; the transport
of soil mass directly removes topsoil SOC and results in net SOC loss [9]. Conversion of
forest to slope croplands degrades soil aggregate structure. Coupled with erosion-induced
continuous depletion of organic carbon and nitrogen, bound in aggregates of different
particle sizes, this process ultimately triggers severe SOC loss [10].

In northeast China, soil erosion is thought to be a major threat to soil stability on low
hills and mountains, especially for slope cropland [11]. Given the obvious spatial hetero-
geneity of soil erosion and its impact on SOC, research is needed at a spatial scale that can
comprehensively reflect the interaction of topography, land use, and hydrological processes.
Small watersheds can integrate a variety of land use types and topographic conditions,
making this the most appropriate scale to reflect the spatial patterns of soil erosion and
SOC change [12]. For example, land use and soil and water conservation measures have
been shown to be the main drivers of SOC storage in small watersheds in Mexico [13]. In a
small watershed study in the Argentine Pampas region, slopes and sedimentation were
found to affect the distribution of soil water content (SWC) and SOC [14]. Previous studies
have shown that different land uses have different associations with soil characteristics
within small watersheds; slope position also significantly affects erosion intensity and, thus,
the spatial heterogeneity of soil properties [15,16].

Black soil is one of the most important soil resources in the world. Although
it only accounts for about one-sixth of the global cropland area, it stores about 30%
of the carbon in cropland soils and is valued for its high organic matter content and
productivity [17]. In addition to Northeast China, black soil is widely distributed in
Ukraine and Russia [18] and the humus soil region of the Great Plains of the central
United States, all high-fertility farming areas of global significance [19]. The black soil
region in Northeast China, covering about 1.09 million km?, is an important commodity
grain production area that is key to China’s food security [20]. 86% of the cropland in the
black soil region of Northeast China is slope cropland with slope >0.5°, characterized by
gentle, long slopes and large catchment areas [21].

In recent years, soil and water conservation measures such as terrace construction
and ridge planting have been widely used in the black soil region of Northeast China. In
one small watershed in that region, a study of SOC change between two dates (2005 and
2016) found that engineering and agronomy practices have contributed to alleviating slope
erosion, improving soil structure over time, and promoting SOC content [22]. However, it is
unclear how soil and water conservation measures are associated with the spatial distribu-
tion of soil organic carbon under different topographic conditions. Different environmental
factors may drive the variation in soil organic carbon in different land uses. In response,
we propose the following research questions:

(1) Comparing two small watersheds of low mountains and hills in the black soil region
of Northeast China with similar topography and climate, is the implementation
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of conservation measures associated with significant differences in soil organic
carbon content?

(2) How are land use and slope related to the spatial differentiation of soil organic carbon
within these small watersheds?

2. Materials and Methods
2.1. Overview of the Study Area

The experimental site is located in Dongliao County, Liaoyuan City, Jilin Province
in Northeast China. It occupies a transition zone between the Changbai Mountains and
the Songliao Plain (42°37'09"/~43°13'44" N, 124°50'17"'~125°30’41" E), with topography
consisting of low mountains and hilly landforms (Figure 1). The area has a semi-humid
temperate monsoon climate zone with four distinct seasons; the annual average temper-
ature is 5.2 °C, and the annual total sunshine duration is 2497.9 h. The average annual
precipitation is 658.1 mm, mainly concentrated in summer. Erosive rainfall (defined as
daily rainfall >12 mm [23]) from April to September accounts for 77.44% of the total an-
nual rainfall, accounting for most of the region’s soil erosion and surface runoff (Figure 2).
The soil is predominantly degraded black soil, classified as Phaeozems according to the
World Reference Base (WRB) and Mollisols under the U.S. Soil Taxonomy (USST) [24,25].
The topsoil texture is predominantly clay loam or loam, with quartz and feldspar as the
primary minerals, and montmorillonite and illite as the dominant secondary minerals.
More than 90% of the cropland is on slopes greater than 5°, and the average annual
soil erosion modulus is as high as 2085 t/km?-a [26]. Non-crop vegetation coverage
in the area includes natural secondary forests (Quercus mongolica, Juglans mandshurica
Maxim), plantation forests (Pinus koraiensis, Larix gmelinii), and herbs (Poaceae, Carex
tristachya Thunb).

