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Abstract: Exploring the complex relationship between ecological restoration and economic develop-
ment is valuable for decision makers to formulate policy for sustainable development. The large-scale
environmental restoration program—Grain for Green—was mainly implemented in the Loess Plateau
of China to improve the soil retention service. However, whether this world-famous program affects
local economic development has not been fully explored. In this study, using the Integrated Valuation
of Ecosystem Services and Tradeoffs (InVEST) model and spatializing the gross domestic product
(GDP) based on the remotely sensed nightlight data, we explored the tradeoff between environment
(i.e., soil retention service) and economy (i.e., GDP) for the Loess Plateau in a spatially explicit way.
We found that the soil retention service increased prominently over the past 40 years, especially
after implementing the Grain for Green project. Meanwhile, the GDP increased about nine-fold
over the past four decades from 4.52 to 40.29 x 107 USD. A win-win situation of soil retention and
economic development was achieved in the Loess Plateau of China, particularly in the loess gully and
loess hilly gully regions of the Loess Plateau. The win-win situation of soil retention and economic
development was as a result of the Grain for Green program, the optimization of industrial structure,
and the increase in non-agriculture employment. Compared with previous studies, more spatial
information was available for the Loess Plateau in this study, which is more valuable to policymakers.

Keywords: soil retention service; GDP; the grain for green project; the Loess Plateau; spatially explicit

1. Introduction

Ecosystem service (ES) refers to the benefits that humans derive from natural ecosys-
tems [1,2]. Over the past millennia, human activities have triggered the severe reduction
in biodiversity and the decline in ecosystem services [3—-6]. The Millennium Ecosystem
Assessment reported that nearly 60% of ecosystem services have shown a trend of degra-
dation [7]. Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services suggested that nature across most of the globe has been significantly altered by
multiple human drivers, with most indicators of ecosystems and biodiversity showing
rapid decline [8]. Humans have to take many ecological restoration measures to deal with
these environmental problems. Specifically, the United Nations [9] adopted the Sustainable
Development Goals to develop a green economy, reverse soil and land degradation [10],
and restore biodiversity and ecosystem services [11]. The United Nations recently declared
2021 to 2030 the Decade of Ecosystem Restoration [12]. The United Nations has also rec-
ognized ten ground-breaking efforts from around the globe for their role in restoring the
natural world (https:/ /www.unep.org/news-and-stories/ press-release /un-recognizes-10

Remote Sens. 2023, 15, 3035. https:/ /doi.org/10.3390/1s15123035

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs15123035
https://doi.org/10.3390/rs15123035
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0001-6296-636X
https://orcid.org/0000-0003-2783-0269
https://orcid.org/0000-0002-2485-089X
https://www.unep.org/news-and-stories/press-release/un-recognizes-10-pioneering-initiatives-are-restoring-natural-world
https://www.unep.org/news-and-stories/press-release/un-recognizes-10-pioneering-initiatives-are-restoring-natural-world
https://doi.org/10.3390/rs15123035
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs15123035?type=check_update&version=2

Remote Sens. 2023, 15, 3035

20f17

-pioneering-initiatives-are-restoring-natural-world, accessed on 10 May 2023). In addition,
some countries also developed local policies for environmental restoration [13,14], includ-
ing the Great Green Wall of Africa [15] and the ecological restoration program, Chinese
Grain for Green [16-18]. However, environmental managers and scholars are concerned
about whether these environmental restoration projects undermine or enhance economic
performance [19-23].

An increasing number of scholars have devoted themselves to exploring the rela-
tionship between environmental restoration and economic development [20,24,25]. The
most representative study is the Environmental Kuznets Curve hypothesis. It postulates
an inverted U-shaped relationship between different pollutants and per capita income,
i.e.,, environmental pressure increases to a certain level as income increases; after that,
it decreases [26-29]. Additionally, some scholars have directly explored the interactions
between economic development and the environment. For example, Venter et al. [30]
found that some wealthy countries have been undergoing rapid economic growth while
simultaneously reducing their pressures on the environment. Most encouragingly, these
countries are net exporters of agricultural and forestry products. Konan [31] believed that
innovating economic development patterns could reduce environmental pressure, such
as the growth of the tourism economy, which had a protective effect on the environment.
Hatfield-Dodds et al. [32] found that Australia could simultaneously raise its economic
level and relieve ecological pressure. Stable sediment retention and rapid economic growth
occurred in the Three Gorges Reservoir area of China [33]. Hartmann and Preisendorfer [34]
investigated the relationship between public concern about the environment and changing
economic conditions, finding that public concern about the environment increased under
favorable economic circumstances. The value of restoring the ecosystem services of rivers
for economic development was measured [35].

