
Pedosphere 36(2): 603–613, 2026
doi: 10.1016/j.pedsph.2024.12.001
ISSN 1002-0160/CN 32-1315/P
© 2026 Soil Science Society of China
Published by Elsevier B.V. and Science Press

Effects of soil erosion-deposition rate and mollic epipedon thickness on sloping
farmland soil nutrients in the Mollisol region of Northeast China

Chang LIU1, Gang LIU1,2,∗, Qiong ZHANG1,2, Chenxi DAN1, Yuqian HAN1, Enshuai SHEN1 and Zhen GUO3

1State Key Laboratory of Soil and Water Conservation and Desertification Control, College of Soil and Water Conservation Science and Engineering
(Institute of Soil and Water Conservation), Northwest A&F University, Yangling 712100 (China)
2Institute of Soil and Water Conservation, Chinese Academy of Sciences and Ministry of Water Resources, Yangling 712100 (China)
3Sichuan Huabiaoce Testing Technology Co., Ltd., Chengdu 610097 (China)

(Revised August 26, 2024; revised October 20, 2024; accepted November 25, 2024)

ABSTRACT
Severe soil erosion in Northeast China has led to significant declines in the mollic epipedon thickness (MET) and soil nutrient contents (SNs), thereby

reducing soil productivity. However, the correlations among MET, soil erosion-deposition rate (SED), and SNs remain uncertain. This study aimed to explore
the combined effects of SED and MET on SNs. Three sloping farmlands in Keshan, Binxian, and Hailun, Heilongjiang in the Mollisol region of Northeast
China were selected to investigate the distribution characteristics of MET, SED, and SNs. The slope lengths and gradients were 200–276 m and 1.3◦–1.9◦,
respectively. An inverse correlation was observed between SED and MET. The SNs were lower in the middle section of the slope, whereas they increased in the
foot section. The changes in SED, MET, and SNs exhibited a wave-like trend. According to correlation analysis, SED was negatively correlated to SNs, while
MET was positively correlated with SNs. However, when MET exceeded 40 cm, the inverse relationship between SED and SNs diminished. Consequently,
MET cannot be disregarded in the prevention and control of soil erosion. A regression equation was fitted to model the relationship between MET (less than
40 cm) and SNs and SED. Comprehensive consideration of SED, MET, and SNs at different positions on the slopes is particularly crucial when designing
effective soil and water conservation measures. This study provides a scientific basis for the control of soil erosion and the protection of Mollisol resources.

Key Words: black soil, crop yield, 137Cs-tracing technology, ground penetrating radar, quantitative relationship, soil fertility

Citation: Liu C, Liu G, Zhang Q, Dan C X, Han Y Q, Shen E S, Guo Z. 2026. Effects of soil erosion-deposition rate and mollic epipedon thickness on sloping
farmland soil nutrients in the Mollisol region of Northeast China. Pedosphere. 36(2): 603–613.

∗Corresponding author. E-mail: gliu@foxmail.com.

INTRODUCTION

The Mollisol region in Northeast China, which cons-
titutes a significant national grain production center, con-
tributed 21% of the national total grain production in 2022
(IGSNRR CAS, 2023). However, due to more than a cen-
tury of agricultural production, accompanied by frequent
rainstorms, fierce winds, annual freeze-thaw circulation,
and increasing human activities, soil erosion has markedly
increased in this region (Zhang et al., 2007; Liu et al., 2011).
The first national water resource survey and the Special
Plan for Erosion Gully Control in Northeast China’s Black
Soil Region (2016–2030) indicate that there are 291 700
eroding gullies in the region, with 58.06% distributed on cul-
tivated land (Zhang, 2020). In Mollisol region of Northeast
China, the mollic epipedon thickness (MET) has declined
by 0.32 cm year−1 on average over the past 40 years (Liu et
al., 2022), which seriously threatens crop production. Feng
et al. (2018) found that crop yields sharply declined when
MET was less than 20 cm. Hence, maintaining a sufficient
MET is crucial for sustainable agricultural productivity.

