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The impact of development on the ecological environment is a matter of concern, especially in the ecologically fragile agro-
pastoral ecotone. The agro-pastoral ecotone of northern Shaanxi (ANS) is a representative region of the agro-pastoral ecotone
in northern China. The agricultural use of sand land (AUSL) is an effective way to respond to the development needs of this
region. The AUSL will certainly have an impact on water yield services in the ANS, where water resources are already scarce.
In this study, the Integration Valuation of Ecosystem Services and Tradeoffs Tool (InVEST) model was used to simulate the
water yield of the ANS under different intensity scenarios of AUSL. The results showed that AUSL reduces the regional water
yield, but the impact is limited. At the maximum scale of development, the total regional water yield decreased by 1.35%
compared to the base year of 2020. In terms of distribution pattern, water yield decreased the most in Yuyang District and the
least in Fugu County due to the uneven distribution of sand land. At the land use and land cover (LULC) scale, the AUSL has
a diminishing effect on the water yield of both cultivated land and sand land due to the more intense evapotranspiration from
cropland. This study can provide data and decision support for the ANS region for building the resource-economical and

environment-friendly society.

1. Introduction

Water resources not only play an indispensable and funda-
mental role in maintaining the normal functioning of eco-
systems but also play a vital role in supporting human
survival, social stability, and economic development [1-3].
However, the water crisis is becoming increasingly serious
in today’s society [4]. The increasing human demand for
water resources, both quantitatively and qualitatively, has
put unprecedented pressure on ecosystems to provide this
service [5, 6], especially in arid regions [7, 8]. The reasons
mainly come from two aspects: firstly, the urgent needs of
development in arid regions have increased the pressure on
water yield services; secondly, changes in the external envi-
ronment such as climate and land use have seriously affected
the stability of water yield services, which has formed a
vicious circle with the already fragile ecological environment

of the arid regions. Therefore, the study of the impact of
development on water yield is an important tool to guaran-
tee the sustainability of regional ecosystems and social sys-
tems, while safeguarding the right to the development in
arid areas.

In arid regions, food production tends to be low due to
constraints on soil and water resources, which has prompted
more land to be reclaimed and a corresponding increase in
water demand [9, 10]. In China, arid and semiarid areas
account for nearly half of the country’s land area [11], the
area of cultivated land in arid and semiarid zones accounts
for about 11.57% of the total area of cultivated land in the
country. The agro-pastoral ecotone, a transitional zone
where cultivated land and pastoral area intersect, has
become the priority region for agricultural development.
Thus, the treatment of sand land has also become a prereq-
uisite for the development of agriculture.
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Over the years, the paradigm of sand land management
has shifted from passive management to active utilization.
In the early stages, sand was mainly fixed by the methods
of engineering [12, 13], biological [14], and chemical [15].
Nowadays, the integrated use model of “soilization” of sand
land has become the main development direction, which
takes into account the economic development while protect-
ing the ecology. The essence of “soilization” is to improve
the nutrient and moisture conditions of sandy soils for culti-
vation purposes by adding chemical amendments [16, 17],
biological amendments [18], peat [19], processed plant resi-
dues [20], guest soil, or other natural raw materials [21] to
the sand. The management model of sand land comprehen-
sive utilization has been a useful exploration to curb the con-
tinuous reduction of cultivated land caused by urbanization
and to adhere to the red line of cultivated land protection.

The agro-pastoral ecotone in northern Shaanxi (ANS) is
a typical area of agro-pastoral ecotone in northern China.
The northwest of ANS is the Mu Us Desert, and the south-
east is the Loess Plateau. In addition, the entire area belongs
to the Yellow River Basin. At the same time, the area is the
focus of several national strategies or national policies, such
as the Western Development Policy, the Loess Plateau Com-
prehensive Management Plan, and the major national strat-
egy “Ecological Protection and High-Quality Development
in the Yellow River Basin.” In the last decade, urban expan-
sion due to the rapid economic and social development in
ANS has encroached on some agricultural land. Therefore,
the agricultural use of sand land (AUSL) has become an
effective way to alleviate the tight land resources and the
increasing food demand in the region. The “soilization” of
sand land has been proved feasible by many experts in the
form of pilot experiments [22-24].