Some scholars have also revealed the human-environment interaction mechanism by
studying the coupling system between the natural environment and human activities [36,37].
For instance, Folke [38] analyzed the socio-ecological system dynamics process from the
perspective of resilience. Ostrom [39] proposed a framework for social-ecological systems,
and Liu et al. [40] proposed a “coupled human and natural framework” to analyze the
interaction mechanism between urbanization and the environment.

The Loess Plateau of China is one typical region of the world with a dense population
and rare resources. To feed the dense population, large-scale deforestation for cropland
occurred in this region over the past millennium, especially during the Ming and Qing
dynasties (from the second half of the 14th century to the first half of the 20th century) [41],
which caused serious soil erosion. More than 90% of the sediment content of the Yellow
River comes from the Loess Plateau [42]. Soil erosion has caused severe flooding, seriously
affecting the sustainable economic development of the middle-lower reaches of the Yellow
River. As a result, besides the Western Development Strategy, many ecological engineering
methods, e.g., terracing and the construction of check dams and reservoirs, were also
implemented here to reduce severe soil erosion. Particularly, the ecological restoration
program—Grain for Green (also known as the Conversion of Cropland to Forest and
Grassland Program)—has been implemented here since 1999. Will this program affect food
security and residents’ income? Then, how is the relationship between soil conservation and
economic development reconciled? Most existing studies have adopted various vegetation
indexes to detect the land use/cover change [18,43,44] and analyzed the variation in major
ecosystem services and ecological values in the Loess Plateau [45]. In addition, a number
of studies analyzed the coupling relationship of the ecosystem and economy for this region,
focusing on the variation in the social ecosystem [46-48]. However, insufficient attention
has been paid to the questions mentioned above, especially in a spatially explicit way,
which is not informative for policymakers.

To fulfill these research gaps, in this study, we aim to (1) evaluate the soil retention
service of the Loess Plateau using the Integrated Valuation of Ecosystem Services and
Tradeoffs (InVEST) model and analyze its spatiotemporal changing characteristics for
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1980-2018, (2) detect the spatial and temporal pattern of economic evolution using a
spatialization model of gross domestic production (GDP), and (3) reveal the relationship
between the soil retention service and GDP for the Loess Plateau in a spatially explicit way.

2. Study Area

Loess is an earthy deposit formed during the Quaternary period. It is loose and porous.
Therefore, it is easy to suffer erosion and collapse after being soaked in running water. As
the largest loess distribution area in the world, the Loess Plateau is located in the north of
central China (Figure 1), with a total area of about 0.64 million km?.
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Figure 1. Location of the Loess Plateau and its comprehensive management zoning based on [18].
I: valley plain region; II: loess hilly gully region; III: sand and desert region; IV: earth-rock mountain
region; V: agricultural irrigation region; VI: loess gully region. The large-scale Grain for Green
program (also known as the Conversion of Cropland to Forest and Grassland program) has been
implemented here since 1999 to reduce severe soil erosion.

Its elevation descends from northwest to southeast, and it has a typical semi-arid
continental monsoon climate, with annual precipitation of 150-750 mm. The dominant
ecosystem service of this region is the soil retention service [45,48]. The maximum soil
erosion area of the Loess Plateau used to reach about 390,000 km? because of large-scale
deforestation from the second half of the 14th century to the first half of the 20th century,
which has seriously threatened the ecological security of the mid-lower reaches of the Yel-
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low River [42]. The Loess Plateau covers 7 provincial-level regions, with a total population
of 114 million up to 2018. The region is a dry farming production area in China [48]. This
region is also one of the areas where the Western Development Strategy is implemented.
Based on the outline of the comprehensive management plan of the Loess Plateau, com-
bined with the geographic profile of each province, the Loess Plateau was divided into
six comprehensive management zones, including the valley plain region, the loess hilly
gully region, the sand and desert region, the earth-rock mountain region, the agricultural
irrigation region, and the loess gully region [18].

3. Materials and Methods
3.1. Data Sources

In this study, we used the InVEST model to calculate the soil conservation service. The
input data of this model include the digital elevation model (DEM), the rainfall erosivity
index R, the soil erodibility factor K, land use/land cover (LULC), watershed boundaries,
cover-management factor C, and support practice factor P. The sources and descriptions of
these data are shown in Table 1. In addition, all the above high-resolution raster format
data, e.g., Rand K, are resampled to 1 km resolution.

