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Dryland ecosystem services (ESs) have been severely harmed by global environmental
changes and increased human activities. To improve ESs, it is necessary to understand
how they interact in drylands. In this study, we selected Ordos dryland, which is situated in
northern China, as the study area to assess its four key ESs—food supply (FS), carbon
storage (CS), water yield (WY), and habitat quality (HQ)—and to identify the hotspots of
multiple ES supply. Furthermore, we studied the constraint effects between ESs in Ordos
in 2000, 2010, and 2020 and used a spatial trade-off model to map the trade-off and
synergy areas of ESs from 2000 to 2010 and from 2010 to 2020. The results indicated that
all four ESs in Ordos increased significantly over the study period. The hotspots for the
supply of multiple ESs also increased in areal extent during this period, and the state of the
regional ecological environment continued to improve. The constraint effect between ESs
showed that as the CS increased, its constraint effect on WY and FS decreased and then
increased, whereas its constraint effect on HQ only decreased; as the WY increased, its
constraint effect on HQ decreased and then increased, and its constraint effect on FS
continued to decrease; as the FS increased, its constraint effect on HQ continued to
increase. From the change in the area of ESs trade-offs and synergies, there was an
increase in the area of positive synergy for four pairs of ESs in Ordos, which were CS-WY,
CS-HQ, WY-HQ, and FS-HQ. These findings help in establishing a scientific foundation for
the management and optimization of ESs in drylands.
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1 INTRODUCTION

Drylands, which cover 41% of the global land area, are defined as places with an aridity index of less
than 0.65 (Fu et al., 2021). Approximately 38% of the world’s population depends on ESs from
drylands for their well-being and livelihoods, and 90% of these people belong to developing
countries, where they may have limited alternative resources (Lu et al., 2018). Dryland
ecosystem services (ESs) are vital for human well-being and sustainable global development
(Lafortezza and Chen, 2016; Huang et al., 2020). With global environmental changes and
intensified human activity, drylands and the ESs required by human societies are often at risk of
land degradation and natural disasters (Safriel and Adeel, 2008; Li J et al., 2020). Recognizing the
relationships between different ESs in drylands lays the groundwork for regional ES improvement.
This would enable humans to utilize a particular type of ES, while considering the impact on other
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ESs. Thus, an optimal balance could be found to maximize the
benefits of paired ESs while also ensuring a long-term supply of
ESs in drylands. Therefore, we studied the relationship between
ESs in drylands to provide a framework for improving people’s
lives and ensure the sustainable development of drylands.

Currently, there are two major categories of methods for
studying the interactions between ESs: spatial overlay analysis
and statistical analysis (Yu and Hao, 2020). Spatial overlay
analysis studies the spatial consistency of possible relationships
between different ESs (Qiu et al., 2018). Deng et al. (2021), for
example, used spatial overlay analysis to identify the spatial
distribution of ESs’ relationships in the Xiangjiang River Basin,
China, and found that synergistic interactions spatially
dominated the ESs in the region. Spatial overlay analysis was
realized using the GIS spatial display method, which is easy to
operate and visualize. However, it is difficult to obtain
quantitative relationships between the ESs.

Statistical analysis methods include correlation analysis, root
mean square deviation (RMSD), and rose diagrams (Estoque
et al., 2017; Yu and Hao, 2020). Correlation analysis, including
Pearson’s and Spearman’s correlation analyses, is a widely used
method for exploring relationships between different ESs.
Scholars often define a relationship between two ESs with a
positive correlation coefficient as a synergistic relationship,
whereas the one with a negative correlation coefficient is
referred to as a trade-off relationship (Bennett and Balvanera,
2007). Correlation analysis simplifies the relationships between
ESs and exhibits a linear relationship. However, in many cases,
the relationship between ESs is not a simple linear relationship
but a nonlinear relationship caused by the combined action of
multiple factors (Hao et al., 2017; Shen et al., 2020; Liu et al.,
2021). When numerous datapoints are used, the scatter points’
distribution resembles clouds, and traditional correlation analysis
methods cannot clarify these interactions between ESs. More
recently, the constraint line method has proven to be suitable for
identifying and studying nonlinear relationships between
different ESs (Hao et al., 2017; Jiang et al., 2018; Hao et al.,
2019; Qiao et al., 2019). The constraint line method, as opposed to
the traditional correlation analysis method, more clearly reveals
the relationship between the limiting and response variables in
complex ecosystems under the combined effect of multiple
factors, which provides a new way of studying the interaction
process between different ESs (Liu and Wu, 2021).

