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ARTICLE INFO ABSTRACT

Keywords: Soil water erosion has caused an enormous damage to agricultural production and ecosystems worldwide. Soil
Monthly soil erosion erosion exhibits certain seasonal variation patterns within year under the influence of multiple factors. In this
RUSLE

study, we calculated the multi-year average monthly-scale soil erosion modulus from 2001 to 2019 to evaluate
the soil erosion risk using the revised universal soil loss equation (RUSLE) in the black soil region of Northeast
China. The results showed that the average annual soil erosion modulus in this region was 8.53 teha leyear !,
and the average monthly soil erosion modulus was 0.78 teha lemonth ™. The months of April-July and October
were identified as critical periods for erosion, with erosion modulus values of 1.17, 1.89, 1.61, 1.13, and 0.93
teha lemonth ™! during these five months, respectively. High soil erosion was mainly distributed in southern
Liaoning province and western Inner Mongolia, and these high erosion areas were mostly distributed in the
regions with complex landforms, in grasslands, and in the southern temperate climatic zone. Among multiple
driving factors, the topographic factor LS (L = slope length, S = slope steepness) was one of the dominant factors
determining the spatial distribution pattern of soil erosion with 30 % of the contribution. The rainfall erosivity
(R) and cover management (C) were the major factors driving significantly the intra-annual variation of soil
erosion in Northeast China with 27.2 % and 28.9 % of the contribution, respectively. The intra-annual erosion
varied with the rainfall and the vegetation growth, and the period of high erosion occurs in the early part of the
wet season when the rainfall intensity increases and the vegetation growth is insufficient to protect the soil. Our
findings highlight the need to take dynamic factors into consideration in the RUSLE model and the importance
for identifying the areas at high erosion risk so as to take soil conservation actions.

Geographic Information Science
The logarithmic mean Divisia index
Random Forest

1. Introduction et al., 2019; Gelagay and Minale, 2016; Polykretis et al., 2020; Sujatha

and Sridhar, 2018). When the large-scale C-factor (cover management)

Topsoil nutrient loss and reduced soil fertility caused by soil erosion
have serious implications for food, water, and livelihood security
(Blaikie and Brookfield, 2015; Obalum et al., 2012). Much work has
been done to develop soil erosion models for estimating soil erosion
modulus, and one of the most widely used empirical models is the
revised universal soil loss equation (RUSLE)(Koirala et al., 2019; Pan-
agos et al., 2014; RENARD et al., 1991). The RUSLE model has been
widely used to estimate soil erosion risk, exhibiting sufficient accuracy
in large-scale regional studies, and thus it has become an important basic
tool for assessing the spatial and temporal variations of soil erosion (Le
Roux et al., 2008; Magesh and Chandrasekar, 2016; Polykretis et al.,
2020). So far, the RUSLE model has mostly been applied for estimating
long-term inter-annual soil erosion variations without considering the
intra-annual monthly-scale temporal variation in soil erosion (Fang
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is estimated, C-factor values tend to be assigned on the land use map
based on the existing literature (Borrelli et al., 2014; De Vente et al.,
2009), or calculated using the annual average normalized difference
vegetation index (NDVI)(Prasannakumar et al., 2012). This coefficient
calculation method masks the intra-annual dynamics of rainfall and
vegetation and ignores the intra-annual variation of hydraulic erosion,
which is unfavorable for a full understanding of the seasonal or monthly
water erosion conditions, especially in the face of study areas with high
intra-annual erosion variability.

The black soil region in Northeast China is one of the three major
black lands in the world and is the main production area for grain and
the largest commercial grain base (Wen and Liang, 2001; Nations AOftU,
1998). Nevertheless, serious soil erosion has occurred due to the long-
term large-scale reclamation, thus causing great losses in soil quality
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and grain production (Xu et al., 2010). Soil erosion in the black soil areas
of Northeast China is mainly in the form of water erosion (Fan et al.,
2005; Yu et al., 2010), and the main climatic factor affecting runoff and
erosion in black soil areas is precipitation (Yang et al., 2003). Northeast
China has a predominant temperate monsoon climate with hot rainy
summers and cold dry winters. Annual rainfall is characterized by an
irregular distribution in time and space, thus leading to great spatio-
temporal differences in soil erosion. The vegetation types in the north-
east China are diverse, and the vegetation coverage varies greatly within
the year. Vegetation coverage is the main factor for reducing erosion,
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and the vegetation in Northeast China has different resistance to erosion
at different time of the year. This natural pattern of precipitation and
vegetation growth results in a large temporal and spatial variation of soil
erosion over the year (Baiamonte et al., 2019; Humphrey et al., 2022;
Panagos et al., 2012). At present, the RUSLE model remains the most
suitable method available for evaluating soil erosion in Northeast China
which is dominated by water erosion (Feng et al., 2002). However, most
soil erosion studies in northeast China focus on annual erosion (Wan
et al., 2022; Wang et al., 2020), and few reports on intra-annual hy-
draulic erosion are available, and even fewer studies have been
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Fig. 1. Overview of study area. (a) location of the study area in China. (b) Digital elevation model (DEM) and provincial divisions. (c) Climate zones and vegetation
types. (d) Landform types and agriculture region. NTH, North temperate humid zone; MTH, Middle temperate humid zone; MTSH, Middle temperate sub-humid zone;
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Grassland Zone; LPH, Liaoning Plain and Hilly Zone.
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conducted to analyze the drivers of intra-annual water erosion including
precipitation and vegetation growth.