Table 1. Datasets required for calculating soil retention service and measuring economic development.

Dataset Name

Dataset Description and Source

DEM

Rainfall erosivity index R

Soil erodibility factor K

LULC

Watershed boundary
Cover-management factor C

Support practice factor P

GDP

Night-time light data

The 1 km DEM data were downloaded from the Resource and Environment Science and Data
Center, Chinese Academy of Sciences (http://www.resdc.cn, accessed on 27 February 2021).
The 250 m R is the average value for 1986-2015. It was downloaded from the National Science
and Technology Resources Sharing Service Platform-National Earth System Science Data
Center—the Loess Plateau Subcenter (http://loess.geodata.cn, accessed on 2 March 2021).

The 30 m K was calculated by achievements of the second national soil survey for 1979-1994,
which was downloaded from the same data-sharing platform as the rainfall erosivity index R.
The 1 km LULC datasets include six land use types, including cultivated land, forest, grassland,
water area, construction land, and unutilized land, covering the years 1980, 2000, 2010, 2015, and
2018 [49,50]. They were downloaded from the same data-sharing platform as DEM.

It was downloaded from the same data-sharing platform as the rainfall erosivity index R.

The C of each land use type in corresponding years was calculated based on averaged
Normalized Difference Vegetation Index (NDVI) of each land use type and the method of

Cai et al. [51] (see Appendix A). The 1982-2020 monthly 5 km NDVI dataset product of China
was used (http:/ /loess.geodata.cn, accessed on 16 May 2023).

It was determined by the actual situation of the Loess Plateau [45].

We collected the statistics of the GDP constant price from China’s city Statistical Yearbook and
provincial Statistical Yearbook from 1980 to 2018, including the statistical yearbooks of Gansu,
Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan, and Qinghai [52].

The 1992-2018 global night-time lighting dataset

(https:/ /doi.org/10.6084 /m9.figshare.9828827.v2, accessed on 10 December 2021) [53] was used.
It is a combination of the Defense Meteorological Satellite Program (DMSP)—Operational
Linescan System (OLS) and the Visible Infrared Imaging Radiometer Suite (VIIRS) nightlight
datasets by harmonizing the inter-calibrated night-time lighting observations from the DMSP
data and the simulated DMSP-like night-time lighting observations from the VIIRS data.

In addition, we used gross domestic product (GDP) data to characterize the level of
economic development. In order to analyze the relationship between soil conservation
service and economic development at the 1 km grid scale, we also used the night-time light
data to spatialize the GDP (Table 1).

3.2. Estimation of Soil Retention Service

The sediment delivery ratio (SDR) module of the In'VEST model is used to assess the
soil retention service. It is based on the Revised Universal Soil Loss Equation (RUSLE),
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which measures the soil retention amount by calculating the potential soil loss, actual soil
erosion, and sediment interception in the upstream area with the following equations [54].

SEDRET = ( RKLS — USLE ) + sed _export (1)
RKLS = R x K x LS @)
USLE=RxKxLSxCxP 3)

where SEDRET is the amount of soil retention; RKLS is the potential soil loss; USLE is the
actual soil erosion; sed_export is the sediment interception in the upstream area; R is the
rainfall erosivity index; K is the soil erodibility factor; LS is the topography factor; C is
the vegetation cover-management factor; and P is the support practice factor P. The data
sources or specific calculation methods are available in Table 1 and Appendix A.

The calibration parameters that determine the spatial association of hydrological
processes and sediment transport rations in the sub-basin, using the model default value,
are K, = 2 and ICy = 0.5 because of the unavailability of more information [54]. The
maximum sediment transport ratio of the raster, also using the model default value, is
SDRpmax = 0.8 [54].

3.3. The Spatialization of Gross Domestic Product

GDP is one of the best indicators to measure the level of economic development of a
country or region. However, the GDP statistics of prefecture-level cities cannot reflect the
spatial differences in economic development within a prefecture. It also cannot be matched
with the 1 km soil retention service layer. Therefore, we built a model which allocates the
GDP statistics of prefecture-level cities to the grid with a resolution of 1 km x 1 km based
on the remotely sensed nightlight data. For a large area with obvious spatial heterogeneity,
such as the Loess Plateau, for simplicity, we assume that the GDP and remotely sensed
nightlight have the same spatial pattern, which is widely used in similar studies [53,55].

First, we aggregated the 1 km night-time light data within each prefecture-level city
as the unit and drew the scatter diagram with GDP data to conduct a correlation analysis.
Then, we conducted a series of regression analyses on the total night-time light (TNL) and
the actual GDP statistic at the prefecture level and found that the linear regression fitted
the observed values well (R? > 0.8), so we chose the linear regression equation as the GDP
spatial model.