Within the study area, two small watersheds were selected for comparison. The Shuangfu
small watershed, geographical location 43°02/50”~43°04'51" N, 125°13'55"~125°16'31" E,
covers 686.12 ha. About 10 km away, the Xingmu small watershed, geographical location
42°59'42"~43°01'16" N, 125°23'35"~125°26/04" E, encompasses 584.10 ha. The study area
is a traditional agricultural region. The land use type is mainly cropland, with forests on
some steep slopes. Cropland is planted with corn (maize) or a corn-soybean rotation with
contour ridge tillage. Fertilizers applied include N (210 kg-ha~!), P,Os (90 kg-ha~!), and K,O
(90 kg-ha~1). The tillage methods and fertilization practices have been consistent between the
two watersheds for many years.

While the two small watersheds share similar climates and soil-forming environments,
they display different proportions of land uses and rates of adoption of conservation
measures. There is more cropland in Shuangfu and more forest land in Xingmu. Conserva-
tion measures, typically on slopes in the range of 5-8°, have been implemented more in
Shuangfu (Table 1). Terraces and ridge plant belts were constructed on about 66.30 hectares
of Shuangfu’s slope cropland around 2014.

Table 1. Number of samples by land use and conservation measures. Value in parentheses is the
number of sample sites with soil and water conservation measures.

Watershed Land Use Slope Sample Sites Area (ha) Percentage in Watershed
0~5° 17
Cropland 5~8° 8 (6) 448.31 65.34
Shuangfu 8~15° 5
Forest 13 155.61 22.68
Other - 11.98
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Table 1. Cont.

Watershed Land Use Slope Sample Sites Area (ha) Percentage in Watershed
0~5° 13
Cropland 5~8° 6(2) 362.32 62.03
Xingmu 8~15° 5
Forest 13 185.04 31.68
Other - 6.29
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Figure 1. Shuangfu and Xingmu small watersheds in the context of (a) Northeast China and
(b) Liaoyuan City; (c,e) terrain and hydrography; (d,f) land uses and sampling sites.

Both watersheds are generally oriented westward. The overall topography of
Shuangfu is higher in the north and east, and relatively flat in the middle and south
(Figure 1c). Slopes range from 0.43° to 11.31°, and elevations span 320 m to 437 m. The
stream network forms a dendritic drainage pattern along the lower slope areas. In contrast,
Xingmu generally descends from the east and south, with the stream network draining
toward the northwest (Figure 1e). Slopes range from 0.18° to 14.89°, and elevations span
331 to 544 m.
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Figure 2. Ten-year average monthly total precipitation and monthly precipitation recorded on heavy
rainfall days (12 mm). Data from Xingmu Small Watershed Water Erosion Observation Station,
Dongliao County, Jilin Province (2015-2025).

2.2. Research Design and Sampling

Following the paradigm of comparing paired small watersheds as described in prior
studies [27,28], this study selected two small watersheds (Shuangfu and Xingmu) for
fixed-point observation and analysis. Soil sampling was conducted in October 2025, prior
to crop harvest, to avoid soil disturbance. Sampling points were set at a 400 x 400 m
grid interval [22,29] covering all major land use types in the watersheds. For this study,
37 sampling points were established in Xingmu and 43 in Shuangfu.

In the field, each site was located by GPS (£0.05 m), and three parallel soil samples
from the topsoil (0-20 cm) were taken within about 2 m of each site. In some cases,
when sampling sites fell near topographic obstructions or less than 5 m from land-use
transitions, the location was adjusted in the field to avoid edge effects. In each watershed,
sampling points covered all land use types and slope combinations. The land-use type
(mainly forest, cropland with conservation measures, or cropland without measures) and
the slope at each sampling point were recorded synchronously. All soil samples were
packed in polyethylene bags and stored at low temperature. After being transported to
the laboratory, the samples were screened with a 2-mm sieve and divided into two parts:
one was refrigerated at —20 °C, and the other was air-dried and passed through 2-mm
and 0.149-mm soil sieves in turn. The three soil samples taken at each site were fully
mixed to prepare a composite sample. Three replicate measurements were made of the
composite sample, and the average values of the three replicate measurements were used
for subsequent analysis.

