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Abstract: Soil and water conservation partitioning (SWCP) considers complex environmental statutes
and development demands and serves as a scientific basis for conducting soil erosion management
and practice. However, few studies have researched partitioning in small watersheds (< 50 km2),
and guidelines for enabling region-specific measures are lacking. In this study, the Xiaoyang
watershed located in the red soil region of southern China was selected as a representative small
watershed in which to conduct partitioning. The pressure–state–response (PSR) model was used
as a framework for establishing an indicator system that included soil erosion sensitivity, the soil
erosion condition, and ecosystem services. With three soil and water conservation variables as the
input layer, a one-dimensional self-organizing map was applied to identify clusters in the small
watershed. The silhouette width was evaluated to determine the optimal number of regions. Based
on the associated results, the Xiaoyang watershed was divided into five regions accounting for 82%,
9%, 8%, 2%, and 1% of the total area, respectively. This study provides a framework on which
region-specific soil erosion measures can be planned, and it also provides a partitioning method that
can be employed in other areas.
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1. Introduction

Human influences and natural factors (such as topography, climate, soil properties, and land
cover) induce various types of soil erosion, and each type requires different management [1–3]. As the
red soil region of southern China suffers from water erosion induced by heavy rainfall, adopting a
no-tillage practice with mulching on farmland and increasing the vegetation coverage on forestland
would assist considerably in controlling water erosion [4,5]. However, socio-economic factors restrict
measures that can be employed to implement soil and water conservation management practices, and
the economic statuses of farmers and the region determine any investments made to conserve soil and
water [6]. Therefore, to prevent and control soil erosion, soil and water conservation measures need
to be designed in accordance with the needs of both the local environment and the local inhabitants,
and doing so is complex [7].

Partitioning is an important focus of geographical studies and is used as a guide during
regional construction and development. Partitioning for soil and water conservation specifically
links comprehensive controls on soil and water loss to socio-economic strategies based on a spatial
understanding of the cause and intensity of soil erosion and the extent to which the soil is damaged [8].
Since the 1950s, soil and water conservation partitioning (SWCP) has been used as an effective tool to
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implement region-specific measures in China [9]. SWCP involves a comprehensive understanding
of socio-economic development and the quality of the eco-environment. It is employed to divide a
certain area into distinct regions, mainly with respect to the causes, driving forces, and characteristics
of soil erosion in the various areas, with the aim of tailoring targeted monitoring and management and
preparing scientific planning for regional sustainable development within the different partitions [10,11].
SWCP is uniquely applicable to China to a certain extent because China has a vast territory with
significant regional differentiation (with respect to the natural environment and socio-economics),
and has a system that eliminates the private ownership of land; therefore, the Chinese government can
enact land policies and decide the direction of development based on SWCP results.

To date, most SWCP schemes have considered the natural environment, socio-economic situation,
soil erosion types, and other elements in the region, and have provided an effective tool for strategic
planning. Partitioning uses an evaluative and cluster-based approach to organize spatial units according
to their similarity from a technical perspective [12]. In previous studies, administration cells, such
as towns and counties, have usually been considered as spatial units. However, because of large
administrative unit sizes, there are obvious differences between the natural factors, socio-economic
conditions, and soil erosion features within one spatial unit, which makes it difficult to make plans
within one region to prevent soil erosion. Although SWCP has been employed on from country up to
province scales, the partitioning of small watersheds (<50 km2) remains uncommon. Nevertheless,
conducting SWCP for small watersheds would avoid such a problem by determining pixels with a
single attribute as a particular spatial unit. In the early 1980s, the Ministry of Water Resources of
the People’s Republic of China determined that small watersheds < 50 km2 in size were the most
rational unit size for use in enabling the comprehensive control of soil and water loss [13]. Over the
past 30 years, comprehensive management plans have been conducted in more than 10,000 small
watersheds, covering a total area of 380,000 km2 [14]. However, local management agencies now
require a more specific scheme to guide soil management practices, and SWCP for small watersheds is
an effective method that can be used to comprehensively control soil erosion.