Soil nutrients play a vital role in supporting plant deve-
lopment and influencing agricultural productivity (Adimassu
et al., 2014). The interplay between soil erosion-deposition
rate (SED), MET, and soil nutrient contents (SNs) is closely
intertwined. Soil erosion results in a reduction in MET at
the top of the slope, while soil deposition increases MET
at the slope foot. A notable periodic pattern of SED was
observed along the slope (Yu et al., 2019; Shen et al., 2023).
Furthermore, Liu et al. (2023) found that within each cycle
of varying soil erosion intensity, there were inverse relation-
ships between SED and MET. Soil erosion primarily removes
the surface soil, which is the main carrier of soil nutrients and
other trace elements (Sun et al., 2023). During the erosion
process, nutrients are lost, ultimately leading to land degra-
dation. Runoff carries surface soil from higher elevations
to lower elevations, altering the spatial distribution of soil
particle composition and moisture. This process also impacts
the distribution of soil nutrients along the slope (Balasun-
dram et al., 2006; Zhang M L et al., 2011). Liu et al. (2006)
found that the spatial distribution of soil nutrients varied with
different intensities of soil erosion. Noorbakhsh et al. (2008)
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illustrated that there was an increase in SNs from the top to
the middle, and further to the bottom of the slope. Soon and
Malhi (2005) observed that steep slopes generally contained
less soil organic matter (SOM), nitrogen (N), and phospho-
rus (P) than gentle slopes. Moreover, Lemma et al. (2017)
documented a yearly decline in SNs, including SOM, total N
(TN), and available P (AP), due to soil erosion. However, the
main reason for the change in the distribution characteristics
of soil nutrients on the slope is that eroded runoff along the
slope washes away fine soil particles, which are rich in SOM
and various nutrients (Komissarov and Gabbasova, 2017).
Soil erosion can cause significant variations in SNs, which
consequently impact land productivity and pose a risk to
food security (Montanarella et al., 2016; Gu et al., 2018). Lin
et al. (2019) found that as soil erosion increased from mild
to moderate and severe, the average corn yield decreased by
10.4%–25.4%. The above studies have explored the impact
of erosion on SNs and crop yields. Changes in soil thickness
caused by SED can significantly affect SNs. Consequently,
in areas with thicker soil, it remains unclear whether the
impact of SED on nutrients is reduced.

To control soil erosion and mitigate land degradation,
various soil and water conservation measures have been
developed and applied (Diyabalanage et al., 2017; Xu et
al., 2018). However, the scientific implementation and ra-
tional allocation of these measures on tillage slopes still
present numerous challenges (Shen et al., 2020). In particu-
lar, achieving a balance between maximizing soil and water
conservation benefits and minimizing land occupation rate is
crucial. To address this challenge, it is crucial to accurately
understand the relationships among soil erosion, thickness,
and nutrients. This knowledge helps identify key positions
on slopes for control, such as those with high erosion rates,
thin MET, and low SNs.

The objectives of this study were to: i) examine the
spatial distribution characteristics of SED, MET, and SNs
on slopes and ii) establish correlations among MET, SED,
and SNs. The results could contribute to the development
of a reliable method for identifying key control positions
susceptible to slope erosion and for effectively planning
soil and water conservation measures. Furthermore, this
study may offer a scientific foundation for enhancing land
productivity, increasing grain yield, and evaluating soil
erosion and degradation.

MATERIALS AND METHODS

Study area

The study sites were located in Hailun (126◦44′45′′ E,
47◦25′55′′ N), Keshan (126◦7′59′′ E, 48◦7′57′′ N), and
Binxian (127◦28′51′′ E, 45◦52′17′′ N) in Heilongjiang,
China (Fig. S1, see Supplementary Material for Fig. S1).
The predominant landforms at these sites are rolling and
hilly plains. Keshan is in the cold temperate zone, while
both Binxian and Hailun are situated in the mid-temperate
zone. All three sites experience a continental monsoon
climate, receiving an annual precipitation of approximately
550 mm on average, with over 80% occurring between
May and September. The elevation of the study area ranges
from 150 to 470 m. The land use primarily consists of
cultivated land, with corn and soybeans being the main
crops. The cultivation method is down-slope furrow tillage,
with tillage layer depth of 20–25 cm. There are no other soil
and water conservation measures on the slopes. According
to the USDA soil classification system, the soils in the study
area are Mollisols. Selected soil physicochemical properties
are listed in Table I.

Experimental design

Due to the significant impact of fertilization levels and
management practices on SNs, each selected slope in this
study was supplemented with 30–45 t of organic fertilizer
per hectare as a basal application, and compound fertilizer
was applied to ensure a similar fertility level across all
slopes. Ground penetrating radar (GPR) survey lines, five
in total, were evenly arranged at intervals according to the
slope width, with width ranging from 25 to 33 m. The GPR
measurements were conducted along the survey lines, from
the slope top to the foot, to acquire a comprehensive image of
the MET (A-horizon) on the slope. The data were denoised
using RADAN7 software (GSSI, USA), as described by Liu
et al. (2021). The SED was estimated using the radionuclide
137Cs-tracing technology. Sampling points for 137Cs and soil
nutrients were positioned along the survey lines. To ensure
representative soil sampling, three soil sample collection
strips were arranged at intervals of 50–66 m. According
to different slope lengths, soil samples were obtained at
25–30 m intervals using a soil drill (5 cm in diameter). The