GDP;,,(n, t) =a x TNL(n, t) +b 4)

where GDP;,,,(n, t) denotes the GDP analog value of the prefecture-level city # in year ¢,
and the least squares method solves the regression model parameters a and b. TNL(n, t) is
the sum of DN values of all pixels of the night-time light data layer in city # in year t of the
Loess Plateau.

Subsequently, we used the relative error (Equation (5)) to analyze the regression
precision of the GDP.

_ |GDPsim(n/ t) _GDPsim(”/ t)|

Er(n, t) = GDPora(, 1) ®)

where Er(n, t) denotes the relative error of the regression. The closer it is to 0, the higher
the regression precision of the GDP. GDPg,(n, t) is the GDP statistic for all industries
of prefecture-level city n in year ¢, and GDPy;, (1, t) denotes the GDP analog value of
prefecture-level city n in year ¢. In addition, we gave scatterplots of GDP statistics and
analog values on the prefecture-level city scale to compare their differences.
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Second, according to the regression equation, we allocated the municipal-level GDP(r, t)
to the grid of 1 km x 1 km, and we obtained the grid-level GDPg;,(i, t). Finally, it was
corrected using the following equation [56].

GDPyg, (1’1, f)

GDPsim_revise(il t) = GDPSim(i’ t) x m

(6)

where GDPygjy; repise(i, t) is the corrected value of GDPy;y,(i, t) for grid i in year ¢.

3.4. Exploration of the Relationship between Soil Retention Service and Gross Domestic Product

We obtained the slopes of their changing trend based on a one-dimensional least
squares linear regression equation with soil retention service and GDP as dependent
variables. The equation is as follows.

nx C0 g (¢ x S(i, £)) — Xy 10 S, )
nx Tpg 12— (g 1)

where k is the trend slope; 1 is the number of years; t is the year; when t equals to 1, 2, 3,
4,5, 6, the corresponding years are 1980, 2000, 2005, 2010, 2015, 2018; S(i, t) is the statistic
(soil retention service or GDP) of grid i in year t. k > 0 denotes growth, and k < 0 indicates
decline. We take the k mean value of all k < 0 pixels (denoted as k;), k = 0 (denoted as 0),
and the k mean value of all k > 0 pixels (denoted as ky) as the threshold values. If 0 < k <k,
(or k1 < k < 0), the soil retention service or GDP is in a slow increasing (or decreasing)
zone; if the mean value of ky < k < 2k, (or 2ky < k < k1), the soil retention service or GDP
is in an increasing (or decreasing) zone; if k > 2k, (or k < 2k;), the soil retention service or
GDP is in a rapid increasing (or decreasing) zone. We then analyzed the spatiotemporal
variations in the soil retention service and GDP of the Loess Plateau for 1980-2018 at a grid
scale. Additionally, to explore the relationship between the soil retention service and GDP,
we overlapped their change tendency spatially to identify areas where both increase and
decrease synchronously.

k:

@)

4. Results
4.1. Spatial and Temporal Variation Characteristics of Soil Retention Service

The soil retention amount of the Loess Plateau and six comprehensive management
zones showed a decreasing trend followed by an increasing trend from 1980 to 2018 (Table 2).
The total soil retention amount increased by 27.69 million tons. Between 1980 and 2018,
it increased by 12.51 million tons for 1980-2000 and increased by 15.17 million tons after
the large-scale implementation of the Grain for Green program. In 2018, the soil retention
per unit area of the Loess Plateau was 3506.09 t/km?, and the total soil retention amount
reached above 2194 million tons.

The most significant improvement period of the soil retention service was 2000-2005,
in which the soil retention amount increased by 11.70 million tons, and the annual growth
per unit area was 18.69 t/ km?2. However, the soil retention amount did not always show a
steady upward trend during 19802018, which dropped by 2.62 million tons from 2005 to
2010.

The loess gully region had the maximum amount of soil retention, which increased by
12.37 million tons for 1980-2018 (Table 2). On the contrary, the sandy and desert region had
the minimum amount of soil retention and did not change much during the study period.
In addition, the soil retention amount in the earth-rock mountain and valley plain regions
increased faster than in the other regions. However, the growth rate of soil retention in the
hilly gully and agricultural irrigation regions was relatively slow (Table 2).
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Table 2. Soil retention amount of the Loess Plateau and six integrated management zones for
1980-2018 (unit: billion tons).