Soil erosion is a major threat to ecosystems and it impairs ecosystem services; however, current
studies using SWCP have barely considered the ecosystem services within the targeted area. In some
partition schemes, although values from different ecosystem service categories have been calculated
and the dominant ecosystem services of each region have been identified, it was only used to name
each region [11]. Therefore, ecosystem services do not have a main influence on partitioning results
and have only been included as an accessory. Other studies have integrated several ecosystem services
associated with soil and water conservation into the indicator system, such as soil formation and
conservation [15,16]; however, as ecosystem tradeoffs exist, focusing on upgrading a certain ecosystem
service could impair one or more other services, which could thus lead to a decline in unexpected
ecosystem services [17–19]. For example, since 1999, the “Grain to Green” revegetation program
has effectively increased soil formation and conservation on the semi-arid Loess Plateau in China,
but it has also led to a decline in hydrological regulation and promoted water shortages for the
population [20,21]. Therefore, to realize improvements in total ecosystem services when conducting
soil and water conservation projects, all categories of ecosystem services should be evaluated in the
practice of partitioning.

With the development of satellite imaging technology and statistical packages, traditional SWCP
methods have gradually transformed from being qualitative to quantitative. In recent years, new
methods, such as artificial neural management and fuzzy cluster analysis, have been widely used in
pattern recognition and classification [22]. The self-organizing map (SOM) is an unsupervised neural
network methodology that can project high-dimensional input data onto a low dimensional space.
Due to the robust clustering function of the SOM, it has been successfully applied in the partitioning of
precipitation, hydrology, and landscape [8,23,24]. However, although SOM is not a new method, it has
barely been applied in SWCP.
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The Xiaoyang watershed is a typical small watershed in the hill red soil region of southern China
that is experiencing severe soil erosion. Taking the Xiaoyang watershed as an example, the aims of
this study were: (1) to propose a modified indicator system that integrates all categories of ecosystem
services, (2) to quantitatively divide the SWCP using SOM, and (3) to obtain an SWCP scheme with a
region-specific measures distribution. This study would be an example for other small watersheds
with serious soil erosion in the hill red soil region of southern China to provide a scientific basis for the
comprehensive control of soil erosion and water loss.

This paper is organized as follows: The study area, indicator system, and partitioning method are
described in Section 2. The spatial pattern of three soil and water conservation variables calculated
using the indicator system and the evaluation and analysis of the SWCP scheme are presented in
Section 3. Section 4 discusses the selection of partitioning methods and mitigation measures based on
SWCP. Section 5 provides conclusions.

2. Methods

2.1. Study Area

The Xiaoyang watershed (26◦15′–26◦20′N, 116◦02′–116◦07′E) covers an area of 47.6 km2 and is
located in Jiangxi province, southeastern China (Figure 1). It lies within the basin of the Meijiang River,
which is a major tributary of the Yangtze River. The area experiences a subtropical humid monsoon
climate with a mean annual temperature of 19 ◦C and a mean annual precipitation of 1551 mm (mostly
concentrated from April to June). In 2015, the Xiaoyang watershed was labeled a key small watershed
area that is undergoing soil and water loss, and there is an aim toward mitigating the intense soil
erosion and increasing rural incomes.
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Figure 1. Location and land cover of Xiaoyang watershed.

The watershed mostly comprises hills and mountains with steep slopes, red soils, and paddy
soils that have a hyper-sediment concentration and low natural fertility. Soil erosion occurring within
the watershed is mostly dominated by hydraulic erosion that is mainly induced by intense rainfall
and the steep slopes. By the end of 2015, the Xiaoyang watershed had a total population of 7680 at a
density of 164 per km2. Human influences, such as population growth, infrastructure construction,
and deforestation, have enabled secondary forest cover (represented by Pinus massoniana) to become the
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major vegetation type at a low coverage rate. The agricultural industry within the Xiaoyang watershed
is very simple and is mainly dominated by crop farming; food crops provide a large proportion of
farming incomes and the output value of the cash crops and forest fruits is low.

2.2. Indicator System

We based the indicator system on the pressure–state–response (PSR) concept model proposed
by the Organization of Economic Cooperation and Development (OECD) and the United Nations
Environment Program (UNEP). The PSR model is a causal framework involving causes and effects
that influence a measurable state [25], and it has been widely used to evaluate land use and natural
resources [26,27]. It has also been applied to construct an indicator system for partitioning; for example,
Peng et al. [28] used the PSR framework to build an indicator system with a climatic background that
included the vegetation condition to enable soil conservation service partitioning in the Inner Mongolia
Autonomous Region.