Ordos City, located in a typical and representative dryland
area in China, has an arid climate, low vegetation coverage, a
vulnerable ecosystem, and poor resistance to external
intervention (Zhao et al., 2017). Ordos City possesses the
hinterland of Mu Us Sandy land, one of China’s most severely
degraded land regions (Wu et al., 2015). Since the 1950s, the local
government has worked to restore the degraded land and support
ESs (Wang et al., 2022). Scholars conducted research on Ordos
and found that the desertification process has obvious negative
impacts on ESs, while ecological restoration practices such as
aerial seeding help in improving regional ESs (Liu et al., 2018;
Zhang et al., 2018; Zhou et al., 2020). These studies are essential
for understanding ESs in Ordos. However, the relationships
between ESs are mainly based on the correlation analysis

method. The spatial patterns of the trade-offs and synergies of
the ESs have also not been studied adequately.

Therefore, we analyzed the constraint effects between paired
ESs and explored the geographical distribution and dynamic
changes of trade-offs/synergistic relationships between paired
ESs, so as to have a more comprehensive understanding of
Ordos ESs. The main purpose of this study was to quantify
the spatial and temporal patterns of key ESs [i.e., food supply (FS),
carbon storage (CS), water yield (WY), and habitat quality (HQ)]
in Ordos and to use the constraint line method to study the
constraint effects between paired ESs, and to use a spatial overlay
analysis method to study the spatial distribution of trade-offs and
synergistic relationships between ESs. We focused on the
following three issues: 1) how did the key regional ESs change
in space and time from 2000 to 2020? 2) What are the constraint
effects between key regional ESs? 3) How are the trade-offs and
synergistic relationships between key regional ESs distributed
spatially? The results of this study have great significance for the
sustainable development and management of dryland ESs.

2 METHODS

2.1 Study Area
Ordos City (37°35′-40°51N, 106°42′-111°27E) is situated in the
southwestern part of Inner Mongolia Autonomous Region,
China, and covers an area of 86,700 km2 (Figure 1). Ordos
has a high altitude in the northwest and slopes down in the
southeast, with the Yellow River alluvial plain region located to
the north, a hill and gully region to the east, an undulating plateau
region in the west, the Hobq Desert in the center, and Mu Us
Sandy Land in the south. The climate in the region is temperate
continental with the mean annual precipitation in the range of
300–400 mm, the mean annual temperature being 5.3–8.7°C, and
an aridity index of 0.2–0.3 (Wu et al., 2017). The region is located
in a transitional area from semi-arid to arid, from the wind-sand
plateau to the Loess Plateau, and in the farming-pastoral region
(Dong et al., 2019).

In 2020, the GDP of Ordos was RMB 353.37 billion (US$
52.95 billion), accounting for one-fifth of that of the Inner
Mongolia Autonomous Region, China, and 80% of which came
from coal mining (Dong et al., 2019). The GDP per capita was
RMB 164,100 (US$ 24,582.18), which is the highest in the Inner
Mongolia Autonomous Region, China. With rapid economic
development, wind erosion and increased land desertification
have severely affected Ordos due to the dry environment and
the destruction of land cover by resource exploitation. Land
desertification, sandstorms, soil erosion, pasture degradation,
and resource exploitation have rendered the region’s ecosystem
very vulnerable. Therefore, the local government has implemented
ecological restoration measures, such as grazing prohibition, the
Natural Forest Protection Program, the Three-North Shelter Forest
Program, and the establishment of ecological natural restoration
areas (Zhao et al., 2017). At present, a more mature sandy land and
desert control model has been developed, and a historical
transformation of desertification from severe deterioration to
overall containment has been achieved (Zhao et al., 2022).
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2.2 Data
Using the Global Land 30 data product (http://www.
globallandcover.com), we obtained land use/cover data for the
years 2000, 2010, and 2020. This data product was created using
mostly 30-m multispectral images from Landsat (United States)
and HJ-1 (China) with a total accuracy of 85.72%, a kappa
coefficient of 0.82 (Chen et al., 2015). It included ten land use/
cover classes. To facilitate the assessment of ESs, we combined
land cover types into six categories: cropland, woodland,
grassland, water area, built-up land, and unused land
(Figure 2). The yearly precipitation and potential
evapotranspiration datasets were all from the National Earth
System Science Data Center (http://www.geodata.cn), with a
unit of 0.1 mm and a spatial resolution of 0.0083333°. Soil
data was obtained from the Harmonized World Soil Database
version 1.2 (https://www.fao.org/home/en/). The database
contains data on soil type and root depth on a scale of 1:
1,000,000 (Wieder et al., 2014). NDVI data were derived from