TABLE I

Selected physicochemical properties of soils on the slopes at three study sites in Keshan, Binxian, and Hailun, Heilongjiang in the Mollisol region of Northeast
China

Site Clay Silt Sand Bulk density Organic matter pH

% g cm−3 g kg−1

Keshan 33.7 ± 2.0 58.6 ± 1.7 7.7 ± 0.6 1.31 ± 0.19 36.2 ± 0.89 6.36 ± 0.12
Binxian 29.8 ± 2.1 60.8 ± 0.9 9.4 ± 1.4 1.39 ± 0.08 27.4 ± 0.77 6.07 ± 0.09
Hailun 31.7 ± 0.8 59.4 ± 1.1 8.9 ± 0.5 1.36 ± 0.02 53.0 ± 2.07 6.27 ± 0.10
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sampling depth for 137Cs was 0–30 cm, while the sampling
depth for soil nutrients and physicochemical properties was
0–20 cm. A total of 26 sampling locations were evenly
distributed on each slope. At each sampling point, soil
samples were tested for four types of soil nutrients and 137Cs
content. To ensure the accuracy and repeatability of the data,
each indicator was measured twice. Therefore, there were
a total of 10 soil samples for each sampling point and a
total of 260 soil samples for each slope. These samples were
used for subsequent soil indicator analyses. The background
values of 137Cs at the three research sites were obtained
from undisturbed grasslands that had remained unaffected
by human activities for more than 70 years (Table II).

TABLE II

Description of basic characteristicsa) of the slopes at three study sites
in Keshan, Binxian, and Hailun, Heilongjiang in the Mollisol region of
Northeast China

Characteristic Keshan Binxian Hailun

Slope length (m) 276 200 200
Slope width (m) 120 132 100
Slope gradient (◦) 1.72 1.91 1.30
137Cs background value (Bq m−2) 2 417 2 379 2 209
Average SEDb) (t km−2 year−1) 2 428 2 225 2 160
MET (cm) 22.9 28.6 41.9

a)SED = soil erosion-deposition rate; MET = mollic epipedon thickness.
b)Positive and negative SED values indicate erosion and deposition, res-
pectively.

Sample analysis

Soil samples were air-dried after removing any extrane-
ous materials, such as plant roots and stones, ground, and
thoroughly mixed. The 137Cs soil samples were ground and
sifted through a 2-mm sieve. Approximately 300 g of soil
from each sample was placed into a plastic box for testing.
Detailed information on the 137Cs activity test can be found
in Liu et al. (2023). Following the measurements, the data
were interpreted and analyzed to obtain the specific activity
of 137Cs.

The soil nutrient samples were meticulously pulveri-
zed and sifted through a 0.25-mm sieve to prepare for the
assessment of SOM, TN, available potassium (AK), and
AP. The determination of SOM was carried out using the
external heating method with potassium dichromate (Zhang
and Gong, 2012). For TN analysis, the semimicro Kjeldahl
method was employed (Hui et al., 2023). The AK was ex-
tracted by soaking the sample with 0.5 mol L−1 ammonium
acetate and measured by flame photometry (Li et al., 2013).
To determine AP, the sample was soaked in 0.5 mol L−1

sodium bicarbonate and analyzed using the molybdenum
antimony colorimetric method (Zheng, 2005). The mea-
surement was conducted by using a UV-visible spectropho-
tometer (UV2300, Techcomp Group, China). The particle

composition was determined according to Beuselinck et al.
(1998). Soil bulk density was determined using the cutting
ring method. Soil pH value was measured using a portable
pH meter (Mettler Toledo, Shanghai).

Data processing and analysis

The SED (t m−2 year−1) was calculated based on the
simplified mass balance model (Zhang et al., 1999) as
follows:

A = A0

(
1− h

D

)n− 1 963

(1)

SED = ρh (2)

where A is the inventory of 137Cs within the soil profile (Bq
m−2), n is the sampling year, A0 is the reference inventory
of 137Cs (Bq m−2), h is the depth of annual soil loss (m
year−1), D is the depth of the plow layer (m), and ρ is the
soil bulk density (g cm−3). Positive and negative SED values
indicate erosion and deposition, respectively.