Capturing monthly variability in soil erosion models is not a new
concept. It has been suggested early that the monthly-scale resolution
should be considered in soil erosion modeling (Wischmeier and Smith,
1965). The K (soil erodibility factor), LS, and, P (soil and water con-
servation measure factor) factors are all relatively static at the time
scale, and the temporal variations of the R (rainfall erosivity factor)
(Ballabio et al., 2017; Delgado et al., 2022; Johannsen et al., 2022; Shi
et al., 2021; Wei et al., 2022) and C factors (Alexandridis et al., 2015;
Efthimiou et al., 2022; Schmidt et al., 2018; Yang, 2014) have been
studied on a monthly or seasonal basis. Recently, several studies have
improved the sensitivity of monthly assessments of soil erosion by
exerting the advantages of combining dynamic R and C factors in
accurately identifying erosion-prone seasons and areas. For example,
(Humphrey et al., 2022) studied dynamic soil erosion rates in Wenham
Bay, Kenya, 2017-2020; Schmidt et al.(2019) revealed the monthly risk
of soil erosion in Swiss grasslands; Polykretis et al.(2020) explored
seasonal soil erosion in different agricultural areas and administrative
divisions; and Castro et al. (2022) reported the critical period of greatest
seasonal soil loss in the Brazilian Cerrado. However, due to the short
time span of most monthly-scale erosion studies, the related results
remain to be further verified. In addition, there is still a lack of research
on the main controlling factors of monthly soil erosion, and monthly
changes in soil erosion tend to be ignored in existing studies. Monthly
changes in soil erosion are mainly caused by precipitation and vegeta-
tion. Therefore, it is important to understand the complex relationships
among precipitation, vegetation, and soil erosion at the pixel scale. In
this study, we aimed to assess the intra-annual soil erosion dynamics in
black soil regions of Northeast China with the following objectives: (1)
to investigate intra-annual spatio-temporal patterns of soil erosion
under different spatial units (such as climatic zones and vegetation
types) by combining monthly R and C factors; (2) to identify the main
factors controlling soil erosion and elucidate the driving effects of R and
C factors on erosion changes; and (3) to obtain intra-annual spatial and
temporal soil erosion control strategies.

2. Materials and methods
2.1. Study area

The study area is located in the black soil regions of Northeast China
including the areas in Liaoning, Jilin, and Heilongjiang provinces in
Northeast China and part of the Inner Mongolia Autonomous Region
(including Chifeng, Tong Liao, Hulunbeier, and Xing ‘an Meng)(Fig. 1).
The vegetation types in the study area are diverse mainly including
broad-leaved forests, coniferous forests, grasslands, and crops. The
terrain in the study area is diverse containing a variety of topographical
features such as plains, mountains, and low hills. The western, eastern,
and southern parts of the study area are surrounded by mountains on
three sides, namely, the Daxinganling, Xiaoxinganling, and Changbai
Mountains, and the three mountain ranges surround the Songnun Plain
and the Liaohe Plain. The study area has a temperate monsoon climate
with heavy rainfall in summer, which is likely to cause water erosion. In
general, the rainy season occurs from June to September, with the onset
of the rainy season occurring earlier in the southern region, typically
around April. The vegetation growth season usually starts in April and
ends in September.

2.2. Data collection

To estimate the various factors of RUSLE, various datasets were
collected in this study. These datasets contain meteorological data,
satellite images, soil properties, topography, and land use data (Table 1).
Data were pre-processed using the software such as Excel, ArcGIS, and
MATLAB.
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Table 1

Datasets used in this study.
Data Source Resolution
Daily station observation data of the Resource and Environment /

Chinese meteorological Science and Data Center (htt
elements ps://www.resdc.cn/)

MODIS-MOD13Q1 product NASA 250 m
(provides the Normalized
Difference Vegetation Index)

Digital elevation model (DEM) the Resource and Environment 30m

Science and Data Center (htt

ps://www.resdc.cn/)

The 30 m annual land cover Zendo 30m
dataset in China from 1990 to (https://zenodo.org/)

2019 (Annual China Land Cover
Dataset, CLCD)

Basic attribute data of China High

Resolution National Soil

Soil Science Data Center, 90 m
Institute of Soil Science, Chinese
Academy of Sciences (https:
//data.issas.ac.cn/)

Information Grid
(2010-2018)

2.3. RUSLE model

Water erosion is one of the most important factors causing soil
erosion in Northeast China, and it is accurately quantified by the RUSLE
(Phinzi and Ngetar, 2019). Soil erosion assessment is performed in
ArcGIS (10.7) using RUSLE, and it is calculated according to the
following Eq. (1)