China’s 1-km resolution yearly NDVI spatial distribution dataset
(https://www.resdc.cn/). The yearly dataset was produced based
on the monthly data at a SPOT/VEGETATION PROBA-V
resolution of 1 km (http://www.vito-eodata.be). The data on
administrative boundaries, roads, and rivers in the study area
were at a scale of 1:1,000,000, and was provided by the National
Geomatics Center of China (http://www.ngcc.cn/ngcc/). The
socio-economic statistics data were obtained from the
“Statistical Bulletin of National Economic and Social
Development of Ordos City” and the “Statistical Yearbook of
Ordos City.” The geographic data were unified to a spatial
resolution of 30 m for this study.

2.3 Quantification of ESs
Based on the natural conditions and socio-economic
characteristics of the region, and previous studies related to ES
assessment, we selected four ESs for assessment that were closely
related to human well-being in the region (Jia et al., 2014; Wu

FIGURE 1 | Location of the study area.

FIGURE 2 | Land use/cover distribution in Ordos (A) 2000 (B) 2010 (C) 2020.
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et al., 2017; Lan et al., 2021). Specifically, these included FS, CS,
WY, and HQ.

We spatially allocated the statistical data in the cells of a 30 ×
30 m grid to assess the FS capacity of the region. Grain and meat
production were allocated to cropland and grassland,
respectively, according to NDVI (Li et al., 2012; Wu et al.,
2017). The equation used is as follows:

Fi � NDVIi
NDVIsum

× Fsum, (1)

where Fi is the FS yield (grain or meat production) of grid cell i;
Fsum represents the total amount of grain or pigs, cattle, and sheep
produced in the study area;NDVIi represents theNDVI value of
grid cell i; and NDVIsum is the sum of NDVI of the cropland or
grassland.

We used the Integrated Valuation of Ecosystem Services and
Tradeoffs (InVEST) model to assess the CS, WY, and HQ. The
InVEST model theoretically considers the intrinsic ESs’
mechanisms and is currently a widely used tool for simulating
ESs’ supply (Tallis et al., 2013). To assess CS, we obtained the
carbon density data of different carbon pools from related studies
(Liang et al., 2017; Zhao et al., 2019; Li et al., 2021b). Because
precipitation significantly affects biomass and soil carbon density
(Alam et al., 2013), we made corrections for biomass and soil
carbon density based on precipitation. The equations were as
follows:

CBP � 6.789 × e0.0054×MAP (R2 � 0.70) , (2)
CSP � 3.3968 × MAP + 3996.1(R2 � 0.11), (3)

KBP � CBP1

CBP2
, (4)

KSP � CSP1

CSP2
, (5)

whereMAP is the mean annual precipitation (mm); CBP and CSP

are the aboveground biomass carbon density and soil carbon
density, respectively, calculated based on precipitation (Mg/ha);
CBP1 and CSP1 are the aboveground biomass carbon density and
soil carbon density of Ordos City, respectively, calculated based
on precipitation; CBP2 and CSP2 are the aboveground biomass
density and soil carbon density in China, respectively, calculated
based on precipitation; KBP and KSP are the correction
coefficients of precipitation factors for aboveground biomass
carbon density and soil carbon density, respectively. The
corrected carbon density tables are shown in Supplementary
Tables S1–S3.

The WY module in the InVEST model could be expressed as
follows:

Y(x) � [1 − AET(x)
P(x) ] × P(x), (6)

whereY(x),AET(x), and P(x) are the annualWY (mm), annual
actual evaporation (mm), and annual precipitation (mm) of the
grid cell x, respectively.

The assessment of HQ should establish threat sources
according to the characteristics of the study area. Ordos City

is seriously threatened by desertification. Meanwhile, the growth
of built-up land will have a detrimental effect on the natural
environment (Liu et al., 2021; Peng et al., 2022), and expanding
croplands, which are semi-artificial environments, will also pose a
threat to the ecosystem (Yang, 2021). Based on this, we set
cropland, built-up land, and sandy land as threat sources. The
principle of the HQ module in the InVEST model is as follows:

Qxj � Hj
⎡⎢⎢⎣1 −⎛⎝ Dz

xj

Dz
xj + kz

⎞⎠⎤⎥⎥⎦, (7)

where Qxj andDxj are the HQ and habitat degradation degree of
grid cell x in the j th habitat type, respectively; Hj is HQ
suitability; z and k are the scaling parameters. The parameters
required for the model were determined by combining the
InVEST User’s Guide, regional realities, and relevant studies
(Dai et al., 2019; Yang, 2021). Further details are available in
Supplementary Tables S4, S5.