We selected the PSR model to build the indicator system (Table 1) because the three dimensions
of the model can completely reflect the needs, basis, and goals of SWCP. Specifically, the pressure
dimension (P) explains the appearance and different magnitudes of soil erosion within the watershed.
Spatial heterogeneity results from human activities (such as land use) and natural factors (such as
surface slope and vegetation coverage) on a site to the watershed scale, which expose soils to varying
pressures and determine their sensitivity to erosion. This results in the distribution of the existing
soil erosion condition within the watershed, which is represented by the state dimension (S), and the
response dimension (R), which represents the adjustment by human society to its ecosystem services
and how the watershed ecosystem reacts to soil erosion, where restoration is the goal of soil and water
conservation partitioning. In traditional PSR models, the response dimension shows the degree of
the social response to environmental concerns and changes. However, the studied watershed lacks
concentrated measures and management to mitigate soil erosion. Although residents have made
certain associated efforts on a site scale, these have not influenced the entire watershed. Therefore,
the response dimension in this study refers to the adaptation of ecosystems to change and not to the
reaction of human society to the impaired environment.

Table 1. Indicator system used for partitioning.

Dimension Factor Indicator

Pressure Soil erosion sensitivity
Slope

Land use
Vegetation fractional coverage

Status Soil erosion condition Soil erosion intensity

Response Ecosystem services Value of ecosystem services

2.2.1. Pressure Dimension

The pressure dimension is represented by the soil erosion sensitivity and has three indicators.
In the Revised Universal Soil Loss Equation (RULSE), five factors (including rainfall erosivity, soil
erodibility, slope and slope length, vegetation coverage, and soil and water conservation measures) are
considered in the calculation. As it is unlikely that the climatic regime varies considerably within the
watershed, soil properties are mainly determined by land use, and few erosional control measures are
currently in operation; therefore, we selected slope, land use, and the vegetation fractional coverage
(VFC) to reflect the soil erosion sensitivity to be representative of the pressure dimension.

The slope determines the stability of the soil surface and is positively related to erosion sensitivity.
We calculated the slope based on DEM data (30-m resolution, data source: www.gscloud.cn/sources/)
and divided it into six grades according to the Chinese Soil Erosion Classification Standard (CSECS
No. SL190–2007): < 5◦, 5◦–8◦, 8◦–15◦, 15◦–25◦, 25◦–35◦, > 35◦.

www.gscloud.cn/sources/
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The vegetation canopy interception and soil-reinforcement via roots can effectively reduce the risk
of soil erosion. As an indicator of the combination of natural factors and human activities, vegetation
coverage can be used to assess the impact of vegetation on soil erosion sensitivity, and it is defined as:

VFC =
NDVI−NDVImin

NDVImax −NDVImin
, (1)

where NDVI is the normalized differential vegetation index acquired from the Global Moderate
Resolution Imaging Spectroradiometer (MODIS) vegetation index data set, and NDVImax and NDVImin

are the maximum and minimum values of NDVI in the study area, respectively. Land use mainly
reflects the disturbance of the surface cover due to human activities. In this paper, land use was visually
interpreted from the satellite imagery data of Gaofen-2 according to the land resource classification
system of the Chinese Academy of Sciences. Sun et al. [29] studied the soil erosion sensitivity in Leishan
county, which shares a similar climate and soil erosion type with that of the Xiaoyang watershed. We,
therefore, established a classification scale table of soil erosion sensitivity (Table 2) in the watershed
based on their study.

Table 2. Soil erosion sensitivity classification where i (lowest)–vi (highest) indicate different levels
of sensitivity.

Land Use
Slope (◦)

0–5 5–8 8–15 15–25 25–35 >35

Percentage of forestry and
grass coverage in

non-cultivated land (%)

75–100 i i i i i i
60–75 i i i i ii ii
45–60 i i i ii ii iii
30–45 i i ii ii iii vi
0–30 i ii ii iii vi v

Cultivated slope land Paddy field i i i i i i
Dry field i ii iii vi v vi

Other types of land use

Water area i i i i i i
Construction land i i i i i i

Mining land i ii iii vi v vi
Bare land i i ii iii vi v

2.2.2. State Dimension

The state dimension was measured using the current state and distribution of soil erosion. We used
the soil erosion intensity to reflect the current soil erosion conditions, where the soil erosion intensity
refers to the soil erosion grade divided by the amount of soil erosion per unit area per unit period. The
intensity of soil erosion (t km−2 a−1) was divided into six grades according to the CSECS: <500 (not
apparently eroded), 500–2500 (slightly eroded), 2500–5000 (moderately eroded), 5000–8000 (severely
eroded), 8000–15,000 (highly eroded), >15,000 (extremely eroded). The amount of soil erosion was
calculated using the Chinese Soil Loss Equation (CSLE), which is a modified soil erosion prediction
model for soil erosion based on RUSLE, which has been widely applied in China, and is given as:

M = R×K× LS× B× E× T, (2)

where M is the annual average soil erosion amount (t ha−1 a−1, where 1 t ha−1 a−1 = 100 t km−2 a−1), R
is the rainfall erosivity factor (MJ mm ha−1 h−1 a−1), K is the soil erodibility factor (t h MJ−1 mm−1),
L is the slope length factor without dimension, S is the slope steepness factor without dimension, B
is the dimensionless factor of biomass-control in water and soil conservation, E is the dimensionless
factor of engineering-control in water and soil conservation, and T is the dimensionless factor of tillage
practices in water and soil conservation. The parameterization of the CSLE model is shown in Table 3,
and the detailed method can be found in reports of related research [30–34].
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Table 3. The parameterization of the CSLE model.

Factor Formula Formula Description Data Source

Rainfall erosivity factor (R) [30] R = 0.179
12∑

i=1
Pi

1.5527 Pi is the precipitation per month (mm). National Meteorological Information
Center (http://data.cma.cn).

Soil erodibility factor (K) [31]

K = 0.1317{0.2+ 0.3exo
[
−0.0256SAN

(
1− SIL

100

)]}
×

(
SIL

CLA−SIL

)0.3

×

[
1− 0.25Ct

Ct+exp(3.72−0.95Ct)

]
×

(
1− 0.7SNI

SNI+exp(−5.51+22.9SNI)

)
SAN, SIL, CLA, and Ct represent the mass fraction of sand grains

(0.05–0.25 mm), silt grains (0.002–0.05 mm), clay grains (<0.002 mm),
and organic matter, respectively. SN1 = 1 − SAN/100.

Soil Science Database of China
(http://vdb3.soil.csdb.cn/).

Topographical factor (LS) [30]

LS = (λ/22.1)m
× (65.41 sinθ+ 4.56 sinθ+ 0.065)

m =


0.2, θ < 0.57◦

0.3, 0.57◦ ≤ θ < 1.72◦

0.4, 1.72◦ ≤ θ < 2.86◦

0.5, 2.86◦ ≤ θ

θ is the slope value (◦), λ is the slope length (m). Geospatial Data Cloud
(http://www.gscloud.cn/).

Soil and water conservation factor (BET)

The soil and water conservation factors were qualitatively estimated
depending on the different land-use types based on the reference

value proposed by previous research and the first-ever nationwide
water resources survey; it was modified according to vegetation

coverage and the data of field investigation units.

The result of biomass-control in water and soil conservation factor is
taken from Huang [32].

The result of engineering-control in water and soil conservation
factor is taken from Wang et al. [33].

The result of tillage practices in water and soil conservation factor is
taken from Guo et al. [34].

MODIS (http://modis.gsfc.nasa.gov/),
Remote Sensing Cloud Mart

(http://www.rscloudmart.com/).

http://data.cma.cn
http://vdb3.soil.csdb.cn/
http://www.gscloud.cn/
http://modis.gsfc.nasa.gov/
http://www.rscloudmart.com/
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2.2.3. Response Dimension

The response seeks to determine the ability of an ecosystem to repair itself and introduces the
concept of ecosystem services. As an indicator of the quantification of ecosystem services, the value
of ecosystem services effectively integrates the different ecosystem services provided by the same
ecosystem, and this value is then compared with those of other ecosystems [35]. To conduct a thorough
review of ecosystem services, we divided them into nine class functions: food production, raw material
production, gas regulation, climate regulation, waste treatment, biodiversity maintenance, providing
aesthetic value, soil formation and conservation, and hydrological regulation [36]. A method of
evaluating an ecosystem service value based on the per unit area that has few data requirements and
can be easily operated [37] was selected, and this was suitable for rapidly calculating the ecosystem
service value of a small watershed. By using the table showing the Chinese ecosystem service
equivalent value per unit area, and collecting the agricultural production statistics of Jiangxi Province,
the economic value of the standard ecosystem service equivalent value factor of Jiangxi Province in
2015 was calculated to be 2544 CNY ha−1. After calculating the weight of each ecosystem service
function using the entropy weight method, the value of the ecosystem services was evaluated for the
small watershed in Xiaoyang.