SPSS 26.0 (IBM, USA) software was used for correlation
analysis, analysis of variance, and calculation of the root
mean square error (RMSE) for MET, SED, and SNs. Data of
SED, MET, and SNs from three slopes were used to establish
a predictive equation, which was also validated with five
sets of data from the top, shoulder, back, foot, and bottom of
each slope. The data used for validation and establishment
of the equations were mutually independent. Data fitting and
the calculation of the coefficient of determination (R2) were
performed using Datafit (Oakdale Engineering, USA). The
contour map was drawn using Origin 2023 to describe the
distribution characteristics of SED, MET, and SNs on slopes
(OriginLab, USA).

RESULTS

Spatial variations in SED and MET

The SED was higher at the top and middle of the slope
than at the slope foot (Fig. 1). The SED ranked as follows:
Keshan > Hailun > Binxian. The minimum SED on the
slope was −950.55 t km−2 year−1 in Keshan and −54.97 t
km−2 year−1 in Binxian, indicating deposition on the slope
(Table III). In Hailun, the minimum SED was 946.22 t km−2

year−1, indicating complete erosion without deposition.
The variation coefficient for SED was 43% in Keshan and
44% in Binxian, suggesting relatively high variability. In
Hailun, the variation coefficient for SED was 26%, indicating
intermediate variability.

The variations in MET on the three slopes were similar
(Fig. 2). Generally, MET tended to be thinner near the top
and back of the slope and thicker at the foot. Moreover, MET
displayed wave-like changes along the slope, with variations



606 C. LIU et al.

Fig. 1 Spatial distribution of soil erosion-deposition rate (SED) on the slopes at three study sites in Keshan, Binxian, and Hailun, Heilongjiang in the
Mollisol region of Northeast China. Positive and negative SED values indicate erosion and deposition, respectively.

TABLE III

Soil erosion-deposition rate (SED) and mollic epipedon thickness (MET) on the slopes at three study sites in Keshan, Binxian, and Hailun, Heilongjiang in
the Mollisol region of Northeast China

Site Parameter Minimum Maximum Mean Standard
deviation

Coefficient of
variation

%
Keshan SEDa) (t km−2 year−1) −951.0 4 472.0 2 323.0 1 005.0 43.0

MET (cm) 17.8 27.9 24.2 2.3 90.0
Binxian SED (t km−2 year−1) −55.0 3 142.0 1 787.0 786.0 44.0

MET (cm) 19.1 36.0 28.0 3.1 11.0
Hailun SED (t km−2 year−1) 946.0 3 208.0 2 007.0 526.0 26.0

MET (cm) 34.2 49.4 43.6 4.1 9.0

a)Positive and negative SED values indicate erosion and deposition, respectively.

at different locations. The average MET on the slope in
Keshan was 24.17 cm. The MET increased from 23.81 cm
within the slope length range of 0–60 m to 25.22 cm within
the slope length range of 70–130 m, decreased to 23.36 cm
within the slope length range of 135–220 m, and finally
increased to 24.66 cm at the slope toe. The average MET on
the slope in Binxian was 27.95 cm. Within the slope length
range of 60–140 m, the MET on the left side increased,
averaging 29.81 cm, while it decreased on the right side,
averaging 27.04 cm. Within the slope length range of 150–
175 m, MET decreased to 25.22 cm, but then increased
again to 28.29 cm within the slope length range at 180 m
to the slope toe. The average MET on the slope in Hailun
was 43.63 cm. Within the slope length range of 0–60 m,
MET was observed to be thinner, with an average value
of 40.21 cm. Between the slope lengths of 70–110 m, the
middle part of the slope remained thin, with an average MET

of 39.25 cm. However, the MET increased on the sides of
the slope, with an average value of 45.39 cm. From the slope
length at 120 m to the slope toe, MET significantly increased
to an average MET of 46.46 cm.

Soil nutrient distribution

The average SOM and TN contents were the highest on
the slope in Hailun, with values of 30.2 and 2.41 g kg−1,
respectively (Table IV), followed by the slopes in Keshan
and Binxian. Additionally, the mean contents of AK and AP
were the highest on the slope in Keshan, reaching 214.55
and 47.61 mg kg−1, respectively. The variation coefficient
for AP was relatively high on both the Keshan and Binxian
slopes, indicating moderate variation. In contrast, the Hailun
slope exhibited a high degree of variation.

The changing trends of SOM, TN, AK, and AP along
the slope length exhibited a wave-like pattern of increase and
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Fig. 2 Spatial variations of the mollic epipedon thickness (MET) on the slopes at three study sites in Keshan, Binxian, and Hailun, Heilongjiang in the
Mollisol region of Northeast China.