Integrated Management Zone 1980 2000 2005 2010 2015 2018
Valley plain 0.4237 0.4258 0.4276 0.4272 0.4272 0.4278
Loess hilly gully 0.3147 0.3164 0.3181 0.3177 0.3178 0.3183
Sand and desert 0.0057 0.0057 0.0058 0.0058 0.0058 0.0059
Earth-rock mountain 0.5452 0.5480 0.5506 0.5502 0.5504 0.5516
Agricultural irrigation 0.0446 0.0449 0.0452 0.0451 0.0452 0.0456
Loess gully 0.8329 0.8384 0.8437 0.8423 0.8429 0.8453
Sum 2.1667 2.1792 2.1909 2.1883 2.1894 2.1944

In terms of the spatial distribution of the soil retention service changes on the Loess
Plateau (Figure 2), it increased from 3641.86 t/ km? to 3481.85 t/km? for 1980-2000, and the
area with a considerable reduction is predominately assembled in the earth-rock mountain,
the loess gully, and the south of the valley plain regions (Figure 2a). After implementing
the Grain for Green program, the soil retention amount per unit area increased observably,
especially in the loess gully region, and it increased by 26.54 t/km? for 2000~2005 (Figure 2b).
However, soil conservation in the Loess Plateau has slightly declined (—25~0 t/km?) in a
wide range since 2005 (Figure 2c). By 2010, soil retention had resumed rising (Figure 2d ).
On the whole, the soil retention service of the Loess Plateau experienced a process of
fluctuation, rising from 1980 to 2018 (Figure 2f).

Hohhot __Hohhot __Hohhot
(a)1980-2000 =ody G Y (b)2000-2005 gl 3 (¢)2005-2010 A ~
y Yiﬁchuan /' Yinchuan 4 ':" Yii‘nchuan e
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° N o5 \
\ P! 3 &0 b : 7 £ hG b o
3 Xi\mng‘ 5 £ i Xihing . \ 2 Il . Y _}“ 5 Xihing
S &858 Lanzhou R $ &Y. Lanzhou T e A i ® Y " Lanzhou
: o 5 K97 .75 ° AL { § °
" 7 \, /A \‘ 4 LS
- Rl L A o
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Figure 2. Spatial distribution of changes in soil retention amount on the Loess Plateau. (a) Before
the implementation of the Grain for Green program during 1980-2000, (b—e) after the Grain for
Green program during 2000-2018, and (f) the whole study period for 1980-2018. The soil retention
service showed an increasing trend before the implementation of the Grain for Green program and a
fluctuant upward trend after the Grain for Green program.

4.2. Spatial and Temporal Characteristics of Economic Development

As shown in Table 3, the relative errors of the GDP analog value estimated by the
GDP spatial regression model for the whole study area ranged from 0.0025 to 0.1096 during
1980-2018, with an average relative error value of 0.08. The relative errors for 1980 and 2000
were 0.0025 and 0.0082, respectively. Furthermore, it can be seen from the scatterplot of the
GDP statistics and analog values on the prefecture-level city scale (Appendix B) that there
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is little difference between the two. These indicate that the accuracy of our GDP regression
results is high.

Table 3. Relative error of gross domestic product regression results of the Loess Plateau for 1980-2018.

Item 1980 2000 2005 2010 2015 2018
GDP statistics (unit: billion USD) 88.10 159.87 361.74 851.73 1348.97 1576.05
GDP analog value (unit: billion USD) 88.32 161.19 323.25 758.40 1366.61 1549.70
Relative error (ranged from 0 to 1) 0.0025 0.0082 0.1064 0.1096 0.0131 0.0167

According to Equation (6), the GDP was allocated to the 1 km grid to attain the GDP
spatial distribution and its variation maps (Figure 3). The average GDP density for the
six years was 51,518 USD/km?, 105,009 USD/km?, 274,465 USD/km?, 697,128 USD/km?,
1,112,725 USD/km?, and 1,380,885 USD/km?, respectively.

ohhot

(2)1980-2000 (€)2005-2010

PRI L 2 .
Changes of GDP (ten thousand dollars/km’)

I DUV 0 25250 500

-10 0 10 50 100 200 400 500

Figure 3. Changes in the spatial distribution of gross domestic product in the Loess Plateau for
periods (a) 1980-2000, (b) 20002005, (c) 20052010, (d) 2010-2015, (e) 2015-2018, and (f) 1980-2018.
After 2000, the gross domestic product increased substantially, nearly for the whole region, especially
for the urban center and surrounding regions.