However, in order to achieve the goal of sustainable
development, the development scale and the planting struc-
ture of AUSL in ANS are constrained by water resources.
Water resource carrying capacity [25] and the strictest
national water resource management system [26] are com-
monly used evaluation criteria for water resource con-
straints. Mathematical model optimization algorithms
[27-29], system theoretical models, and hydro-physical
models [30, 31] are appropriate tools for managing the scale
and the structure of agricultural development under water
constraints. In ANS, Liu et al. [32] have calculated the
appropriate scale of agricultural development by developing
the Water Resource Regulation-Allocation Coupling Model.
The method can be described as follows: the maximum
water quantity that can be used for agriculture in sand land
can be calculated according to the limit conditions of total
water resources, available water resources, available water
resources of hydraulic engineering, and the total control
index of the strictest national water resource management
system; then, based on this upper limit, the planting scale
and structure are optimized to maximize the benefits
through the rational allocation of water. Although this study
provides a reference threshold for the scale of AUSL in ANS,
it did not conduct further research on the regional water
yield service of LULC change from sand land to agricultural
land.
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As we all know, land use and land cover (LULC) change
is one of the most important factors affecting hydrological
processes. The water yield service is the most intuitive man-
ifestation of this impact. Many studies have used models
such as Hydrological Simulation Program Fortran (HSPEF),
MIKE SHE, TOPMODEL, Soil and Water Assessment Tool
(SWAT), Modflow, and Integrate Valuation of Ecosystem
Services and Tradeoffs Tool (InVEST) to quantitatively
assess and evaluate the impact of LULC change on water
yield. Among numerous models, the InVEST model, due
to the advantages of fewer model parameters, lower data
requirements, intuitive visualization of results, and high gen-
erality, has been widely used in the evaluation of ecosystem
services including water yield [33-36]. This provides a suit-
able tool for assessing the water yield service of AUSL in the
ANS.

Therefore, in this study, taking water yield as the repre-
sentative indicator, the changes of water yield service under
different development intensity scenarios of AUSL in ANS
region were simulated by the Annual Water Yield module
of the InVEST model. This study can provide a data refer-
ence for the impact of AUSL on the ecological environment
and the sustainable development of ANS.

2. Materials and Methods

2.1. Study Area. Geographically, ANS belongs to the transi-
tion zone from the Loess Plateau to the Mu Us Desert and
is an important part of the agro-pastoral ecotone in northern
China. It is adjacent to Gansu Province and Ningxia Prov-
ince in the south, connected to Inner Mongolia Autonomous
Region in the north, and bounded by the Yellow River with
Shanxi Province in the east. In terms of administrative divi-
sion, there are two ways to divide the scope of the ANS [32,
37, 38]. Combined with the AUSL, this study adopts the
division accepted by more scholars, which includes six
counties (or districts) in the northern part of Yulin City,
from west to east, namely, Dingbian, Jingbian, Hengshan,
Yuyang, Shenmu, and Fugu. The geographical coordinates
of the study area are between 36° 48’ and 39° 35’ N and
107° 14" and 111° 08" E, with a total area of 33,603.80 km?,
and the geographical location and administrative division
of ANS are shown in Figure 1.

2.2. Scenario Description. Based on relevant studies, the
upper limit of the development scale threshold for AUSL
in the ANS by compounding arsenic sandstone with sand
to form cultivated land can be described as follows: with
normal water supply from all planned water conservancy
projects, the sand land in the entire study area can be used
as cultivated land except for 3434.51 ha of sand land which
is not used in Yuyang [24, 32]. In this study, this threshold
was also adopted as the upper limit of AUSL. Furthermore,
the year 2020 was taken as the base year, and four scenarios
were set up according to the different scales of AUSL to ana-
lyze the water yield service of AUSL in ANS. Scenario 1 was
defined as the undeveloped mode, which is the base year of
2020. Scenario 2 was defined as 30% of the unused sand land
in each county or district in the base year being developed
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FIGURE 1: Location and elevation of the agro-pastoral ecotone of northern Shaanxi.

for cultivated land, that is, the low-intensity development
mode. Scenario 3 is the medium-intensity development
mode which can be described as 60% of the unused sand
land being developed as cultivated land. Scenario 4 is the
high-intensity development mode, that is, the development
scale of the sand land reaches the upper limit. Table 1 shows
the area of AUSL in different counties or districts under dif-
ferent scenarios.