2.3. Self-Organizing Map Methodology

The self-organizing map (SOM) was developed by Kohonen [23] and is an unsupervised artificial
system that can emulate certain mappings that occur in the human brain via competitive learning. The
method employed can be divided into the following steps:

Step 1: Initialize the network. A basic SOM network consists of an input layer and a Kohonen
layer. The input layer is composed of high-dimensional data that need to be clustered. The Kohonen
layer is usually arranged on a one- or two-dimensional grid. Each input unit is connected to each
output unit via a random initial value weight vector.

Step 2: Select the feature parameter matrix of samples as the input layer for the SOM.
Step 3: Calculate the Euclidean distance between each input vector and the weight vector of each

output unit in the Kohonen layer using:

d j = ||X −W j|| =

√√ m∑
i=1

(
xi(t) −wi j(t)

)2
, (3)

where xi(t) is the input of a node, wij (t) is the link weight of the input nodes i and j at time t, and m is
the number of input neurons. The neuron with the minimum Euclidean distance is calculated and
denoted as the winning neuron (j*).

Step 4: Define the winning neighborhood. The weight adjustment domain (Sj(t)) at time t is
determined with the winning neuron j* as the center. During the training process, Sj(t) shrinks with
the training time t.

Step 5: Undertake weight learning. Adjust the weight of neurons in the winning
neighborhood using:

∆wi j = ηh( j, j∗)
(
xi −wi j

)
(4)

where η is the learning rate parameter with 0 < η < 1 and h(j, j*) is the neighborhood kernel around the
winning neuron j*, which is defined as:

h( j, j∗) = exp

−
∣∣∣ j− j∗

∣∣∣2
σ2

, (5)

where σ is the neighborhood radius, which typically decreases with time t.
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Step 6: Calculate the output Ok using:

Ok = f
(
min

∣∣∣∣∣∣X −W j
∣∣∣∣∣∣), (6)

where f (x) is a 0–1 function or another nonlinear function.
Step 7: Return to Step 2 until a pre-defined maximum number of iteration steps is reached.
To select an “appropriate” number of partitions, the average silhouette width is used to measure

cluster validity achieved by the SOM network [38]. The silhouette width combines the cohesion (a)
and separation (b) of the cluster, which are defined as:

s(i) =
b(i) − a(i)

max
{
a(i), b(i)

} , (7)

where a(i) is the average dissimilarity between i and all other objects of its cluster, and b(i) is the
minimum average dissimilarity between i and all objects of a cluster that is different from its cluster.
When one cluster contains only a single object, s(i) is defined as zero. To evaluate the result of all
feature vectors in the entire data set, the average silhouette width is defined as:

SC =
1
n

n∑
i=1

s(i), (8)

where n is the total number of objects in the data set. From the above definition, it is evident that −1 ≤
SC ≤ 1, and the clustering effect is superior when the value of SC is higher.

3. Results

3.1. Soil Erosion Sensitivity

The spatial pattern of soil erosion sensitivity within the Xiaoyang watershed is shown in Figure 2.
Six classes of soil erosion sensitivity were determined to be in the watershed: insensitive, slightly
sensitive, moderately sensitive, sensitive, highly sensitive, and extremely sensitive. Areas that were
insensitive and slightly sensitive accounted for approximately 79% and 13% of the total area, respectively,
which shows that soil erosion sensitivity in this watershed was generally low. Approximately 5%
of areas were determined to be moderately sensitive; their distribution was relatively scattered and
mainly in areas with a high relief. Areas found to be sensitive and extremely sensitive were mainly
distributed in the northeastern and central construction land of the watershed, as well as in farmland
areas in the western watershed, but they collectively accounted for approximately 3% of the total area.