It can be seen that GDP growth was spatially uneven, with a general downward
trend from southeast to northwest (Figure 3). During the whole study period (Figure 3f),
the central city of each comprehensive management zone developed rapidly, expanding
the scope of urbanization outward and driving the continued economic growth of the
peripheral areas. Before 2000 (Figure 3a), the GDP of each comprehensive management
zone was generally low, and the speed of economic development was relatively slow. For
2000-2018 (Figure 3b—e), driven by rapid urbanization development, the GDP of sectional
regions began to show a spatially patchy distribution pattern radiating from the high-value
central cities to the surrounding areas. For example, Xi’an and Taiyuan are the capital cities
of Shaanxi and Shanxi provinces, respectively, and their rapid development has driven the
fast economic growth of the surrounding areas. In addition, it can also be seen that the
GDP of the loess gully and loess hilly gully regions showed rapid growth along rivers.
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We also extracted and summarized the GDP of each integrated management zone
for all years (Table 4). For 1980-2000, economic development was relatively at a slow
growth stage, and the annual growth rate of the GDP was only 5.19%, with most regions
of the GDP value below 15,000 USD/km?2. From 2000 onwards, the level of economic
development entered a rapid growth phase. During 2000-2018, the annual growth rate
of the GDP increased by 67.50%, indicating that the economic development level had
improved observably.

Table 4. Gross domestic product of the Loess Plateau and its integrated management zones for
1980-2018 (unit: billion USD).

Integrated Management Zone 1980 2000 2005 2010 2015 2018
Valley plain 10.54 19.21 43.33 93.84 117.46 139.55
Loess hilly gully 6.42 12.89 37.77 91.95 158.90 207.83

Sand and desert 0.50 1.66 7.18 31.92 64.38 65.40
Earth-rock mountain 7.15 13.54 33.53 78.23 110.13 130.70
Agricultural irrigation 3.66 8.81 23.16 64.97 95.84 101.31
Loess gully 3.97 9.61 26.81 75.41 149.72 219.47
Sum 32.24 65.72 171.78 436.32 696.44 864.27

4.3. The Relationship between Soil Retention Service and Economic Development

Economic development of the Loess Plateau demonstrated a continuous growth trend
for 1980-2018, but the soil retention service showed a fluctuant increase, which appeared to
be a slight decline for 2005-2010 (Figure 4). For 1980-2000, the soil retention growth amount
was about 20.00 t/km?, and the GDP growth speed was relatively slow. For 2000-2018, the
soil retention amount increased to 24.24 t/km?, and the average annual growth rate of the
GDP came up to 67.50%. A win-win situation of soil retention and economic development
was achieved in the Loess Plateau of China during this period.

2.195 9 ~ 1000
ﬁ
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2 < 800
= ~
F 2.185- @
Py - 600 —
g 2.180 =
: 400 ~
S 21754 =
5 O
k) = )
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R
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Figure 4. Trends of soil retention service and gross domestic product of the Loess Plateau for
1980-2018.

Spatially, for 19802018, the soil retention service showed an elevated trend over 70%
of areas on the Loess Plateau (Figure 5a). First, the distribution of slow-growth areas
was the most wide, accounting for 59.03%. Secondly, the soil retention service declined
in 16.05% of the areas, predominantly distributed in the loess gully and loess hilly gully
regions. In addition, 17.95% of the fast-growing regions were mainly distributed in the
valley plain, loess gully, and earth-rock mountain regions.
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0 125 250
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Figure 5. Spatial distribution of the relationship between changes in soil retention service and
economic development in the Loess Plateau for 1980-2018. (a) Trends in soil retention service,
(b) trends in GDP, and (c) the relationship between soil retention service and GDP. “1” represents an
increase, “|” represents a decrease, and “—" represents stability. Figures in parentheses refer to the
proportion of such areas to the total land area. Soil retention service and GDP grew simultaneously
in more than 60% of the study area. (I: valley plain region; II: loess hilly gully region; III: sand and
desert region; IV: earth-rock mountain region; V: agricultural irrigation region; VI: loess gully region).

During the study period, the economic development conditions also showed an
increasing trend beyond 80% of the areas (Figure 5b), where the slow-growth regions are
the most widely distributed, accounting for 67.31%. The regions with rapid GDP growth
were mainly concentrated in the southern valley plain, the agricultural irrigation region,
and the southwest loess hilly gully region.