2.3. Assessment of Water Yield. The annual water yield is
derived from simulations with the InVEST model (version
3.11.0, Workbench). The annual water yield assessment
module is based on the coupled hydrothermal equilibrium
hypothesis proposed by Budyko in 1974 [39] and the average
annual precipitation data for the work [34].

The water yield module of the InVEST model is based
on the water balance principle, where the actual evapo-
transpiration is subtracted from the precipitation of each
grid cell to obtain the amount of water produced by the
grid. Instead of making a distinction between surface
water, groundwater, and baseflow [40], the model assumes
that the produced water in each grid cell can be pooled
through each of these pathways. Thus, the model output
is the total and average amount of water produced in
the study area. Using the raster as the minimum calcula-
tion unit helps to distinguish the spatial heterogeneity of
the yield sink, such as land use type, soil type, precipita-
tion, and vegetation type. The model calculations are
based on the following principles:

B AET(x)
P(x)

} xP(x), (1)

TaBLE 1: The developed area of sand land under different scenarios.

Scenario 1 ~ Scenario 2 Scenario 3  Scenario 4
(ha) (ha) (ha) (ha)

Dingbian 0 13848.03 27696.06 46160.10
Jingbian 0 18362.21 36724.43 61207.38
Hengshan 0 12191.72 24383.43 40639.05
Yuyang 0 59882.54 119765.09  196173.97
Shenmu 0 23952.43 47904.86 79841.43
Fugu 0 330.99 661.99 1103.31
Total 0 128567.93  257135.85  425125.24

where Y(x) is the water yield of grid x (mm), AET(x) is
the actual annual evapotranspiration of grid x (mm), and
P(x) is the multiyear average precipitation of grid x
(mm). For vegetated LULC in InVEST model, The evapo-
transpiration component of the water balance is usually
associated with potential evapotranspiration (PET) [1],
the calculation method is as follows [41, 42]:

g (T

where PET(x) is the potential evapotranspiration on pixel
x and w(x) is a nonphysical empirical fitting parameter.
PET(x) can be calculated from the following equation:

PET(x) =K, (1,) - ETy(x), (3)
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FiGure 2: Classification LULC under different scenarios: (a) scenario 1; (b) scenario 2; (c) scenario 3; (d) scenario 4.

where K,(1,) indicates the plant evapotranspiration coeffi-
cient for a specific LULC type in raster cell x. ET,(x) is the
reference crop evapotranspiration, which is one of the
model’s input.

The w(x) is a nonphysical empirical fitting parameter
that characterizes the land surface properties including veg-
etation, climate, soil, and other factors. In InVEST model,
the value of w(x) is calculated following the approach of
empirical formula [43]:

where Z is an empirical constant that characterizes the pre-
cipitation pattern and hydrogeological features and is usu-
ally taken in the range of 1 to 30 [44]. AWC(x) indicates
the plant available water content (mm), which was influ-
enced by the soil texture and effective soil depth. It is the
total amount of water stored and provided by the soil during
plant growth, determined by the plant available water con-

tent (PAWC), and the minimum value of the maximum soil
root burial depth and the plant root depth, i.e.,

AWC(x) = Min(Layer.depth, Root.depth) x PAWC(x),
(5)

where Layer.depth and Root.depth represent the maximum
root burial depth of the soil and plant root depth,
respectively.