High-resolution Digital Elevation Models (DEMs) with 0.5-m resolution were gener-
ated using UAV-based LiDAR scanning (D]JI Innovations, Shenzhen, China). A DJI Matrice
300 real-time kinematic (RTK) platform equipped with a Zenmuse L1 LiDAR system was
used to conduct aerial surveys over each catchment. Flights were conducted at an alti-
tude of approximately 80-100 m above ground level with forward and side overlaps of
50-70% to ensure full coverage. The LiDAR data were processed using D]I Terra 4.5.0 to
produce DEMs used for terrain analysis and catchment delineation and Digital Orthophoto
Mapping (DOM, 0.05 m) of land use by visual interpretation.
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2.3. Indicator Determination

Soil water content (SWC) was determined using the oven-drying method [30]. Briefly,
approximately 30 g of fresh soil was weighed into an aluminum box, followed by oven
drying at 100-105 °C for over 24 h. The boxes were then covered immediately after removal
from the oven, cooled to room temperature, and reweighed.

Bulk density (BD) was determined by the ring knife method [31]. A 100 cm3 undis-
turbed soil core was collected using a 100 cm?® ring knife and oven-dried at 105 °C for 6-8 h,
and the dry mass was subsequently weighed and recorded.

The mechanical composition of the soil (sand, silt, clay) was determined by the
pipette method [32].

The mean weight diameter (MWD) of soil aggregates was measured by wet sieving
method [32]. Balances, ovens, and sieves were routinely calibrated; pre-weighed constant
aluminum boxes eliminated container blanks. Duplicate subsamples served as internal
controls without certified aggregate standards. Masses of stones and plant debris were
subtracted, and a water blank was run for impurity correction. Soil aggregates were wet-
sieved into >2, 1~2, 0.5~1, 0.25~0.5 and 0.053~0.25 mm fractions. MWD was calculated as:

MWD =) " RW;

where R; is the average diameter of the grain size of i-grade aggregates, and Wj is the mass
percentage of i-grade aggregates.

Soil inorganic carbon was removed by hydrochloric acid fumigation. SOC was mea-
sured on treated soil. TN was measured on untreated soil. The soil samples were placed
in a desiccator and fumigated with hydrochloric acid at a concentration of 1 mol/L. After
fully removing inorganic carbon, the samples were dried to a constant weight at 60 °C,
and then the carbon content was determined using an elemental analyzer (NCT EC54024,
Costech, Milan, Italy). Soil pH was measured using a pH meter with a water-to-soil
ratio of 2.5:1 [33].

2.4. Data Analysis

All analyses were conducted using SPSS 25.0, ArcMap 10.8.1, and R 4.5.1 software.
The Shapiro-Wilk method was used to test the normality of the data. Subsequently, one-
way and multi-way ANOVAs were employed to analyze the variability among multiple
groups for each indicator, while independent-samples t-tests were used to compare the
variability between two groups for each indicator. Box plots were generated using the
ggplot2 package to visualize the median, interquartile range, dispersion, and outliers of
each soil property across the three land-use types. Pairwise inter-watershed comparisons
across slope and management groups were performed using the independent samples
t-test for normally distributed data and the Mann—-Whitney U test for non-normal data. A
Bonferroni correction was used for multiple-comparison adjustment.

Ordinary kriging interpolation was used to predict and visualize the spatial distribution
of SOC. The interpolation was performed with the Geostatistical Analyst extension of ArcMap
under GCS_WGS_1984. A Power variogram model was fitted with a circular searching
neighborhood (10-15 neighbors, radius = 0.012). The prediction grid and uncertainty standard
error grid were exported. Leave-one-out cross-validation gave ME = 0.1281, RMSE = 8.1397,
ASE = 8.0559, RMSS = 1.0100. A standard-error raster represented prediction uncertainty.