A =R-K-LS-C-P m

where A is the average annual soil loss (tohafloyear’l); R is the rainfall
erosivity factor (MJemmeha eh leyear™); K is the soil erodibility
factor (tehaeheha 'eMJ lemm™1); LS is the slope length and steepness
factor (dimensionless); C is the cover management factor (dimension-
less, ranging from 0 to 1); and P is the soil and water conservation
measure factor (dimensionless, ranging from 0 to 1). Eq. (2) can be used
to calculate the monthly soil loss status (teha *emonth ™) by modifying
the temporal resolution of dynamic factors R and C from year to month
(Eqg. (2)) (Humphrey et al., 2022; Renard, 1997; Schmidt et al., 2019)

Apontn = Rypony @ K @ LS 0 C, @ P (2)

In this study, monthly soil erosion was calculated as monthly soil
erosion modulus based on a long time series from 2001 to 2019 in each
year, and then the multi-year monthly average soil erosion modulus (Eq
(3)) was calculated according to Eq. (3)

— Z:gmonth ( 3)

Amonth =

where, n indicate year number from 2001 to 2019.

As for the resolution, we resampled all factor result to a common
spatial resolution of 30 m x 30 m. Based on this, soil erosion results were
obtained at 30 m resolution (Fig. 3). The distribution of first and
maximum erosion months at 30 m resolution was also calculated by the
raster calculator tool of ArcMap 10.7 (Fig. 5).

2.4. Rainfall erosivity factor (R)

The rainfall erosivity factor (R) reflects the effect of rainfall intensity
on soil erosion. In this study, the erosion force was calculated by daily
rainfall model based on the daily rainfall data from Chinese meteoro-
logical stations, as previously reported (Zhang and Fu, 2003). The semi-
monthly erosion force was calculated according to Eq. (4) (Zhang et al.,
2002). After calculating the rainfall erosivity factor at each meteoro-
logical station, the results were kriged interpolated with a spatial reso-
lution of 1 km and resampled to 30 m.
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where R; is the semi-monthly erosion force (MJemm/ hmznh); k is the
number of days (d) in the semi-monthly period; Pd is the daily rainfall
(mm) (Pd > 12 mm); Aandfare model parameters; Pq;2 is the average
daily rainfall (mm) for the days with a daily rainfall > 12 mm; and Py, is
the average annual rainfall (mm) for the days with a daily rainfall > 12
mm.

2.5. Soil erodibility factor (K)

Soil erodibility factor (K) was calculated based on soil property data
from Soil Science Data Center, Institute of Soil Science, Chinese Acad-
emy of Sciences by EPIC model (erosion-productivity impact calculator)
according to Eq. (5) (William and Arnold, 1993; Williams et al., 1983):

0.0256Sand(1 — Sil
K = {0.2+0.3exp[—w} }

100
y Silt 03 <10 0.2550C ®)
Clay + Silt "~ S0C + exp(3,718 — 2.94750C)

oo 0.7SN1
"~ 7 SNT + exp( — 5509 + 22.899SN1)

where K is soil erodibility factor (t ha h/MJ mm~! ha’l); SOC is the soil
organic carbon content (%); sand, silt, and clay represent the soil sand
content (particle size within 0.05 mm-2 mm, %), silt content (particle
size within 0.002 mm-0.05 mm, %), and clay content (particle size <
0.002 mm, %), respectively. SN1 was calculated as 1 — Sand/100.

2.6. Topographic factor (LS)

The topographic factor is used to quantify the effect of topography on
soil erosion, and it is calculated by digital elevation model (DEM) with a
resolution of 30 m using Fu Suhua’s LS calculation tool (Fu et al., 2015).

2.7. Cover management factor (C)

The cover management factor C is an important indicator of vege-
tation erosion resistance, and the areas with high vegetation cover tend
to have a relatively low probability of soil erosion occurrence. The Eq.
(6) reflects the inhibitory effect of factor C on soil erosion. In this study,
the C factor was calculated by the method proposed by Cai et al.(2000).
The vegetation cover is calculated by Eq. (7).

c=1,0<£%<0.1

¢ = 0.6508 — 0.34361g(f.%),0.1 < f.% < 78.3

6
c=0,£% > 783 ©®
NDVI — NDVI,
1% = Npvi, ~NpvI, @

where fc% is the vegetation cover, NDVI; and NDVI, are the NDVI values
for pure bare soil pixels, and pure vegetation pixels respectively.

2.8. Soil and water conservation measure factor (P)

The soil and water conservation measure factor P reflects the effect of
soil and water conservation measures on the amount of soil erosion, and
P factor is usually assigned a value according to the type of land use, and
the specific value assignment in this study was shown in the Table 2.
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Table 2

Value assignment of P factor for different land uses.
Land Use Type P-value
Water area, impermeable layer 0
Water field 0.01
Dry land 0.25
Others 1

2.9. Main controlling factor assessment by random forest and change
decomposition analysis by LMDI model

A random forest is a compositional supervised learning method, and
it can be considered as an extension of decision trees. When the response
variables are a set of categorical variables representing the grouping
information of the samples, the random forest is used to perform the
function of supervised classification, while when the response variables
are a set of continuous variables, the random forest can be used for
regression analysis to effectively assess the importance of the variables
and identify the dominant factors in soil erosion, which is conducted
through the Random Forest package in R (version R 4.3.3).