2.4. Data Sources. The Water Yield module of the InVEST
model requires multiple types of raster datasets and
parameters such as meteorology, vegetation, and geogra-
phy as inputs to run. Precipitation data were obtained by
kriging interpolation of monitored data from meteorologi-
cal stations in and around the study area using Arcgis
(10.4), which was obtained from the China Meteorological
Data Service Centre (CMDC, http://data.cma.cn/). The ref-
erence crop evapotranspiration (ET,) data was calculated
according to the Penman-Monteith formula, the only


http://data.cma.cn/

Geofluids

Water yield
(mm)

0 40 80 120 160 200 210 220 230 240 250 260 270 280 290 300 340 380 430

FiGure 3: Changes in the spatial distribution of water yield under different development and utilization intensities: (a) scenario 1; (b)

scenario 2; (c) scenario 3; (d) scenario 4..

method specified by the Food and Agriculture Organiza-
tion of the United Nations (FAO). The data required for
Penman-Monteith formula, such as temperature and radi-
ation, were obtained from the monitoring data of various
weather stations of CDMC (http://data.cma.cn/). Kriging
interpolation is performed on the calculated data for each
station to obtain the evapotranspiration raster data. Root
depth and PAWC were obtained from the Harmonized
World Soil Database (HSWD) provided by FAO. Land
use/land cover was derived from the Resource and Envi-
ronmental Science Data Center of the Chinese Academy
of Sciences (http://www.resdc.cn). The resolution of all
raster data was 30m * 30 m. Also, the projection coordi-
nate system of all raster and vector data was WGS_
1984 _UTM, and the geographic coordinate system was
GCS_WGS_1984.

3. Results and Discussion

3.1. LULC of Different Scenarios. According to the four sce-
nario settings, the land use of the base year was edited using
Arcgis10.4 software, and the land use corresponding to sce-

nario 2~scenario 4 was obtained. In this study, the land use
in the study area was divided into nine categories, which
were high-coverage grassland, medium-coverage grassland,
low-coverage grassland, forest, urban, rural, cultivated land,
sand land, and water, as shown in Figure 2. In 2020, the base
year, the area of sand land accounts for 12.75% of the total
area of ANS and is mainly distributed in Yulin, Shenmu,
and Jingbian of the study area. Yuyang District has the larg-
est area of sand land, accounting for 28.87% of the total area
of Yuyang District and 46.58% of the total area of sand land
in ANS. The area of sand land in Fugu is the least, account-
ing for 0.35% of Fugu area and 0.26% of the total area of
sand land.

3.2. Effect of AUSL on Water Yield

3.2.1. Variations in the Spatial Distribution of Water Yield.
There are significant differences in water yield for different
exploitation intensity scenarios, as shown in Figure 3. In
general, there is spatial heterogeneity in water yield in the
ANS region, showing a general pattern that the east is larger
than the west and the south is larger than the north. Fugu in
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TaBLE 2: Changes in water yield of cultivated and sand land under
different scenarios.
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TaBLE 3: Water yield of different types of LULC (excluding
cultivated and sand land).

Scenario 1  Scenario 2 Scenario 3  Scenario 4
LULC Water yield Water yield Water yield Water yield
(mm) (mm) (mm) (mm)
Cultivated ¢4 o5 261.11 259.01 256.04
land
Sand land 261.95 261.28 259.36 258.52

the northeast produces the largest amount of water, while
Dingbian in the southwest produces the least. The water
yield of each grid was within the range of Omm to
423.16 mm for all four scenarios. With the increase of devel-
opment intensity, the water yield in the study area gradually
decreases, and the corresponding water yields in the four
scenarios are 260.46 mm, 259.38 mm, 258.41 mm, and
257.02 mm, respectively. As can be seen from Figure 3, the
change in water yield distribution pattern in Yuyang and
Shenmu is more pronounced.

3.2.2. Variation of Water Yield under Different Development
Intensities. According to the principle of calculating water
yield by InVEST, this study only needs to discuss the var-
iation of water yield in sand and cultivated land. Table 2
shows the water yield of sand and cultivated land for the
four scenarios. It can be found that the water yield of both
sand and cultivated land is on a decreasing trend. For cul-
tivated land, the water yield shows a trend of decrease
because the additional cultivated land is converted from
sand land, which is often located in areas with low rainfall,
and also, the evapotranspiration coefficient of cultivated
land is greater. As a large amount of sand land is devel-
oped for cultivation, the priority development of sand land
is often the part of the land that is more suitable for pre-
cipitation and evaporation, which is the main reason for
the decrease of water yield in sand land.