3.2. Soil Erosion Condition

The area suffering from soil erosion in the Xiaoyang watershed measured 9.8 km2 and accounted
for 26.05% of the total area. Figure 3 shows the distribution of the soil erosion condition within the
Xiaoyang watershed. The watershed was generally dominated by slight erosion in the northwestern
and eastern areas of the watershed. Slight erosion mostly occurred in areas with a slope of 6◦–15◦,
and moderately eroded areas were scattered around areas that were slightly eroded and had slopes of
8◦–20◦ and vegetation coverage of 50–60%. A few severely and highly eroded areas were found in the
northwestern, southwestern, and northeastern areas of the watershed where the slope was mainly
>15◦ and the vegetation coverage was < 45%.
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3.3. Value of Ecosystem Services

As shown in Figure 4, the total value of the ecosystem services within the Xiaoyang watershed
in 2015 was 187.84 million CNY. With respect to the land use type, forestry provided the highest
total service value of 156.37 million CNY at 83.25% of the total value, while other types of land use
accounted for less than 20%. Bare land provided the lowest ecosystem service value and accounted for
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only 0.01% of the total value. Costanza et al. [39] found the value of construction land to be negligible;
therefore, it was not considered in this study. In terms of the economic value derived from different
types of ecosystem services, the values of each ecosystem service were considered to be equivalent.
The value of soil formation and conservation was the highest at more than 3.30 million CNY, followed
by hydrological regulation (2.91 million CNY), where they account for 18% and 15% of the total
value, respectively. Gas regulation, biodiversity maintenance, climate regulation, and raw material
production follow closely and collectively account for approximately 50.41% of the total service value.
Other ecological services had a low value and together accounted for 16.54% of the total service value.
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3.4. Soil and Water Conservation Partitioning

To provide replicate measurements of raster data within each cell, the soil and water conservation
regions for the Xiaoyang small watershed were defined based on a spatial framework provided by a
30-m grid comprising 52,094 cells.

When creating the SWCP in the past, it was challenging to objectively determine the number of
partitions within a study area, and it was easier to make a subjective decision. In the present study,
the exact number of clusters was not initially known; therefore, the topology of the Kohonen layer
was designed as a one-dimensional (1*C) grid with numbers varying from 2 to 8 (2 ≤ C ≤ 8) under
investigation. We selected the Xiaoyang small watershed feature parameter matrix as an input layer
for the SOM, which contained three soil and water conservation variables. To determine the optimum
number of clusters, the average silhouette width was calculated (described in Equation (8)), as shown
in Figure 5. The average silhouette width criterion determined six to be the optimal number of clusters,
and the small watershed was finally divided into five regions (one cluster was null).

Certain non-zonal factors existed in the indicator system, such as slope and land use, which could
affect the zonal distribution of the SWCP results. In addition, due to the small spatial unit used in
the SWCP, there was a tendency for a large number of isolated samples with small areas (but unique
properties) to appear in the clustering result. These fragmented areas made it difficult to carry out soil
and water conservation measures. In order to ensure the continuity and integrity of the partitioning



Sustainability 2020, 12, 2126 11 of 17

results, filter and trend-surface analyses were used to make choices regarding the spatial extent of the
partitioning results, removing the debris maps and smoothing the boundary of partition, and finally
obtained the SWCP map of the Xiaoyang watershed (Figure 6).
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The largest part of the Xiaoyang watershed was region 1, which accounted for approximately 82%
of the total area. No obvious soil erosion occurred in this region, and the soil erosion sensitivity could
be ignored. Region 2 accounted for 9% of the watershed; slight erosion mainly occurred in this region,
but the possibility of soil erosion was extremely low. Forest land was the main land-use type in region
2, which gave it the highest ecosystem service value of the five regions. Region 3 accounted for 1.74%
of the watershed; it suffered the most serious soil erosion, and the soil erosion sensitivity of this region
ranged from slight to severe. Region 4 accounted for less than 1% of the total area and was sporadically
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distributed in the central part of the watershed, as well as the northern, northeastern, and southeastern
areas of the watershed edges. Region 4 experienced almost no soil erosion, but it had a high soil
erosion sensitivity because of its large slopes and low vegetation coverage. The remaining areas were
classified as Region 5, which mainly occurred on a diagonal from the northeast to the southwest of
the small watershed and accounted for 7% of the total area. Construction land and farmland with
low vegetation coverage were the main land-use types in this region. Region 5 had a relatively dense
population, which suggests that it experienced the strongest environmental influence from human
activities, which resulted in its sensitivity to soil erosion.

4. Discussion

4.1. Selection of the Partitioning Method

A wide range of partitioning methods are available, and each has strengths and weaknesses: no
single partitioning method can be used for all purposes and none performs well in all places [8,40,41].
This section discusses the rationality for selecting the SWCP method in different scenarios.