Considering the overestimation risk caused by spatial autocorrelation, block-based
spatial cross-validation was further implemented, and a set of complementary indicators
(spatial CV-R?, RMSE, MAE, and NSE) was combined to comprehensively evaluate model
performance. The ‘randomForest” package was used to perform random forest analysis
(ntree = 500, nrep = 1000) for relative importance ranking. All models were set with a
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fixed random seed of 123; default untuned hyperparameters (mtry = 2, node size = 5) were
applied, and 1000 permutation iterations were conducted to quantify the uncertainty of
variable importance. Before random forest modeling, the variance inflation factor (VIF)
was used to test the collinearity between predictors to reduce potential redundancy.

3. Results
3.1. Spatial Distribution of SOC

The highest values of SOC in the Shuangfu and Xingmu small watersheds were
found in forestland and cropland with conservation measures (Figure 3). Overall, the
two small watersheds displayed similar amounts of surface SOC (Figure 4). The average
content of SOC in Shuangfu was only slightly and nonsignificantly (p > 0.05) higher than
that in Xingmu: 19.04 g-kg~! compared with 18.85 g-kg~!—a difference of 0.19 g-kg 1.
Comparing forest lands, there was no significant difference in soil SOC between Shuangfu
(27.97 g-kg~1) and Xingmu (27.86 g-kg~1). In both watersheds, the SOC content of cropland
was significantly lower than that of forest land: cropland SOC was 15.16 g-kg~! in Shuangfu
and 13.89 g-kg ! in Xingmu, so the SOC of forest land in those watersheds was, respectively,
84.50% and 100.58% higher than that of slope cropland.

125°140°F 125°160°F 125°240°F

(a) )N\ (b)

Legend

Shuangfu §
soc L
R z

Legend

mall Watershed

125°120°F 125°140°F 125160 125°240°F

Figure 3. SOC distribution in different small watersheds: (a) Shuangfu, (b) Xingmu.
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Figure 4. Differences in soil organic carbon (SOC) content between Shuangfu and Xingmu small
watersheds. (a) all land cover types. (b) forest. (c) cropland with and without conservation measures.
*p < 0.05, ns = not significant.
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SOC in cropland with conservation measures was associated with a 51.84% higher
level of SOC compared with that of cropland without measures. As more of the slope
cropland in Shuangfu had soil and water conservation measures, the SOC content of
Shuangfu cropland was 9.07% higher than that in Xingmu, p < 0.05 (Figure 4).

3.2. Cropland SOC Content by Slope and Soil and Water Conservation Measures

On cropland without conservation measures, lower SOC content was associated with
steeper slopes, especially above about 5° (Figure 5). The Shuangfu small watershed has a
higher rate of implementation of soil and water conservation measures, such as terraces and
ridge-belt planting, mainly on slopes ranging from 5° to 8°, covering 66.30 ha of cropland
area. Only 1.22 hm? of cropland in the Xingmu small watershed implemented conservation
measures, also concentrated on slopes of 5-8°. For slope ranges of 0-5°, 5-8°, and 8-15°
(Figures 6 and 7), the SOC content in the Shuangfu small watershed was 3.79%, 23.56%,
and 6.02% higher than that of Xingmu, respectively. In the 5-8° slope gradient range, the
SOC content of cropland with measures (20.59 g-kg~!) was higher than that of cropland
without measures (11.64 g-kg~!). The mean difference in SOC between the two types of
cropland was —8.96 g-kg ! (95% CI: —11.84 to —6.08 g-kg !, independent samples ¢-test,
p < 0.001), and the standardized effect size Cohen’s d was —3.66 (95% CI: —5.42 to —1.84).