TABLE IV

Soil nutrient contents (SNs) on the slopes at three study sites in Keshan, Binxian, and Hailun, Heilongjiang in the Mollisol region of Northeast China

Site SNa) Minimum Maximum Mean Standard
deviation

Coefficient of
variation

%
Keshan SOM (g kg−1) 16.1 26.8 20.9 2.6 12.0

TN (g kg−1) 1.4 2.5 1.8 0.2 11.0
AK (mg kg−1) 169.0 285.0 215.0 34.7 16.0
AP (mg kg−1) 18.9 81.1 47.6 12.5 26.0

Binxian SOM (g kg−1) 13.5 24.1 16.2 2.1 13.0
TN (g kg−1) 1.3 1.6 1.4 0.1 4.0
AK (mg kg−1) 99.0 182.0 156.0 13.9 9.0
AP (mg kg−1) 23.5 90.9 50.0 12.9 26.0

Hailun SOM (g kg−1) 20.4 39.5 30.2 3.0 10.0
TN (g kg−1) 2.2 2.6 2.4 0.1 3.0
AK (mg kg−1) 170.0 208.0 184.0 7.8 4.0
AP (mg kg−1) 20.6 147.0 40.5 18.5 46.0

a)SOM = soil organic matter; TN = total N; AK = available K; AP = available P.

decrease (Fig. 3). On the slope in Keshan, the SOM and TN
contents were notably diminished within the slope length
range of 110–200 m compared to other positions along the
slope. The contents of AK and AP were high on the right
side of the slope and low on the left side. In Binxian, the TN
content exhibited a declining trend within the slope length
range of 40–120 m. Contrastingly, the other SNs showed
an increasing trend along slope length. Moreover, the SNs
displayed a downward trend within the slope length range
of 120–160 m, but experienced an increasing trend at the
slope foot. On the slope in Hailun, there was a significant
increase in SNs within the slope length range of 180–200 m.
Additionally, the SOM and TN contents were greater on the
right side of the slope compared to the left side.

Response of SNs to MET and SED

It was observed that MET was comparatively thinner on
the slopes with severe soil erosion, accompanied by a decrea-
sing trend in various SNs (Figs. 1 and 2). To investigate the
specific relationship among SNs, MET, and SED, correlation
analyses were conducted (Fig. 4). When MET changes by
more than 5 cm, it significantly affects SNs and crop yield
(Oyedele and Aina, 2006). Therefore, MET was divided
into segments at 5-cm intervals. Based on the maximum and
minimum values of MET (Table III), the ranges of variation
for MET on each slope were determined (Fig. 4). On the
slope in Keshan, MET was divided into two ranges: 17.80 cm
⩽ MET ⩽ 22.80 cm and 22.80 cm < MET ⩽ 27.93 cm.
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Fig. 3 Spatial distribution of soil organic matter (SOM, a), total N (TN, b), available K (AK, c), and available P (AP, d) on the slopes at three study sites in
Keshan, Binxian, and Hailun, Heilongjiang in the Mollisol region of Northeast China.

Similarly, on the slope in Binxian, MET was divided into
two ranges: 19.05 cm ⩽ MET ⩽ 29.05 cm and 29.05 cm <

MET ⩽ 36.00 cm. On the slope in Hailun, MET was divided
into three ranges: 34.24 cm ⩽ MET ⩽ 39.24 cm, 39.24 cm
< MET ⩽ 44.24 cm, and 44.24 cm < MET ⩽ 49.38 cm.

A significant negative correlation between SED and
MET was observed on each slope (Fig. 4). Specifically, on
the slope in Keshan, significant correlations were found
among SED, MET, and SNs when MET ranged from 17.8 to
27.93 cm, with the exception of AK. Similarly, on the slope in
Binxian, there were also significant correlations among SED,
MET, and SNs when MET ranged from 19.05 to 36.00 cm,
except for AP for the MET range of 19.05–29.05 cm and
AK for the MET range of 29.05–36.00 cm. On the slope
in Hailun, as MET increased within the range of 34.24 to
49.38 cm, the correlation between SED and SNs gradually
weakened.

In addition, it was observed that when MET surpassed
40 cm, the impact of MET and SED on SNs became in-
significant. Hence, for MET less than 40 cm, the regression
equation for SNs (SOM (g kg−1), TN (g kg−1), AK (mg
kg−1), and AP (mg kg−1)) in terms of SED (t km−2 year−1)
and MET (cm) was established across the three study slopes
as follows:

SN = aSEDbMETc (3)

where a, b, and c are constants. A positive numerical value

signifies the process of erosion, whereas a negative numerical
value signifies the process of deposition. The parameters b
and c in Eq. 3 indicated a negative correlation between SNs
and SED and a positive correlation between SNs and MET
(Table V). This result was consistent with the correlation
analysis results (Fig. 4).