As seen in Figure 5¢, the soil retention service and GDP increased jointly in 61.62%
of the study area, which was mainly distributed in the loess gully and loess hilly gully
regions. The regions where soil retention services were rising while the GDP remained
stable, accounting for 14.82%, were mainly located in the sandy and desert region. The
percentage of regions where the GDP continued to grow while soil retention declined was
12.82%, with the maximum distribution in the loess gully, loess hilly gully, and earth-rock
mountain regions. Overall, the simultaneous improvement in the soil retention service and
economic status was the dominant trend in the Loess Plateau.

As revealed by Figure 6, the synchronous growth of the soil retention service and
GDP dominated in each integrated management zone, especially in the loess hilly gully
and earth-rock mountain regions, reaching nearly 70%. Compared to other integrated
management zones, the valley plain and sand desert region had a large proportion of areas
where the soil retention service was boosted and the GDP remained stable, accounting for
33.31% and 38.24%, respectively. The smallest proportion was the simultaneous decline in
the soil retention service and GDP. In addition, it can also be found that the valley plain has
a large proportion of soil retention service decreasing and GDP increasing.
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Figure 6. Changes in soil retention service and GDP in each integrated management zone of the
Loess Plateau. The simultaneous increase in soil retention service and GDP accounted for the largest
proportion in most integrated management zones.

5. Discussion

We first compared our findings with previous studies. After the Grain for Green
program, our modeling results show that the soil retention service has been increasing,
which is consistent with the findings of previous studies that the sediment content of
the Yellow River and soil loss on the Loess Plateau are decreasing [42,57,58]. Specifically,
Fu et al. [59] found that revegetation of the Loess Plateau has led to controlled soil loss
effectively since 2000, as the average soil retention rate was up to 63.3% for 2000-2018.
Wang et al. [42] found that the sediment load of the Yellow River has decreased by 90% over
the past 60 years. In addition, we presented the soil retention service maps of the Loess
Plateau for 1980-2018, which were unavailable in previous studies. These maps covering a
long period are more valuable for local-scale decision makers than previous findings. In
terms of economic growth, we also mapped the GDP at a grid cell of 1 x 1 km using the
remotely sensed night-time light data in our study, which is also more informative than
prefecture-scale statistics and beneficial to many fine-grained analyses. For example, a 1 km
scale GDP map can be used to calculate the GDP value of a physical geographic region
or ecoregion. Additionally, we explored the relationship between soil retention service
and GDP in a spatially explicit way and at large scales, which is also beneficial to land use
spatial planning in terms of soil conservation and economic development.

Next, we analyzed the potential reasons for the simultaneous growth of soil retention
service and economic development. The climate conditions of the Loess Plateau have been
stable since 2000 [60]. At the same time, the Chinese government implemented the Grain
for Green program. As a result, the vegetation on the Loess Plateau has been extensively
restored. Although the program has a negative impact on cropland areas [61], the positive
impact of advances in agricultural technology is much more and increases the sustainability
of the grain production system [57]. The program also makes agricultural cultivation more
intensive, resulting in increasing grain yield per unit area [46]. Moreover, the program is
also conducive to effectively transferring surplus rural labor to the secondary and tertiary
industries [62] (Figure 7).
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Figure 7. Analysis of the potential reasons for the synergy between soil retention service and
economic development.

In addition, the implementation of the Western Development Strategy in 2000 also
promoted the optimization and upgrading of industries in the Loess Plateau [63]. At the
same time, the government has expanded tax incentives and relaxed conditions for resource
development, resulting in a gradual improvement in economic conditions (Figure 7).

The environmental problems faced by each integrated management zone are different,
so the restoration measures adopted are also different [64]. The loess gully and loess hilly
gully regions are the main vegetation restoration areas, which have obtained considerable
ecological and economic benefits by developing forestry and fruit industries. The agri-
culture irrigation, valley plain, and earth-rock mountain regions have a large amount of
space for agricultural production, with good vegetation conditions and sufficient irrigation.
Under the influence of Grain for Green, agricultural production has shifted to intensive
farming, which has greatly increased the yield of cash crops and farmers’ income. It also
propels the increase in non-farm employment, adjusts the economic structure of urban and
rural areas, and enhances economic development [65].

In the Loess Plateau, the effective implementation of the Grain for Green program and a
series of economic policies not only received great achievements in ecological protection but
also contributed to obvious economic effects. The government’s rational spatial planning
combined with the characteristics of different management zones is also the key reason
why the Loess Plateau has achieved high-quality development.