18
. g Vi 013xH1352
p =093
16 u
[ g B .
4r- ®» L y, = ~0.64x+16.56
= e 0 " p,=0.10
'.io ] R |
i 2 . 3
Qo - L
e n | u - S
N n ' .\ ]
10 R NN
a" y= 6%;12x+14_61 T
p=0.02
8 -
[
6 ] 1 1 1 1 | |
2 4 6 8 10 12 14
Slope

Figure 5. Association of slope gradient with soil organic carbon (SOC) in cropland without conser-
vation measures. Black points represent samples; shadow areas represent 95% confidence intervals;
and the linear fitting trends of yy, p; (gray shadow), y», p» (red shadow), and y, p (blue shadow)
correspond to 2~5°, >5°, and >2°.

Similarly, slope cropland without conservation measures in the two small watersheds
displayed lower SOC content as the slope increased (Figure 7). The SOC content of 5-8°
slope cropland was 26.71% and 17.66% lower than that of the 0-5° slope range, in Shuangfu
and Xingmu, respectively. The SOC content of 8-15° slope cropland was 3.72% and 5.36%
lower than that of the 5-8° slope range, respectively. Steeper slopes were associated with
lower SOC concentrations at sites without conservation measures.
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Figure 6. SOC content of cropland with different slopes in the Shuangfu and Xingmu small water-
sheds. (a) Comparison between the two watersheds. (b) Comparison within each small watershed.
*p <0.05,*p <0.01, ** p < 0.001, ns = not significant.
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Figure 7. SOC content of cropland without conservation measures with different slopes in Shuangfu
and Xingmu small watersheds. (a) Comparison between the two small watersheds. (b) Comparison
within each small watershed. * p < 0.05, ** p < 0.01, ns = not significant.
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Soil and water conservation measures in both small watersheds are concentrated in
the 5-8° slope range (Table 1). For slopes greater than 8°, the SOC content of cropland in
Shuangfu and Xingmu small watersheds was 29.95% and 18.71% lower than the average
level of cropland SOC in their respective watersheds. The cropland area in this slope
interval accounts for 17.73% and 25.43% of the total cropland area, respectively. Lower
levels of organic matter were more likely to occur in steeper-slope cropland, consistent
with greater erosion.

3.3. SOC Associations Under Different Land-Use Regimes

Compared with cropland without measures, the cropland with conservation mea-
sures showed significantly (p < 0.05) higher levels of SOC (51.84%), TN (28.18%), MWD
(23.36%), and clay content (17.53%) (Table 2). The soil carbon:nitrogen ratio (C/N) in
cropland with measures was significantly higher (p < 0.05) than that of either the forest
or the cropland without measures, suggesting that the relative accumulation of organic
carbon and nitrogen differs with land use and conservation practices. Although soil
and water conservation measures are generally considered to improve soil structure,
enhancing rainfall infiltration capacity and water regulation, SWC and BD were 26.16%
and 6.02% lower on cropland with conservation measures than on unprotected cropland,
both significant differences (p < 0.05). There were no significant differences in pH value,
sand content, or silt content.

Table 2. Soil properties of different land use types. Values shown are the mean =+ standard deviation
(SD) and 95% confidence intervals (CI) for each land use type. Different lowercase letters (a, b, c)
in the same row indicate significant differences between different land use types as determined by
one-way ANOVA combined with Tukey HSD post hoc test (p < 0.05).