The logarithmic mean Divisia index (LMDI) method is an important
method to quantify the influence of different factors on dependent
variables, and LMDI can explain the reason for the change of dependent
variables by decomposing the effects of each factor (Ang, 2004; Ang,
2005; Ang, 2015). Since the structure of RUSLE is consistent with that of
LMD], it is valid and reliable to use the LMDI model for the analysis of
soil erosion changes. The contribution values of R and C factors to
monthly soil erosion changes were calculated at the 30 m pixel scale by
the additive decomposition of LMDI and RUSLE models (Fig. 8 and
Fig. 9), and the calculation equations were as follows (He et al., 2020).

_y @r-ar) | (R
Adg = Zi (ln l(n _ lnA:ﬂ—l) In R;\":l 8

-y (e
Adc = Z[ (ll’lA;.” — lnA;_n—l) In CZTI (C)]

where AAC is the contribution of C-factor to soil erosion change (t/hm2-
a); AAR is the contribution of R-factor to soil erosion change (t/hm2-a);
AT is the m™ month soil erosion modulus (t/(hm2-a)); A;"’l is the m-1th
month soil erosion modulus (t/(hm2-a)); C7; is the m™ month vegetation
cover factor; C'7 ! is the m-1th month vegetation cover factor; Ry, is the
m™ month rainfall erosion force factor; andRy; ! is the m-1th month
rainfall erosion force factor. AAc > 0 or AAg > 0 indicates that the C
factor or R factor aggravates soil erosion. AA¢ < 0 or AAg < 0 indicates
that the C factor or R factor mitigates soil erosion. Since each factor in
the RUSLE model has no subset, the value of n in the equation is equal to
1.

To better understand the impact of both the C factor and the R factor
on soil erosion, we have combined the values of AA, AAC, and AAR,
resulting in a total of six different schemes (Table 3). Results are

Table 3
Relative effects of C factor and R factor on soil erosion variation.

AA  AAC AAR  Description

>0 >0 >0 Increased soil erosion under the joint actions of C factor and
the R factor (IECR)
>0 <0 Increased soil erosion caused by C factor alone (IEC)
<0 >0 Increased soil erosion caused by R factor alone (IER)
<0 <0 <0 Decreased soil erosion under the joint actions of C factor and
the R factor (DECR)
<0 >0 Decreased soil erosion caused by C factor alone (DEC)
>0 <0 Decreased soil erosion caused by R factor alone (DER)
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displayed at a resolution of 30 m (Fig. 11).
3. Results

3.1. Monthly average soil erosion status and its regularity in Northeast
China

3.1.1. Monthly average soil erosion in Northeast China

Multi-year monthly average soil erosion modulus at a resolution of
30 m was calculated by RUSLE model to reveal soil loss in Northeast
China from 2001 to 2019 (Figs. 2 and 3). Our results showed that the
multi-year annual average soil erosion modulus in the study area was
8.53 teha leyear !, which was similar to one previous report on multi-
year annual average soil erosion modulus (8.93 teha leyear 1)(Wang
et al., 2021), confirming the reliability of our results.

The spatial distribution results showed that the south (along with
part of the east) and west were high erosion risk areas, and that the high
erosion risks in these areas might be related to topography, rainfall, and
vegetation. The spatial soil erosion patterns in Northeast China in this
study were similar to those reported by Fang and Fan (2020) and Wan
et al. (2022). The high erosion risk areas are mostly characterized by the
large number of mountains, and this steep topography creates favorable
conditions for erosion (Beskow et al., 2009; Sun et al., 2014; Tiruwa
et al., 2021). In terms of timing, January tended to have no soil erosion
due to the absence of erosive rainfall occurrence (12 mm) and below-
zero temperature. From February to November, the study area exhibi-
ted interesting spatial and temporal variation in soil erosion. From
February to May, erosion radiated from south to north. From June,
erosion decreased in the north with the main erosion concentrated in the

teha'smonth™
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Fig. 2. Monthly soil water erosion modulus from 2001 to 2019.
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southwest. From October to November, severe erosion again occurred in
the southeast. The time of high risk in the south was not consistent with
that in the west. From February to April, inadequate vegetation coverage
and the first erosive rainfall arrival in the south led to severe soil erosion.
During the heavy rainfall season from June to August, the woodlands
with dense vegetation in the south formed great erosion resistance. The
erosion resistance of western grasslands was lower than the erosion
force brought by heavy rainfall, in turn producing severe erosion. With
the decline in erosive rainfall and the withering of vegetation, the south
was subjected to severe soil erosion again in October.

Moreover, calculating the multi-year monthly average soil erosion
modulus in different agricultural zones revealed that values for the
Liaoning Plain and Hilly Zone (LPH), the Western Liao River Zone (WLR)
and Baekdu Mountain Zone (BM) were the highest, reaching 24.96
teha leyear 1,16.37 teha leyear'and 10.45 teha leyear !, respec-
tively (Table 4). Interestingly, these three most severely eroded agri-
cultural zones have different temporal patterns throughout the year. The
LPH exhibited the earliest onset of erosion and also the earliest peak,
with significant erosion occurring in March and reaching its peak in
April. A second peak of erosion was also evident in October. As the area
with the most severe erosion, the high-risk erosion months for this re-
gion are April, May, June, July, October, and November. The erosion
patterns in BM and LPH were similar, but the first erosion peak occurred
one month later, with two erosion peaks occurring in May and October.
Its high-risk erosion months are April, May, October, and November.
The erosion in WLR appeared later (in April) and peaks later (in June)
than the other two regions, and there was only one peak in erosion
during the year. Its high-risk erosion months were also relatively unique,
covering the entire summer season from May to August.