Subsequently, we discussed the policy implications of our findings. The relationship
between soil retention service and economic development can directly reflect the advan-
tages of sustainable development, the trend of regional industrial restructuring, and the
importance of national policy orientation [40,64]. By analyzing the interaction between
soil retention capacity and economic conditions in each integrated management zone, it is
found that adopting a site-specific approach can provide a reference for exploring how to
ensure steady improvement in ecosystem services in the urbanization process in the Loess
Plateau.

Not only in China but also in other countries where ecological conservation projects
have been implemented, large areas of vegetation cover have been restored through plant-
ing and natural regeneration. For example, in Africa, where the “The Great Green Wall”
ecological project was led, and in Pakistan, where the “Billion Tree Tsunami” project was
launched [15]. The experience of the Loess Plateau on the relationship between ecological
conservation and economic development may enable to apply to these regions where
ecological conservation and restoration efforts have yielded substantial achievements in
order to help them promote sustainable ecological and economic development.
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There are limitations in this study. First of all, we directly apply the relationship
between GDP and night lights at the prefecture-level city scale to the grid scale, which
may cause some uncertainty [66]. In addition, we briefly explored the relationship between
soil retention service and economic development using a one-dimensional least squares
linear regression equation because the amount of data is relatively large. The explicit
consideration of a spatial panel approach in the future would make this section more
convincing for readers. We also discussed the potential reasons for their simultaneous
growth, but did not explore the internal mechanism of their simultaneous growth, which
should be considered in the future using an elaborated model. Finally, we replaced the
1980 vegetation data with 1982 vegetation data, which will lead to slight uncertainties in
the calculation of soil retention service.

6. Conclusions

Exploring the spatial relationship between ecosystem services and economic develop-
ment at large scales is crucial for decision makers to formulate sustainable development
policy. We evaluated the soil retention service of the Loess Plateau in China for 1980-2018
by utilizing the INVEST model. Next, we spatialized the GDP statistics based on the
remotely sensed nightlight data. Then, we explored the spatial and temporal change char-
acteristics of the soil retention service and economic development on the Loess Plateau
and their spatial relationships. As a result, the soil retention amount of the Loess Plateau
increased from 2.167 billion tons in 1980 to 2.194 billion tons in 2018. At the same time, the
GDP of the study area increased from 32.2 billion USD to 864.3 billion USD. We found a
win-win situation of soil conservation and economic development was achieved in the
Loess Plateau for 1980-2018 because of the Grain for Green program, the optimization of
industrial structure, and the increase in non-agriculture employment. We explored the
spatial relationship between soil retention service and GDP in a spatially explicit way and
at large scales, which is more informative than previous studies for policymakers, e.g.,
environmental managers.
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Appendix A

There was a significant linear correlation between the NDVI and vegetation coverage.
We used the binary pixel model to estimate the vegetation coverage. Assuming that the
pixel information is only composed of vegetation and soil, the calculation formula of the
NDVI value is as follows.

fo = (NDVI(t) — NDVISO,-I(t))/(NDVIvgg(t) — NDV I (t)) (A1)

where f, denotes the vegetation average in year t. NDVI(t) is the average vegetation
index of year t, and the upper and lower thresholds of NDVI(t) are intercepted with
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0.5% confidence. NDVIvgg(t) is the vegetation index of the pure vegetation pixel, which is
obtained by extracting the average value of the largest 0.5% area of NDVI(t). NDVIy;(t) is
the vegetation index of the pure soil pixel, which is obtained by raising the average value
of 0.5% area with the smallest NDVI(¢).

Next, we used the method of Cai et al. [51] to calculate the vegetation cover manage-
ment factor C, and we estimated the average vegetation coverage factor of different land

use types in the Loess Plateau for 1980-2018. The equation is as follows:

fv(t) =0
0 < fo(t) < 78.3%
fv(t) > 78.3%

C=1

C = 0.6508 — 0.34361gf, (t)
C=0

where C denotes the vegetation cover management factor.

The results are given in Table A1.

Table Al. Vegetation coverage factors of different land use types.

(A2)

Land Use Types 1980 2000 2005 2010 2015 2018
Cultivated land 0.0985 0.0879 0.0747 0.0791 0.0871 0.0903
Woodland 0.0451 0.0384 0.0360 0.0345 0.0362 0.0396
Grassland 0.1467 0.1343 0.1200 0.1230 0.1171 0.1078
Waters 0.1556 0.1313 0.1166 0.1533 0.1398 0.1294
Construction land 0.0839 0.0769 0.0721 0.0852 0.1028 0.1092
Unutilized land 0.3120 0.2825 0.2628 0.2801 0.2855 0.2122
Appendix B
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Figure A1. Scatterplots of GDP statistics and analog values on the prefecture-level city.
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