Soil Property Forest Cropland Without Cropland with
Conservation Measures Conservation Measures
Mean + SD 95% CI Mean + SD 95% CI Mean + SD 95% CI
SOC (g-kg_l) 2797 £ 0.66 a 27.70~28.24 13.56 - 0.29 ¢ 13.47~13.65 20.59 £0.27b 20.39~20.79
TN (g-kgfl) 2104+ 048a 1.91~2.29 1.10 £ 0.27 ¢ 1.02~1.18 141 £023b 1.24~1.58
C/N 1353 + 0.39b 13.37~13.69 12.59 +0.32 ¢ 12.49~12.69 14.74 £ 0.18 a 14.61~14.87
SWC (%) 15.54 £0.22b 15.45~15.63 19.11+£0.21a 19.05~19.17 14.11 £ 0.30 ¢ 13.89~14.33
BD (g-cm_3) 1.18 £0.22b 1.09~1.27 1.33+£0.13a 1.29~1.37 1.25+0.10b 1.18~1.32
pH 5.81 £0.32a 5.68~5.94 5.68 & 0.52 ab 5.52~5.84 549 +£049b 5.13~5.85
MWD (mm) 154 +041a 1.37~1.71 1.07 £0.29 ¢ 0.98~1.16 1.32 +£0.19b 1.18~1.46
Sand (%) 4240 £ 0.82b 42.07~42.73 50.01 £1.79 a 49.47~50.55 4870 £ 214 a 47.14~50.26
Silt(%) 3559+ 121a 35.10~36.08 3140 £196Db 30.80~32.00 29.44 +148b 28.36~30.52
Clay (%) 22.00 £ 0.62 a 21.75~22.25 18.60 = 0.63 b 18.41~18.79 21.86 £ 0.75 a 21.31~22.41

To further explore the factors influencing SOC in the study area, two variables (slope
and land use type—forest, cropland with conservation measures, and cropland without
measures) for two-way analysis of variance. The results of the two-factor general model
showed that land use type, slope, and their interaction were significantly associated with
SOC content (p < 0.001). The model could explain 95.0% of the SOC variation. Land use
is the dominant predictor, while slope may affect the distribution of soil organic carbon
through the process of erosion and deposition. The significant interaction between the
two factors indicates that the association of slope with SOC varies significantly with
land-use types.

Before random forest modeling, the variance inflation factor (VIF) was used to test
the collinearity between predictors (Table 3). Since the Sand, Silt, and Clay predictors
are all components of soil composition that collectively total 100%, there is an inherent
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dependence between the three; therefore, this study does not include all three grain-size
indicators at the same time and removes the Silt variable to reduce potential redundancy.
The VIF test was performed on the remaining predictive variables (Slope, TN, SWC, BD,
pH, MWD, Sand, and Clay). Results of VIF < 10 indicate a lack of multicollinearity, so all
variables were retained for random forest model construction.

Table 3. Variance inflation factors (VIF) of random forest predictors for different land use types.
VIF < 10 indicates that there is no obvious collinearity between variables.

. . Cropland Without Cropland with
Soil Propertyt (Predictor) Forest Conservation Measures Conservation Measures

TN 1.710 1.383 5.428

Slope 1.692 2.767 1.792

SWC 1.800 2.547 1.798

BD 1.890 1.341 2.135

MWD 1.641 1.311 2.876

pH 1.981 1.362 3.394

Sand 1.638 2.077 1.880

Clay 1.312 1.593 6.247

Eight environmental factors (Clay, Sand, MWD, pH, BD, SWC, TN, and Slope) were
evaluated on an exploratory basis for their predictive importance to SOC content. The
results of the Random Forest model (Figure 8) show differences among these factors’
contributions under different land use types. The OOB-R? values for forest land, cropland
without measures, and cropland with measures reached 0.820, 0.775, and 0.608, respectively,
indicating that the selected environmental factors could explain between 60.8% and 82.0%
of the SOC variation under the three land use types.

a
Slope

TN

swc RS

BD

SOC
Sand is Crop without measures

SOC
Crop with measures

10 0 35 40 o s 10 1 30 35 40 0o 5 10

15 20 25 s 20 25 15 20 25 30
%IncMSE %IucMSE %IncMSE

Figure 8. Factors associated with SOC by land use type. (a) Heat map of correlations between
each variable and SOC by land-use type. (b—d) Percent increase in mean squared error (%IncMSE)
contribution of each variable to the Random Forest model for each land use type. *p <0.05, ** p < 0.01,
*** p < 0.001, ns = not significant.