Additionally, five sampling locations were selected at
various points along the slope, including the top, shoulder,
middle, foot, and bottom, to verify the accuracy of the
regression equation. These points were independent and not
employed in the regression equation. The estimated SNs
closely approximated the measured values, with errors in the
range of 0.07%–9.77% (Fig. 5).

The threshold for SED was set at 2 500 t km−2 year−1

(Table VI), which serves as the boundary between moderate
and mild erosion in the classification of erosion intensity in
the Mollisol region (MWR, 2008). When MET reached or
exceeded 40 cm, no significant disparity in SNs was observed,
regardless of whether the SED exceeded or remained below
2 500 t km−2 year−1. When MET was less than 40 cm,
significant disparity was observed in SNs, regardless of
whether the SED exceeded or remained below 2 500 t km−2

year−1.

DISCUSSION

Soil nutrient distribution along different slopes

The presence of soil nutrients is crucial for crop pro-
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Fig. 4 Relationships among soil erosion-deposition rate (SED), mollic epipedon thickness (MET), and soil nutrient contents (SNs) for different MET ranges
on the slopes at three study sites in Keshan, Binxian, and Hailun, Heilongjiang in the Mollisol region of Northeast China: 17.80 cm ⩽ MET ⩽ 22.80 cm (a)
and 22.80 cm < MET ⩽ 27.93 cm (b) on the slope in Keshan, 19.05 cm ⩽ MET ⩽ 29.05 cm (c) and 29.05 cm < MET ⩽ 36.00 cm (d) on the slope in Binxian,
and 34.24 cm ⩽ MET ⩽ 39.24 cm (e), 39.24 cm < MET ⩽ 44.24 cm (f), and 44.24 cm < MET ⩽ 49.38 cm (g) on the slope in Hailun. Asterisks * and **
indicate significant correlations at P < 0.05 and P < 0.01, respectively. SOM = soil organic matter; TN = total N; AK = available K; AP = available P.

ductivity, and their spatial distribution is influenced by natural
conditions and agricultural management practices (Zhang S
L et al., 2011). In our study, sloping farmlands with similar
fertilization levels and management modes were selected
to minimize the impact of these factors on soil nutrients.
Additionally, all three sloping farmlands employed slope
ridge cultivation and a corn-soybean rotation system, with
corn being the specific crop planted during the sampling year.
Furthermore, to minimize the impact of factors other than
SED and MET on SNs, three selected slopes had identical
terrain characteristics, consisting of straight slopes with
minimal variation in the slope gradient.

However, it should be noted that there were variations
in the average annual rainfall across the three study sites
(Fig. S1). This difference in rainfall may account for the
variations observed in SNs among the different study sites.
Rainfall typically has a positive impact on soil nutrient
storage. The increase in rainfall promotes the growth of
vegetation biomass and enhances the contents of carbon (C)
and N in soil through the input of organic matter (Lin et al.,
2012). Based on the comparison of SNs across different study
sites (Table IV), it was evident that the SOM and TN contents
were notably higher in Hailun than those at the other two sites,

TABLE V

Parametersa) of the regression equation for soil nutrient contents (SNs) in
terms of soil erosion-deposition rate and mollic epipedon thickness on the
slopes at three study sites in Keshan, Binxian, and Hailun, Heilongjiang in
the Mollisol region of Northeast China

Site SNb) a b c R2 RMSE

g kg−1 or
mg kg−1c)

Keshan SOM 7.72 −0.08 0.50 0.63 1.18
TN 1.49 −0.10 0.29 0.64 0.09
AK 477 −0.11 0.01 0.52 9.32
AP 11.7 −0.07 0.61 0.58 3.43

Binxian SOM 15.4 −0.10 0.24 0.66 0.69
TN 1.16 −0.01 0.09 0.67 0.02
AK 130 −0.02 0.09 0.60 2.22
AP 9.66 −0.13 0.77 0.53 5.74

Hailun SOM 21.6 −0.08 0.27 0.60 0.63
TN 1.86 −0.07 0.23 0.59 0.04
AK 91.6 −0.002 0.20 0.53 1.53
AP 0.01 −0.08 2.91 0.63 13.1

a)a, b, and c are constants; RMSE is the root mean square error.
b)SOM = soil organic matter; TN = total N; AK = available K; AP =

available P.
c)g kg−1 for the RMSE of the regression equation for SOM and TN; mg
kg−1 for the RMSE of the regression equation for AK and AP.

even though the entire slope underwent complete erosion
without deposition. This disparity may be attributed to the
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Fig. 5 Errors between measured and predicted soil organic matter (a), total N (b), available K (c), and available P (d) contents at different positions on the
slopes at three study sites in Keshan, Binxian, and Hailun, Heilongjiang in the Mollisol region of Northeast China.