As shown in Fig. 4, April to July and October exhibited a relatively
high monthly water erosion modulus, and thus these 5 months were
identified as high erosion risk periods. Considering this, the erosion
control should be enhanced during these 5 months. The average
monthly soil erosion modulus was 0.78 teha 'emonth™' with highest
erosion modulus value observed in May (1.89 tohaflomonth’l) and the
lowest value in December (0.02 teha ‘emonth™') in the study area.
These results indicated that erosion was more severe in spring and
summer, with a peak erosion period in October during autumn, and the
erosion risk was low (nearly zero) in winter. After observing the monthly
variations in soil erosion, R factor and C factor. R factor and C factor
exhibited completely opposite variation characteristics, reaching their
respective maximum value and minimum value in July and August, and
that both R factor and C factor showed a single peak characteristic. This
was quite different from the variation characteristics of the soil erosion
modulus, indicating that both R factor and C factor jointly affected the
soil erosion in the study area.

To investigate the spatial and temporal distribution of soil erosion in
the study area, we identified the first erosion month and the maximum
erosion month (Fig. 5). The first erosion month was distributed from
February to May, and the first erosion month came earlier in the south
than in the north. The first erosion month occurred in February for the
south, in March for the east, in April for the north and west, and in May
for the central Sonnen Plain area. The spatial distribution pattern of the
first erosion month was primarily influenced by the first erosive rainfall,
followed by the anthropogenic measures and topography. The
maximum erosion month came earlier in the south than in the north, and
earlier in the east than in the west, and the maximum erosion months
distributed in the following order: April in the south, May in the north
and parts of the east, June in the central plain, July in the west, and
October and November in the parts of the east. The occurrence of
maximum erosion resulted from the joint spatial and temporal actions of
vegetation growth period, vegetation type, rainfall intensity, and
climate zone type.
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Fig. 3. Monthly average of soil erosion in Northeast China from 2001 to 2019.

3.1.2. Regularity of landform, climatic zone, and vegetation type on
monthly erosion

The spatial and temporal distribution of soil erosion during the year
was closely related to rainfall, vegetation, and topography. Therefore,
climate zones, vegetation types, and landform types were used as spatial
units for further analysis of soil erosion regularity (Fig. 6). The erosion
modulus varies significantly among different landform types, with
mountains being higher than plain and platform, and high relief
mountains being higher than low-relief mountains. Especially in July
and August, the erosion modulus of high-relief mountains is 2.8 times
that of low-relief mountains, and 12 times that of plain and platform.

The erosion modulus exhibited a descending pattern from south to
north, ranking in the following order: the southern temperate erosion
modulus > the middle temperate erosion modulus > the northern
temperate erosion modulus. In the east-west direction, the erosion
modulus decreased from east to west during the rainy season, and
decreased from west to east during the dry season. The soil erosion peak
under different climatic zones occurred in an early-to-late order of
southern temperate humid climate > middle temperate humid climate
> northern temperate humid climate > middle temperate sub-humid
climate > southern temperate sub-humid climate > middle temperate
subarid climate. The erosion modulus also differed among vegetation
types. Grasslands had the highest erosion modulus, which might be
related to their low vegetation coverage (Yan et al., 2003). Broadleaf
forests and coniferous forests have their erosion peaks in May, while
crops and grasslands have their erosion peaks in June. In October, the
second peak of broad-leaved forest and grasslands occurred. The soil
erosion peak under different vegetation types occurred in an early-to-
late order of broadleaf forest > coniferous forest > crops > grassland.

3.2. The contributions of erosion factors to soil erosion and its variations

3.2.1. Monthly contributions of erosion Factors

To examine monthly contribution of erosion factors in Northeast
China, the relative importance of erosion factors obtained based on the
random forest method were plotted (Fig. 7). The relative importance of
the static factors was relatively stable. Of these static factors, the LS
factor was the core erosion controlling factor in the Northeast China
with a contribution of about 30 % throughout the year. The LS factor,
which reflects the combined effect of slope length and steepness. A
steeper slope increases the velocity of runoff water and enhances soil
detachment and transport, while a longer slope length increases the
volume of runoff and the distance that eroded soil particles can be
transported. P factor and K factor had less importance, and they were
less influential factors. The dynamic factors varied significantly
seasonally and became the main controlling factor of soil erosion suc-
cessively with the change of rainy and dry seasons. The R-factor was
more influential before May and after September, making a contribution
of about 27.2 %. The C-factor was more influential from May to
September, making a contribution of about 28.9 %.