The partitioning unit differs depending on whether it is applied to a normative or functional
region, according to the statistical office of the European Communities [42]. The spatial unit of a
normative region is defined by official or normative aggregations and expresses political objectives.
The SWCP in China is based on a normative region developed by the Ministry of Water Resources
of the People’s Republic of China in 2011: it is recommended that county-level administrative units
are the spatial unit employed and these relate to natural and social conditions, the type and intensity
of soil erosion, and the amount of damage incurred [11]. Based on this unit, the characteristics and
distribution of regional soil erosion can be determined, and the results can be used to make regional
and ultimately national soil and water conservation strategies and plans. However, as study areas are
nonhomogeneous, many factors of the SWCP need to be considered on a country scale. The SWCP
was developed to guide the region-specific management of soil erosion, which is mainly achieved by
local governments. As statistics relating to natural resources and socio-economic data that are used in
partitioning and the design and implementation of soil and water conservation projects are obtained
by the government, normative regions that maintain the integrity of administrative boundaries are
appropriate for use with SWCP on country and province scales.

However, as the spatial distribution of soil erosion is not directly controlled by administrative
boundaries, the soil erosion situation and future development directions of one normative region
cannot be highlighted similarities inside. It might cause an ecological fallacy in subsequent analysis
based on this kind of partition [43]. Additionally, the SWCP in small watersheds requires high-precision
data to determine specific soil and water conservation measures; therefore, it is not necessary to base
the formulation and application of partitioning on administrative units. The SWCP in this paper,
therefore, adopts functional regions. The spatial units of functional regions are defined by geographical
and socio-economic criteria and are thus directly related to phenomena. Compared with normative
regions, functional regions are applicable for use on a global scale, as they can be used to reflect the
cause and status of soil erosion without proposing soil and water conservation management objectives,
or for use in a small watershed to propose specific soil erosion control schemes that can be implemented
by one local government or competent agency.

From a technical perspective, methods used to conduct partitioning can be divided into manual
methodologies and automated methodologies. Previous SWCP schemes, such as "the map of soil
erosion in the Middle Yellow River" and “the map of soil erosion types in China” [9,10] were based on
manual methodologies. Such methods are subjective and easily influenced by the analyst’s opinion.
Furthermore, as data are now more accurate, the volume of spatial data increases, making it more
difficult to adopt a manual methodology to conduct partitioning, and automated methodologies are
thus being increasingly used in SWCP.
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Mainstream automated methodologies can be divided into supervised learning and unsupervised
learning, which are based on learning methods. Supervised learning is a top-down classification
method based on prior knowledge, such as the number and type of regions to be designed [44].
For example, China’s key prevention and control regions for soil and water loss were developed using a
supervised learning method in accordance with the National Plan for Soil and Water Conservation [45].
Supervised learning is useful for enabling the partitioning of soil erosion types, but it is not so applicable
for SWCP in a small watershed because the type of region is determined by mature soil and water
conservation schemes instead of analyzing the current regional situation and development.

Unsupervised learning is a bottom-up clustering method that does not use prior knowledge [46].
Distinct soil erosion regimes are first identified based on evolutionary rules and the driving mechanisms
behind soil erosion, and the specific control schemes of soil erosion are then identified and the
requirements for socio-economic development are added. The SOM model is a relatively mature
unsupervised learning method that is appropriated for partitioning. The operational process of SOM is
to cluster the spatial units in the research area according to characteristic parameters and to then connect
the spatial units with the spatial position to form areas with different typologies. Many researchers
believe that partitioning using automated methodologies is based on the values of the characteristic
parameters themselves, which neither considers the hierarchical relationship between indexes nor
recognizes the differences between dominant factors in each partition. However, this limitation should
not restrict us from using fast, quantitative, automated methodologies. Therefore, to partition the
interaction between human activities, the ecological environment, and soil erosion rather than the
variable itself, this study used the PSR framework to qualitatively classify the SWCP indicators prior
to conducting clustering based on SOM.

It is of note that we cannot quantitatively assess which automated methodology is superior.
When considering different characteristics, one methodology may be superior in one place and not
so applicable in another. Therefore, we can only conduct a matching analysis based on classification
methods and regional targets to guide the selection of a suitable partitioning method.