Table 3 shows the water yield of other types of LULC.
This shows that water yield of urban is the largest, which
is consistent with the conclusion obtained from most stud-
ies that urbanization leads to an increase in runoff [45,
46]. Although evaporation is greater in urban, there is also
a trend towards more precipitation in urban, especially
extreme precipitation events, which can explain this phe-
nomenon well. Except for urban and waters, the remaining
seven types of LULC yielded water in the range of 200 mm
to 300 mm. The least water yield is the land covered by
forest land, due to the higher potential evapotranspiration
from the forest land [47]. Grasslands with high cover yield
more water, which is closely related to the distribution of
grassland: grassland with high cover is mostly located in
areas with high precipitation and low evapotranspiration.

3.2.3. Changes in Total Water Yield. Table 4 shows the data
for total water yield by county and for the ANS as a whole
for the four scenarios. In terms of total water yield in the
study area, the total water yield decreased by 0.44% when
the development intensity was low, 0.81% when the devel-
opment intensity was medium compared to the base year,

LULC Water yield (mm)
High-coverage grassland 29291
Medium-coverage grassland 27491
Low-coverage grassland 250.72
Forest land 211.18
Urban 325.60
Rural 290.11
Water 73.55

TaBLE 4: Changes in total water yield by administrative regions
under different scenarios.

Scenario 1  Scenario 2 Scenario 3  Scenario 4

(10° m?) (10° m?) (10° m?) (10° m?)
Dingbian 1562.98 1558.29 1555.20 1547.99
Jingbian 1317.58 1311.35 1306.13 1299.55
Hengshan  1218.47 1212.41 1210.73 1205.91
Yuyang 1750.88 1734.96 1718.62 1698.82
Shenmu 1971.42 1966.21 1959.97 1951.65
Fugu 933.49 932.99 932.94 932.79
Total 8754.82 8716.21 8683.59 8636.71

and 118.11 million m®> when the development intensity
reached its maximum, a decrease of 1.35% compared to
the base year. This is due to the fact that in the model,
the evaporation coefficient is higher for cultivated land
than for sand land, and the water yield decreases accord-
ingly, all else being equal.

Due to the less distribution of sand land in Fugu, the
use of sand land as cultivated land has little impact on
the total water yield in the region. So, the water yield is
relatively stable, and the total water yield only decreases
by 0.07% when the maximum development intensity is
reached. The proportional changes in total water yield cor-
responding to Yuyang in scenarios 2, 3, and 4 are 0.91%,
1.84%, and 2.97%, which are the most affected among all
county-level administrative regions. The reason is that
nearly half of ANS’s sand land is distributed in Yuyang.
The ranking of the impact of different development inten-
sities on each county was obtained according to the reduc-
tion in the total amount of water yield. The degree of
impact under low development intensity is Yuyang >
Hengshan > Jingbian > Dingbian > Shenmu > Fugu; the
degree of impact under medium development intensity is
Yuyang > Jingbian > Hengshan > Shenmu > Dingbian >
Fugu; the ranking under high development intensity is
Yuyang > Hengshan > Jingbian > Shenmu > Dingbian >
Fugu in order.

4. Conclusions

Water yield service is crucial for ecologically fragile arid and
semiarid areas, and changes in LULC can have an impact on
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water yield services. This study quantitatively assessed the
changes in water yield due to different development intensi-
ties of AUSL in ANS with the InVEST model using 2020 as
the base year.

In general, with the increase in the area of AUSL, the
water yield in ANS is on a downward trend, and the reduc-
tion of water yield under the maximum development inten-
sity is 1.35% compared to 2020, which has less impact on
regional water yield services. In terms of the spatial distribu-
tion pattern of water yield, since more than 40% of the sand
land is distributed in Yuyang, the water yield service of
Yuyang is the most affected, while Fugu is the least affected
administrative region. From the LULC perspective, AUSL
has a decreasing effect on the water yield of both cultivated
land and sand land. In summary, it can be seen that AUSL
in the ANS has a decreasing effect on regional water yield
services, but to a limited extent. The results imply that the
AUSL under the development intensity threshold is feasible
provided that the planned hydraulic project is operating
normally. This study can provide decision aid for the sus-
tainable development of the region.
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