3.2.2. Contribution of R-factor and C-factor to erosion change in Northeast
China

In terms of temporal changes, it is the dynamic factors that cause soil
erosion variations. Therefore, it is essential to clarify the changes in
dynamic factors (R factor and C factor) and their contribution to the soil
erosion variation. The spatial distribution of erosion changes respec-
tively caused by R-factor and C-factor in the study area was investigated
by the additive decomposition of LMDI model (Fig. 8 and Fig. 9). As
shown in Fig. 8 from February to July, nearly all the space took on red
color, indicating that the increasing rainfall aggravated erosion. The
increased precipitation led to increased erosion in the south from March
to April, throughout the northeast from April to May, in the west from
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Table 4

Soil erosion modulus in different agricultural zones.

HG(t-ha‘lomonth‘l) GKM(t-ha‘lumonth‘l) WLR(t-ha‘lomonth‘l)

SNP(teha 'emonth ™)

LKM(teha 'emonth 1) SJP(teha 'emonth™") BM(teha emonth™1)

LPH(teha ‘emonth ™)

Month

0.00
0.01
0.70
291
4.68
4.37
2.05
0.88
0.71
0.05
0.00
16.37

0.00
0.00
0.45
1.77
0.51
0.19
0.10
0.56
0.32
0.00
0.00
3.90

0.00
0.00
0.19
0.72
0.94
0.77
0.43
0.28
0.08
0.00
0.00
3.42

0.00
0.00
0.06
0.25
0.41
0.17
0.07
0.03
0.04
0.01
0.00
1.05

0.13
0.33
2.04
2.70
1.10
0.51
0.35
0.09
1.87
1.28
0.04
10.45

0.00
0.04
0.39
0.80
0.24
0.10
0.07
0.05
0.53
0.31
0.00
2.52

0.00
0.02
0.37
0.99
0.25
0.08
0.07
0.13
0.30
0.10
0.00
2.33

0.44
1.15
5.18
4.04
3.86
1.97
1.47
0.47
3.49
2.77
0.12
24.96

10
11
12

Total
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May to June, suggesting that erosion control measures should be taken
in these areas. There appeared a turning point in July-August when
rainfall made a slight positive contribution to erosion in the south, but it
started to make a negative contribution in other regions. From August to
December, the contribution diagram of R factor almost took on green
color, indicating reduced rainfall resulted in decrease in the erosion
(Fig. 8). As time progressed from August to December, the west, the
north, the southeast, and the south areas successively became the
maximum areas of negative contribution.

Vegetation is one of the most important environmental factors con-
trolling soil erosion (Lieskovsky and Kenderessy, 2014). Vegetation can
protect soil against erosion by preventing surface runoff, and thus it has
an important role in soil conservation. In this study, NDVI was used to
determine the C-factor, and the C-factor and vegetation growth were
directly related. From February to June, the excellent vegetation growth
status in the study area made a negative contribution to the region-wide
erosion modulus change (Fig. 9). This negative contribution gradually
increased from south to north over time. From September to December,
due to vegetation withering, the C factor made a positive contribution to
erosion modulus change. The period from June to September exhibited
both negative and positive contributions of vegetation to erosion
modulus, which might be attributed to the difference in timing of
different vegetation withering periods.

3.2.3. Contributions of R-factor and C-factor to soil erosion change in
Northeast China under different spatial units

Fig. 10 is the contribution of R-factor and C-factor to erosion change
under different spatial units. The results showed that R-factor produced
the lowest erosion contribution in the north temperate zone and the
highest in the south temperate zone. In July-August, due to the long
rainstorm season in the southern temperate zone, rainfall in the southern
temperate zone continuously provided a positive contribution to erosion
modulus change, whereas in July-August, the positive contribution
turned into the negative contribution in the northern and middle
temperate zones. Different humid zones within the same temperate zone
also had different patterns at different times. Specifically, the sub-humid
and sub-arid zones had a greater contribution to erosion change during
the rainy season, and the humid zones had a greater contribution to
erosion change during the non-rainy season. The results provided useful
reference for erosion control in different climatic zones in response to
rainfall changes. The contribution of C-factors to erosion change varied
with time. The grasslands and crops contributed more to erosion change
during the summer months, whereas woodlands, especially broadleaf
forests, contributed more to erosion change during other seasons. This
regularity of erosion contribution of different vegetation had a certain
implication for the selection of vegetation types and the optimization of
mixed planting patterns.

3.3. R factor versus C factor in monthly erosion change

Our findings suggest that the increase in rainfall before June was the
primary cause of erosion increase (Fig. 11). From April to July, the ra-
diation of the green area (DEC) from south to north reflected the
decrease in erosion due to the increased vegetation resistance to erosion.
Over time, the diffusion of DEC from south to north was related to
vegetation types and their greening period. The greening period of
broadleaf forest in the south occurred earlier than that of coniferous
forest in the north, and earlier than that of crops in the central region.
Therefore, the areas where erosion decreased due to vegetation
appeared successively from south to north. In July and August, the joint
effect of rainfall and vegetation resulted in a decrease in erosion. From
August to November, the radiation of the yellow area (IEC) from north to
south reflected the intensified erosion due to the decreased vegetation
coverage, which is also the reason for the second peak of erosion in
October in the Northeast region. erosion increase before crop vegetation
cover is sufficient and after the arrival of forest withering period.