TABLE VI

Soil nutrient contents (SNs) on the slopes with different mollic epipedon
thicknesses (MET) and soil erosion-deposition rates (SEDs) at three study
sites in Keshan, Binxian, and Hailun, Heilongjiang in the Mollisol region
of Northeast China

Site SNa) SEDb)

< 2 500 t
km−2 year−1

⩾ 2 500 t
km−2 year−1

MET ⩾ 40 cm
Hailun SOM (g kg−1) 30.46ac) 29.98a

TN (g kg−1) 2.41a 2.43a
AK (mg kg−1) 183.24a 184.81a
AP (mg kg−1) 38.30a 39.98a

MET < 40 cm
Keshan SOM (g kg−1) 21.63a 19.85b

TN (g kg−1) 1.81a 1.67b
AK (mg kg−1) 219.46a 208.14b
AP (mg kg−1) 50.47a 44.54b

Binxian SOM (g kg−1) 16.33a 15.60b
TN (g kg−1) 1.42a 1.38b
AK (mg kg−1) 156.81a 151.11b
AP (mg kg−1) 51.38a 44.75b

Hailun SOM (g kg−1) 30.29a 27.46b
TN (g kg−1) 2.36a 2.41b
AK (mg kg−1) 184.00a 191.14b
AP (mg kg−1) 63.34a 37.49b

a)SOM = soil organic matter; TN = total N; AK = available K; AP =
available P.
b)The SED threshold of 2 500 t km−2 year−1 was set according to MWR
(2008) to classify the slope soil erosion intensity into mild (SED < 2 500 t
km−2 year−1) and moderate (SED ⩾ 2 500 t km−2 year−1) erosion.
c)Means followed by different letters in the same row are significantly
different at P < 0.05.

higher annual precipitation in Hailun, resulting in greater soil
moisture content and a reduced rate of SOM decomposition,
consequently sustaining higher SNs (Huang, 2000). At the
same time, the intensive rainfall is also an important factor
affecting the loss of soil nutrients. Short bursts of heavy
rainfall may lead to significant soil erosion, and water and
soil carry away a large amount of nutrients (Durán Zuazo
et al., 2004). Under different rainfall intensities, cumulative
runoff, nutrient loss, and sediment transport all increase as a
power function of increasing rainfall intensity (Hao et al.,
2015). As the soil erosion intensity increases, the contents
of SOM, TN, and AP always decrease, aligning with the
erosion type and intensity (Zhang M L et al., 2011). The
enrichment of SOM and TN on the soil surface makes them
susceptible to the movement of surface soil (Nadeu et al.,
2012; Nie et al., 2018).

Interactions among SED, MET, and SNs

The positions with higher SED exhibited a thin layer
of MET, and the changes in both SED and MET on the
slope were characterized by a wave-like pattern of alterna-
ting increases and decreases. Soil erosion also affects soil
physicochemical properties, SOM, and SNs (Borrelli et al.,
2018; Gu et al., 2018). Conversely, soil physicochemical
properties, along with soil quality, can also contribute to
the intensification of soil erosion. Soil erosion transports
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organic C-rich soil particles to sedimentary areas, resulting
in lower organic C content in severely eroded areas (Osman,
2014; Sarapatka et al., 2018; Zhao et al., 2018). Wang
et al. (2009) found that under conventional fertilization
conditions, soybean yield showed an exponential decline
with increasing soil erosion depth. On average, there was a
14.9% reduction in yield for every 10 cm of soil erosion.
This could be attributed to the loss of SOM, N, and P. The
slope foot within the slope length range of 160–200 m in
Hailun experienced a high SED. However, nutrient-rich fine
particles from severely degraded areas, such as hilltops and
backslopes, were deposited at the slope toe, leading to the
development of thicker Mollisol layers and an augmentation
in SNs. No significant correlation between SED and SNs
was found when MET was high (> 40 cm) (Fig. 4). The
impact of MET on SNs was more significant than SED in
Hailun. This could be attributed to the presence of a thick
original MET, which mitigated the effect of SED on SNs.
However, in Keshan, where the MET was thin, the influence
of SED on SNs exceeded that of MET. Therefore, the role of
MET in affecting SNs should not be overlooked.