4.2. Suggested Mitigation Measures Based on SWCP

A small watershed is not only a geographical structure unit but also a spatial unit in which
soil erosion is comprehensively managed by the Chinese government. The main objective of
comprehensively managing a small watershed is to conserve soil and water, enhance the environment,
and improve economic returns [47]. Therefore, based on the spatial differentiation of soil and water
conservation characteristics in SWCP, and depending on the partitioning results, specific suggestions for
conserving soil and water and mitigating the scarcity of ecosystem services can enhance social benefits.

When discussing the configuration of soil and water conservation measures, we mainly analyzed
the characteristics of different regions to conduct a suitable arrangement of vegetation measures in
terms of the surface shape. There was minimal soil erosion in region 1; therefore, it is not necessary to
arrange soil and water conservation measures. Soil erosion occurred at a low intensity in region 2;
therefore, it can recover naturally. The closing hillside for erosion control is a method that uses an
area’s natural remediation ability supplemented by artificial replanting and tending, which promotes
vegetation restoration, controls soil erosion, and improves the ecological environment [48]. The process
of ecological restoration can be accelerated by implementing the closing hillside in region 2.

Soil erosion was slightly higher in region 3 than in region 2 within the small Xiaoyang watershed.
A scheme could be designed that increases vegetation coverage and provides economic benefits to
farmers. One of the important measures used to develop soil and water resources is to plant fruit forests
since this enables a reduction in the use of water and fertilizer and provides obvious ecological benefits.
Fruit forests also provide a short operating cycle and high economic benefits, which effectively increase
the income of residents in soil erosion areas. The Xiaoyang small watershed is the main production
area for Gannan navel oranges, which are a national product of geographical indication in China
and can be grown on bench terraces or horizontally, in level ditches, or with other land preparation
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methods; these could be planted in region 3. However, a monotonous chamaephyte structure can cause
increased ecological and economic risks; therefore, measures supporting the planting of economic fruit
forests require further study.

Region 4 suffers from severe soil erosion, and the key objective in this region is to prevent its
further occurrence. Therefore, trees and forests with a low canopy density should be planted on bare
land following the selection of appropriate tree species and the intercropping mode with respect to
existing vegetation. During the construction of soil and water conservation forests, it is also necessary to
consider soil erosion in Pinus massoniana woodlands. Pinus massoniana is a representative tree species in
the Xiaoyang small watershed. Due to human disturbances and the lack of understory vegetation, soil
erosion is serious within Pinus massoniana woodlands [49]. It is thus necessary to conduct microslope
reconstruction, replant the understory, and to make enclosures to ensure conservation.

Most of region 5 has a slope < 25◦; therefore, agriculture measures can be employed in soil and
water conservation, particularly on terraces, supplemented by slope treatment for erosion control and
hardened field roads. For areas in which laying terraces is difficult, the land utilization rate can be
improved using rational close planting and intercropping, if the soil fertility is good; otherwise, no or
less tillage should be implemented to protect the soil.

5. Conclusions

Partitioning for soil and water conservation within small watersheds plays a significant role in
selecting the optimum soil and water conservation measures that can be planned and implemented.
This study presents a method using the SOM with SWCP within a small watershed. The PSR framework
was used to construct an indicator system consisting of three factors: soil erosion sensitivity, the soil
erosion condition, and ecosystem services. Ecosystem services were introduced into the soil and water
conservation evaluation indicator system to reflect the contribution that the small watershed ecosystem
provides to humans and nature. Using these three indicators as sample data, the SOM method was
then employed to conduct partitioning. By evaluating the silhouette width of the clustering results, the
optimal scheme was selected, where the small watershed was divided into five regions that covered
81.46%, 8.86%, 1.74%, 0.85%, and 7.09% of the Xiaoyang watershed respectively. Region-specific
measures can now be arranged according to the partitioning results.

In this study, the indicator system based on the PSR model provides a better understanding of the
interactions between soil erosion and the ecosystem, and a higher comprehensibility of a selection
of mitigation measures for the comprehensive control of soil erosion. From a technical perspective,
the SOM method is more automatic and efficient, and can provide a more detailed identification of
different regions. This scheme lays the scientific basis for local management agencies to implement
region-specific mitigation measures and improves the integrative benefit. However, we acknowledge
that subjective decisions remain for partitioning methods, such as the size of spatial units and iterations
for clustering.
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