Y. Cao et al. Ecological Indicators 150 (2023) 110187

- —— A - - 0.14
A-average N
204 600
- - 0.12
| - 500 =
o E 0.10
= 1.5+ i : e
g2 1 = £ o
g | - 400 E.§ 5 - s
= - B ElLonsz
ol - o S
= 1.0 -300 5~ =+ =
2 L O &
Ny .« W (1)}
©n | - 5 = [006¢
2 s & 2
’J — 200 % B E',
= 0.5+ .
2 - - - 0.04
J - 100
- - 0.02
0.0 4
-0
— 1 - 1 1 1 "~ 1 "~ T T *~ T "+ T 1 - 0.00
Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Month

Fig. 4. Monthly soil erosion modulus and influencing factors within a year. A, soil erosion modulus; A-average, monthly average soil erosion modulus; R, rainfall
erosivity factor; and C, cover management.

First Erosion Month Maximum Erosion Month

[ provincial boundaries [ Provincial boundaries

e Provincial cities e Provincial cities
0 150 300 600 Month 0 150 300 600 Month
e s Km0 Feb. I May [T Avg| | s n Km [ Feb. I May [ Aug.
B Ve B . B Sep. - Mar. - Jun. - Sep.
| ] Apr. [ JJul. M Oct. B Apr. [ 7ul. M Oct.
I Nov. B Nov.

Fig. 5. First erosion month and Maximum erosion month.



Y. Cao et al.

0 [ Coniferous forest
70 4 [_IBroadleaf forest
(a) [ Grassland
[ Crop
60
~ 50 —
x
<
7t
3]
P40
s
=}
[}
2
3 30
230
N
15}
2
<< 20
104
B North temperate  Middle temperate Middle temperate Middle temperate ~ South temperate ~ South temperate
humid zone humid zone sub-humid zone sub-arid zone humid zone sub-humid zone
Climate Zone Type
6 [ Coniferous forest
. [[_]Broad-leaved forest
1 (© [ Grassland
I Crops
5 -
Ea E
=
= 4 —
=}
g
s
‘s
<= 3 -
2
=
7] 4
%
<
— 2 -
R}
R 4
1 -
0 —
Feb.  Mar. Apr. May  Jun. Jul. Aug.  Sep. Oct. Nov. Dec.
Month

Ecological Indicators 150 (2023) 110187

6 -Plam
T [ Platform
] ®) [ il
\:|Low relief mountain
- Intermediate relief mountain
5 . " .
[ High relief mountain
N [ Extremely high relief mountain
£
=
= 4
g 4
g
K
‘s
=34
.
<
7
@
Q
— 2
3
3
14
0 —
Feb. Mar. Apr. May Jun. Jul.  Aug. Sep. Oct. Nov. Dec
Month
[ North temperate humid zone
-Middlc temperate humid zone
74 (d) [_]Middle temperate sub-humid zone
[_]Middle temperate sub-arid zone
- South temperate humid zone
[ [ South temperate sub-humid zone
—~
k=
= 54
g 5
g
s
o 44
<=
D
z
234
-
=
32
14
0
Feb.  Mar. Apr.  May  Jun. Jul. Aug.  Sep. Oct. Nov. Dec.
Month

Fig. 6. Erosion status of different spatial units in Northeast China. (a) Percentages of different vegetation types in different climatic zones. (b) Soil erosion histogram
under different landforms from February to December. (c) Erosion histogram under different vegetation types from February to December. (d) Erosion histogram in

different climatic zones from February to December.

0.35

0.30

0.25

0.20

0.15

Monthly Factor Relative Importance

0.05

Month

Jul.

Fig. 7. Monthly contribution of erosion factors.

4. Discussion
4.1. Determining the period of high erosion risk

Applying dynamic R and C factors to evaluate soil erosion can
facilitate the accurate identification of high-risk periods for monthly soil
erosion. In some studies, the R factor is considered to be the most
influential factor responsible for the intra-annual soil erosion dynamics

(Polykretis et al., 2020; Schmidt et al., 2019). Their studies shows that
the period with the highest R factor is the month with the greatest soil
erosion. Our results showed that the soil erosion in the study area was
not controlled by the R factor or C factor alone (Fig. 4). Either heavy
rainfall alone (high R factor value) or low vegetation cover alone (high C
factor value) did not lead to severe erosion. The most vulnerable period
to erosion was the early wet season when rainfall intensity was
increasing but vegetation growth was not sufficient to protect the soil,
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and thus erosion peak preceded rainfall peak, suggesting the erosion
effect brought by the lagging of vegetation growth (Humphrey et al.,
2022).