2.4 Identification of Hotspots With Multiple
ESs’ Supply
To quantify the regional ESs’ supply capacity, we considered areas
where FS, CS, WY, and HQ exceeded their annual averages as
representative of hotspots for that type of ES supply (Wu et al.,
2017). Category 0 represents non-hotspot areas (i.e., areas where
all four ESs are below their own average for the year). Category I,
II, and III service hotspots represent areas with one, two, and
three ESs exceeding their average for the year, respectively. We
used ArcGIS 10.2 for the spatial mapping of multiple ES supply
hotspots.

2.5 Quantification of the Relationships
Between ESs
2.5.1 Quantification of Constraint Effects Between
Paired ESs
Different types of ESs have different physical quantities at the
same location within a region. The physical quantity of one ES
was used as the horizontal coordinate, and the physical quantity
of the other ES was used as the vertical coordinate to obtain a
scatter cloud in a two-dimensional coordinate department.
Traditional regression and correlation analyses do not
adequately explain the scatter in terms of ecological
mechanisms and are not applicable to a study of the
relationship between two variables that are distributed in such
a scattered cloud. However, in a complex ecosystem with multiple
factors acting together, the constraint line can indicate the
limiting effect of the limiting variable on the response variable
such that the response variable does not exceed a certain range
(Webb, 1972). Therefore, we used the constraint line method to
investigate the constraint effects between FS, CS, WY, and HQ in
Ordos City for 2000, 2010, and 2020. Constraint lines were
extracted in four ways: the parametric, scatter cloud grid,
quantile regression, and quantile segmentation methods (Hao
et al., 2016). The quantile segmentation method has a stronger
statistical basis compared to the other three (Mills et al., 2009).
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Therefore, we utilized quantile segmentation to obtain the
constraint lines. We first drew a scatter plot between two ESs,
divided the x-axis into 100 groups equally according to their
range of values, selected the 99% quantile of each group as the
boundary points, and finally fit the extracted boundary points to
obtain the constraint line. Combining previous research (Hao
et al., 2017) and the results of this study, we categorized the
common types of constraint effects between paired ESs into the
following six types: hump-shaped, U-shaped, positive linear,
negative linear, positive convex, and negative convex (Figure 3).

2.5.2 Identification of Trade-off and Synergy Regions
for ESs
The spatial trade-off model was used to analyze the spatial
distribution of trade-offs and synergistic relationships among
FS, CS, WY, and HQ in Ordos City from 2000 to 2010 and from
2010 to 2020. We calculated the difference in physical
quantities of a certain ES between the start and end years at
the same location. Based on the changes in the two different
types of ESs at the same location, we determined the trade-off
and synergy between the two at the location. The formula used
is as follows:

D � ΔES1
ΔES2

, (8)

where ΔES1 represents the change in ES1 during a period, ΔES2
represents the change in ES2 during the same period, andD is the
judgment coefficient; D < 0 represents a trade-off relationship
between ES1 and ES2; D = 0 or D does not exist represents an
uncorrelated relationship between ES1 and ES2; D > 0 represents
a synergistic relationship between ES1 and ES2. When D > 0,
ΔES1 and ΔES2 > 0, the relationship between ES1 and ES2 is a
positive synergistic relationship (both increase simultaneously);
when D > 0, ΔES1 and ΔES2 < 0, the relationship between ES1
and ES2 is a negative synergistic relationship (both decrease
simultaneously).