In the Random Forest model for forests, TN showed the highest%IncMSE permutation
importance (32.58%), indicating that it was the strongest for SOC prediction performance,
followed by SWC (15.93%) and slope (13.64%), while Sand showed a relatively low value
(5.00%). For cropland without conservation measures, TN and Slope had the strongest
%IncMSE values at 33.38% and 25.65%, respectively, followed by SWC (20.58%) and pH
(12.83%); Sand had the weakest predictive importance (4.45%). For the cropland with
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measures, pH and slope showed high predictive importance with%IncMSE values of
10.86% and 8.04%, respectively. This indicates that within the sample range of this study,
the spatial variability of SOC in the cropland with measures is more related to soil pH and
slope, while the importance of slope to SOC prediction is relatively low.

4. Discussion

Comparing two small watersheds with different land-use patterns, this study showed
that there was no significant difference in soil organic carbon between the watersheds’
forest lands, suggesting that SOC at sample points less affected by human disturbance was
generally stable under similar climatic and topographic conditions. This finding is similar
to that reported in managed and unmanaged forests of the southeastern U.S. [34]. The
SOC of cropland was significantly lower than that of forest land in both watersheds [35];
this suggests that land use is a major cause of the SOC differences within these small
watersheds. For slope cropland with soil and water conservation measures, SOC content
was significantly higher in most respects, consistent with better organic matter retention
and environmental conditions. The results imply that differences in SOC within the small
watersheds may be influenced not only by the overall land uses but are also affected by
slope cropland conservation practices.

Slope is an important topographic factor associated with the spatial distribution of
SOC in slope cropland, as previously reported in large- and small-scale studies [36,37].
This study found that on steeper slopes, the SOC content of cropland without conservation
measures was significantly lower. As slope increases, the runoff velocity and scouring
ability of the slope increase [38], and the fine particles and aggregates rich in organic
carbon in the surface layer are preferentially eroded and transported [39], resulting in the
continuous loss of SOC. At the same time, the erosion process destroys the structure of
soil aggregates, exposes organic carbon to the microbial environment, and accelerates the
mineralization and decomposition process [40,41]. By contrast, on gentle slopes, erosion is
relatively weak, and the sediment and organic matter carried by the runoff are more likely
to deposit on the lower slope area [42].

The spatial distribution pattern of SOC at the small watershed scale reflects the long-
term interaction of erosion, transport, and deposition processes. Studies on SOC control
by slope erosion have generally concluded that soil and water conservation measures can
significantly weaken SOC differences at different slope positions [43,44]. This study shows
that the implementation of soil and water conservation measures in slope cropland in
low-hill areas is associated with higher SOC content.

Soil and water conservation measures like terracing and ridge planting aim to mitigate
erosion by reshaping the hydrological processes on slope surfaces, mainly by altering the
slope gradient [45,46]. Along with TN, slope has been identified as the primary determinant
of increases in SOC in a meta-analysis of soil conservation measures implemented across
China [47]. In this study area, the conservation measures on slope cropland are mainly
concentrated in the 5-8° slope range; on unprotected cropland, SOC content was lower
on steeper slopes, suggesting that implementing conservation measures on such slopes
could be an appropriate response. Measures such as terraces and ridge plant belts can
improve precipitation infiltration efficiency and reduce sediment output by changing slope
micro-topography, shortening slope length, and reducing runoff speed [48-50]; at the same
time, vegetation cover and root soil fixation can effectively weaken the erosion process
and increase the input of organic matter [51,52], associated with reducing the loss of SOC.
This association is more pronounced in the middle and high slope areas with the greatest
erosion risk [53].
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Conservation measures were not only predictive of the average level of SOC in
slope cropland, but also changed the spatial distribution characteristics of SOC under
different slope positions and slope gradients. The implementation of conservation
measures changes the pattern of runoff collection and sediment migration, altering the
process of redistribution of organic matter and fine particulate matter on the slope [54].
It was observed that the cropland with soil and water conservation measures showed
better soil physical and chemical properties. The SOC, TN, clay content, and aggregate
concentrations were better in the cropland with conservation measures, whereas bulk
density was lower. The higher C/N ratio indicates that more carbon than nitrogen
is found in the cropland with conservation measures, which may reflect the role of
conservation measures in reducing soil erosion, promoting organic matter accumulation,
and increasing plant residue inputs. The lower C/N ratio in unprotected cropland may
be related to the loss of organic carbon due to long-term tillage and erosion as well as
agricultural nitrogen inputs. In such a case, SOC would decrease to a greater extent than
TN, thus reducing the soil C/N ratio. This again suggests that cropland with measures
could experience better soil nutrient accumulation, structure, and erosion resistance,
consistent with prior research [55,56]. At the same time, the variation in SOC and TN was
higher than that of aggregate stability and soil texture index, indicating that conservation
measures may have a stronger association with soil carbon and nitrogen accumulation,
while soil structural properties could be affected by factors such as soil parent material,
texture composition, and formation process [57].