Interestingly, unlike the single-peak characteristics of the monthly
erosion in previous research (Polykretis et al., 2020; Schmidt et al.,
2019), the erosion in Northeast China in this study exhibited a double-
peak characteristic, namely, two erosion peaks were observed respec-
tively in May and October (Fig. 4). This might be because in the south of
the Northeast China, the long rainy season and the great intra-annual
vegetation cover variation in broadleaf forests resulted in a unique
double-peaked erosion feature at the beginning (May) and the end
(October)of the rainy season with a low vegetation cover. As other
studies has pointed out, when peak rainfall erosivity coincides with

11

exposure of bare soils through, for example, bare fallow, forest har-
vesting, or land clearing, soil erosion risk is increased considerably
(Panagos et al., 2012). In addition to erosive rainfall, periods of low
vegetation cover are also critical for soil erosion, especially when the
two coincide, which is the high-risk period for erosion. The determina-
tion of such a high-risk period varies for regions with different rainfall
patterns and vegetation growth patterns, and requires targeted research
conducted locally.

4.2. Impact of landform, climatic zone, and vegetation type on soil
erosion

The spatial distribution of soil erosion is closely related to landform,
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and our research shows that the erosion modulus increased with the
increasing topography complexity, which was consistent with previous
reports that steep mountainous areas usually have higher LS values (Gao
et al., 2006), and the LS factor has an important effect on erosion
modulus change (Campos et al., 2008; Souza et al., 2005).

The phenology of vegetation and seasonal soil erosion are closely
related (Panagos et al., 2012; SAYGIN, 2021). The early-to-late order of
turning green period of the four main vegetation types within the study
area was: broadleaf forest > coniferous forest > crops > grassland
(Meng, 2021). This corresponds to the order of the appearance of soil
erosion peaks under different vegetation types. The earlier the turning
green period, the earlier the vegetation coverage arose, indicating the
earlier erosion decline (namely, reaching erosion peak earlier). Our
findings regarding the erosion differences brought about by climatic
zones in the north-south direction are consistent with previous studies
(Ke and Zhang, 2021). However, in the east-west direction, there is an
opposite pattern during the rainy season and the dry season. The pattern
of east-west erosion changes in different climatic zones was related to
the vegetation phenology pattern. During the rainy season, the erosion
modulus of climatic zones decreased from east to west, which was
consistent with the rainfall intensity decreasing from east to west in each
climatic zone and the sequence of turning green periods of major
vegetation type. During the non-rainy season, the erosion modulus in
different climatic zones increasing from east to west was consistent with
the early-to-late sequence of the turning yellowing periods of the main
vegetation types (grassland > crop > broadleaf forest) (Meng, 2021).
The earlier the vegetation entered the turning yellow period, the lower
vegetation coverage, and the higher the erosion modulus.

4.3. Recommendation proposed based on the controlling factors of soil
erosion

Identifying the main controlling factors of soil erosion will be of great
significance for erosion control. For example, considering the strong
influence of the LS factor, it is necessary to take erosion control measures
in the areas with long slope length and steep slope such as converting
sloping fields into terraces (Chen et al., 2016; Dorren and Rey, 2004).
The contribution analysis of erosion factors showed that in different
climatic zone subdivisions, the contributions of R factor and C factor
varied with the rainy and dry seasons (Fig. 12). From north to south, the
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longer the rainy season was, the longer the time when C-factor played a
dominant role. This indicated that good vegetation growth during the
rainy season could effectively reduce the erosion damage, justifying the
afforestation initiative (Porto et al., 2009; Zhou et al., 2006). The strong
influence of R factor during the dry season suggested that even during
non-rainy periods, the localized erosive rainfall could be an important
driver of soil erosion, and thus it is particularly important to precisely
control localized erosion according to meteorological conditions. Based
on the driving results of erosional changes by R and C factors presented
in Section 3.3, we believe that straw mulching when crop vegetation
coverage is insufficient during February-June (Keesstra et al., 2019;
Prosdocimi et al., 2016) and shrub or herbaceous vegetation planting in
forest land (Jiang et al., 2019; Liu et al., 2020) will effectively mitigate
the intensification of soil erosion. These measures are conducive to
solving the problem of erosion increase before crop vegetation cover is
sufficient and after the arrival of forest withering period.

5. Conclusion

This study assessed for the first time the monthly soil erosion risk in
black soil regions of Northeast China by investigating dynamic rainfall
and vegetation coverage based on RUSLE model. The result showed that
the average annual soil erosion rate in Northeast China was 8.53
teha leyear !, and that the average monthly soil erosion rate was 0.78
teha lemonth ™. The high erosion risk period occurred in April-July
and October, which coincided with the periods of low vegetation
coverage and erosive rainfall. The areas at high erosion risk were mostly
in western Inner Mongolia and southern Liaoning Province. Our results
suggested that a monthly- resolution soil erosion assessment was
necessary, and it would facilitate the identification of the periods and
spatial units at the highest erosion risk that need attention.

The monthly erosion assessment can accurately reflect the natural
variation pattern. Our data showed that LS, R, and C were the main
factors controlling monthly soil erosion, making 30 %, 27.2 %, and 28.9
% of the contribution in the related periods, respectively. The R-factor
and C-factor were the determinants affecting monthly soil erosion
changes. With the vegetation growth period approaching, C-factor
exhibited the increasingly strong influence and erosion resistance. Our
findings will help local planners and decision makers to accurately un-
derstand the spatial and temporal variation of soil erosion and provide
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the theoretical basis for the formulation of potential soil conservation
measures. It will be more beneficial to take some erosion control mea-
sures targeting at a specific area during the highest risk period.
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