3 RESULTS

3.1 Spatiotemporal Patterns of
Regional ESs
The ESs in Ordos showed obvious spatial heterogeneity, and all
four ESs demonstrated an upward trend from 2000–2020
(Figure 4; Table 1). FS showed a spatial distribution pattern
in which Ejin Horo, Jungar, and Dalad Banner were higher, and
the rest of the regions were relatively lower, with the average FS in
Ordos increasing by 171.97%. FS in Otog Front Banner increased
the most, by 363.07%. CS showed a spatial distribution pattern in
which the Hobq Desert and the Mu Us Sandy Land were lower,
while the rest of the regions were relatively higher. The average CS
in Ordos increased by 6.64% and that in Hanggin Banner
increased the most, by 14.66%. WY had a progressive rise
from west to east in terms of spatial distribution. The average
WY in Ordos increased by 100.19% and that in Otog Banner
increased the most, by 116.50%. The spatial distribution pattern
of HQ was similar to that of CS. In the Hobq Desert and the Mu
Us Sandy Land, both of them have many low values, but the
difference was that HQ also had many low values around
Dongsheng District, the main urban area. The average HQ in
Ordos increased by 3.42% and that in Hanggin Banner increased
the most, by 15.31%.

3.2 Spatiotemporal Patterns of Multiple ES
Supply Hotspots
Among the multiple ES supply hotspots in Ordos, the area of
Category II service hotspot was the largest, followed by Category
III and Category I (Table 2). Category II service hotspots
accounted for approximately half of the total land area in
Ordos, which were mainly located in Otog Front and Otog
Banner. Some of these categories in Otog Banner were
transformed into Category III service hotspots, so the area of
Category II service hotspots showed an overall downward trend

FIGURE 3 | Types of constraint lines between ESs. (A) Hump-shaped curve; (B)U-shaped curve; (C) positive linear line; (D) negative linear line; (E) positive convex
curve; (F) negative convex curve. (Modified from Lester et al., 2013; Hao et al., 2017).
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from 2000 to 2010 and remained approximately unchanged from
2010 to 2020. Category III service hotspots was increasing
continuously from 2000 to 2020, which were mostly found in
the east of Ordos (Figure 5). Category I service hotspots had also
been increasing continuously from 2000 to 2020, mainly located
in the northeast of Hanggin Banner, and its land use/cover type
was grassland near the edge of the Hobq Desert. The area of non-

FIGURE 4 | Spatial Distribution of ESs in Ordos (A) 2000 (B) 2010 (C) 2020.

TABLE 1 | Change in average ESs of Ordos from 2000 to 2020.

Year/Type of ES Food supply (kg/ha) Carbon storage (Mg/ha) Water yield (mm) Habitat quality

2000 110.63 14.28 105.92 0.41
2010 218.12 14.65 167.29 0.42
2020 300.89 15.23 212.05 0.42

TABLE 2 | Area proportion of each hotspot category in 2000, 2010, and 2020 (%).

Type of hotspot/year 2000 2010 2020

Category 0 (Non-hotspots) 9.43 8.82 7.33
Category I 16.39 17.71 18.13
Category II 45.74 42.28 42.86
Category III 28.43 31.20 31.67
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FIGURE 5 | Hotspots of multiple ES supply in Ordos (A) 2000 (B) 2010 (C) 2020.

FIGURE 6 | Constraint effects between paired ESs in Ordos (A) 2000 (B) 2010 (C) 2020.
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hotspots decreased continuously from 2000 to 2020, and most of
them were found in the northwestern portion of the Hanggin
Banner.

3.3 Constraint Effects Between Paired ESs
The constraint effects between paired ESs in Ordos were
mainly expressed as positive convex, positive linear, hump-
shaped, or U-shaped (Figure 6). The constraint effect of CS on
HQ was positive convex and similar over the 3 years. With an
increase in CS, the constraint effect on HQ gradually
decreased, and HQ gradually increased. The constraint
effect of WY on FS was positive linear. With an increase in
WY, the constraint effect on FS gradually decreased, and FS
gradually increased.

The constraint effects of CS onWY and FS were hump-shaped
and exhibited significant peaks. With an increase in CS, its
constraint effect on WY and FS first decreased and then
increased. The constraining effect of CS on WY and FS
gradually decreased as the CS increased, until the CS exceeded
thresholds, and the constraint effect on WY and FS gradually
increased with the increase in CS. The constraint effect of WY on
HQ was also hump-shaped but with relatively small ups and
downs. With the increase in WY, its constraint effect on HQ first
decreased and then increased; when WY did not exceed
thresholds, its constraining effect on HQ gradually decreased
as WY increased, and when WY exceeded thresholds, its
constraint effect on HQ gradually increased with the increase
in WY.