The results of the Random Forest analysis further showed that conservation measures
were associated with high SOC, with differences in the correlation patterns between SOC
and environmental factors under different land management types. In the cropland without
conservation measures, SOC is mainly associated with slope and soil moisture content,
indicating that the erosion process is still the dominant factor of SOC change [58]. On
cropland with conservation measures, the association of slope with SOC is markedly
weaker, and SOC appears more dependent on pH [59]. Studies have shown that fine
particles, especially clay particles, can enhance the stability of organic carbon by forming
organic-mineral complexes while improving the structure of aggregates and promoting
the physical protection of carbon [60]. However, the Random Forest model in this study
only supports an exploratory analysis; the OOB-R? and variable importance rankings here
cannot support generalizable conclusions. Further work with larger sample sizes relative
to the number of predictors should be conducted to produce more robust results to guide
the adoption of conservation measures for cropland.

This study elucidated the spatial distribution patterns of SOC in small watersheds
with different land-use and conservation measures, but several limitations still exist.
The two small watersheds are basically consistent in terms of topographic conditions,
tillage years, soil parent material development process, and climate. This suggests
that the difference in the SOC content of cropland may be influenced by the differing
implementation of soil and water conservation measures. To quantitatively characterize
SOC variations across diverse land-use types and systematically elucidate the regulatory
mechanisms of slope-scale soil and water conservation measures on SOC dynamics,
follow-up controlled field experiments should be set up on adjacent plots with consistent
underlying conditions. The experimental treatments can cover forestland, cropland with
measures, and cropland without measures.

Furthermore, this investigation only sampled and tested the topsoil layer of 0-20 cm,
which cannot adequately represent the vertical stratification characteristics of the overall
soil carbon pool along the full soil profile. Future research is recommended to integrate
deep soil profile sampling with long-term fixed-site monitoring trials to track the dy-
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namic changes in SOC and its labile organic carbon fractions. Such efforts will deepen
understanding of the spatial heterogeneity and stability control mechanisms of SOC at
the small-watershed scale.

5. Conclusions

This study compared soil organic carbon in a pair of typical small watersheds in
the black soil hilly region of Northeast China with similar topography and climatic
conditions but different slope cropland management regimes. The spatial distributions
of SOC, terrain, and other associated factors were systematically analyzed at the small
watershed scale. The associations of soil and water conservation measures with SOC
and soil quality characteristics in slope cropland were evaluated. The main conclusions
are as follows:

(1) The topography and climatic conditions of Shuangfu and Xingmu small watersheds
are similar; there are no significant differences in SOC content in the watersheds
overall or their forest lands. In croplands, SOC in Shuangfu was significantly higher
than that in Xingmu by 9.07% (p < 0.05). This difference is mainly due to the higher
proportion of cropland with conservation measures in Shuangfu.

(2) Slope is an important topographic factor associated with SOC differences on slope
cropland. In the slope cropland without conservation measures, SOC content was
lower. Conservation measures were mostly concentrated on slopes of 5-8°, and in
that slope range, the cropland with conservation measures had higher SOC than
unprotected cropland.

(3) A Random Forest analysis showed that total nitrogen content, slope gradient, and soil
water content were relatively more important for predicting SOC in cropland without
conservation measures. Soil pH and slope gradient had relatively higher variable
importance for cropland with measures.
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