Determination of the priority position of erosion control

To control severe soil erosion in the Mollisol region
in Northeast China, extensive soil and water conservation
measures, such as contour tillage, no-tillage, terraces, and
hedgerows, have been actively employed since 2000 (Fang,
2021). No-till technology can effectively improve the stabi-
lity of soil aggregates and enhance soil quality (Komissarov
and Klik, 2020). Zhang et al. (2021) found that for all dama-
ged, high-hazard, and moderate-hazard farmlands, no-till
is the best practice. Furthermore, if the best soil and water
conservation measures are implemented immediately, 82%
of sloping farmlands can maintain an A-horizon thicker
than 20 cm. Due to the requirements of certain accumulated
temperature conditions, no-till measures are applicable to
the fourth and fifth accumulated temperature zones in Hei-
longjiang Province, but are difficult to fully apply in areas
with lower accumulated temperatures (Dai et al., 2023).
Jia et al. (2022) reported that terraced fields demonstrate
favorable soil and water conservation benefits, even under
extreme rainfall conditions, with SED reduced by 67.67%
and 78.63% in two small watersheds. Hu et al. (2022) re-
vealed that the application of soil and water conservation
measures in small watersheds led to an annual increase of
0.33% in surface SOM. However, the selection, allocation,
and combination of different measures can affect the ef-
ficiency of soil erosion control (Xu et al., 2018; Li et al.,
2021). Previous studies predominantly focused on the impact
of soil and water conservation measures on SED or SNs,
often neglecting the effects of the depth of the effective soil
layer or soil tillage layer. Therefore, based on the findings of

our study, it is recommended to comprehensively consider
SNs, SED, and MET to control soil erosion (Table VI). In
consideration of the distribution of MET, SED, and SNs on
the slope, priority areas for controlling soil erosion on the
slope were determined. Appropriate soil and water conser-
vation measures were then recommended for these areas.
When MET reached or exceeded 40 cm, it is advisable to
prioritize areas with thinner MET or higher erosion rates for
the implementation of soil and water conservation measures
to mitigate surface soil loss and preserve soil layer thickness.
When MET was less than 40 cm, it is recommended that ef-
forts primarily focus on reducing SED as a vital management
task to prevent the reduction of soil thickness. This approach
should particularly target areas with lower SNs to prevent
significant impact of nutrient loss on crop yields.

Furthermore, the results of our study can be extrapo-
lated to the watershed scale. Fang (2021) found that soil
erosion within a basin could be effectively managed through
the implementation of appropriate soil and water conser-
vation measures. The results demonstrated the efficacy of
employing specific conservation practices based on the slope
characteristics of small watersheds. For instance, contour
tillage was applied on slopes below 3◦, and terraces were
constructed on 5◦–8◦ slopes. However, it is important to note
that when planning soil and water conservation measures in
a watershed, the distribution characteristics of MET, SED,
and SNs on slopes should be fully considered for each up-,
mid-, and downstream position. In addition, our study had
some limitations. The distribution of soil nutrients on slopes
is influenced by numerous factors, including gradient, as-
pect, and farming methods. Further investigation of these
additional variables is necessary.

CONCLUSIONS

At the study sites in Keshan, Binxian, and Hailun, SED
exhibited moderate variation and an uneven distribution
across the slope. The SED was higher at the top and middle
of the slope and lower at the foot. There was an inverse spatial
distribution trend between SED and MET. The MET and
SED exhibited a wave-like changing trend along the slope.
The spatial distributions of SOM, TN, AK, and AP were
influenced by both SED and MET, resulting in an uneven
pattern with wave-like fluctuations along the slope. Typically,
SNs tended to be lower toward the back of the slope and higher
near the slope foot, with an increase with increasing MET.
Correlation analysis results indicated an inverse relationship
between MET and SED—a negative correlation between SNs
and SED and a positive correlation between MET and SNs.
Notably, when MET exceeded 40 cm, there was a decreased
negative correlation between SED and SNs. Furthermore, a
robust regression equation was established for MET, SNs,
and SED, further confirming their interconnectedness. The
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error range of the fitted equation was between 0.07% and
9.77%. These findings highlighted the intricate interactions
among SED, MET, and SNs. When designing soil and water
conservation measures, it is necessary to comprehensively
consider SED, MET, and SNs at different positions on the
slopes. The results provide a novel perspective for identifying
the priority position of slope erosion control and serve as
a crucial scientific foundation for assessing soil erosion
degradation.
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