FIGURE 7 | Spatial distribution of ES trade-offs and synergies in Ordos from 2000 to 2020.
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The constraint effect of FS on HQ was hump-shaped in
2000 and U-shaped in 2010 and 2020. Notably, the peaks of
both the hump and U-shaped curves were insignificant and
showed a significant downward trend overall. With an
increase in FS, the constraint effect on HQ gradually
increased, and HQ gradually decreased. The constraint effect
of FS on HQ increased at the fastest rate in 2020.

3.4 Spatial Distribution of ES Trade-offs and
Synergies in Different Periods
The relationship between CS and WY was mainly positive
synergy from 2000 to 2010 (Figure 7), and the area of
positive synergy covered 91.29% of Ordos; the area of
positive synergy continued to expand from 2010 to 2020, and
its area proportion reached 98.69%. The relationship between
CS and FS was mainly positive synergy from 2000 to 2010, and
the area proportion of positive synergy was 73.47%. The
relationship between CS and FS in 2010–2020 was mainly
expressed as a trade-off, with a trade-off area proportion of
64.27%, and the main land use/cover type of both trade-off and
synergy areas was grassland. The area of the uncorrelated
relationship between CS and HQ covered more than 80% of
Ordos from 2000 to 2010, and the area of positive synergy
accounted for 6.01%, mainly distributed in Hanggin Banner,
which increased significantly from 2010 to 2020, with an area
proportion of 46.64%. The increased areas were mainly
distributed in Jungar, Otog, Ejin Horo, and Otog Front
Banner, and the land use/cover type was primarily grassland.

The relationship between WY and FS was mainly a positive
synergy in 2000–2010 and a trade-off in 2010–2020. The
relationship and changes between CS and FS were similar to
those betweenWY and FS. From 2000 to 2010, the areas of trade-
off, negative synergy, and positive synergy between FS and HQ
accounted for 22.33, 10.45, and 6.15% of the total area in Ordos,
respectively. From 2010 to 2020, the areas of trade-off and
negative synergy decreased to 7.95 and 0.85%, respectively,
and the area of positive synergy increased significantly to
24.86%, which was primarily concentrated in the area within
Hanggin Banner, where unused land was converted to grassland.

From 2000 to 2010, the area of positive synergy between WY
and HQ covered 22.18% of Ordos, mostly concentrated in the
eastern part of Jungar and Hanggin Banner, and the area of trade-
offs covered 5.42% of Ordos, mostly concentrated in the eastern
part of Uxin Banner. From 2010 to 2020, the area proportion of
positive synergy and trade-off increased to 24.00 and 14.73%,
respectively. The positive synergy area was mainly at the edge of
the Mu Us Sandy Land and Hobq Desert, and the trade-off area
was mainly distributed around the urban area, with Dongsheng
District as the core.

4 DISCUSSION

4.1 How did ESs Change in Ordos?
All the four ESs in Ordos showed a general increase in the
past 20 years. As a typical example of the drylands, one of the

most serious environmental problems in Ordos is
desertification, which is also the main threat to the
regional ESs (Fang et al., 2022). However, many research
studies have found that there is a reversal trend of
desertification in Ordos, especially due to the large scales
of ecological restoration in the past several decades (Guo
et al., 2017; Liu et al., 2020). We will then discuss the specific
drivers of the improvements of four ESs.

The FS in our study included grain supply and meat supply.
The increase in grain supply may be related to the promotion
of improved varieties, the improvement of farming
techniques, and the improvement of soil nutrients (Chen
et al., 2020). For meat production, more than 80% was
contributed by beef and lamb production. The increase in
meat production was the combined effect of the optimization
of livestock structure, the introduction of superior breeds,
and the popularization of new technologies (Miao et al.,
2018).

The spatial distribution of CS is primarily determined by the
land use/cover type distribution (Li et al., 2022), and is lower in
sandy land and desert areas. In the process of ecological
restoration, the areas of sandy land and desert were converted
into grassland. In addition, regional precipitation has increased
continuously, and there are positive correlations between
precipitation and biomass carbon and soil carbon densities
(Alam et al., 2013). Therefore, under the combined effect of
land use/cover change and climate change, the CS in Uxin and
Hanggin Banner, where Mu Us Sandy Land and Hobq Desert are
located, increased by 5.66 and 14.65%, respectively, from
2000 to 2020.

The distribution pattern of WY was mainly determined by
the uneven distribution of precipitation and land cover in
Ordos. From 2000 to 2020, the increasing WY of Ordos could
be explained by these two factors. There were large areas of
grasslands restored from bare sandy lands and desert in
Ordos. Zhang et al. (2022) found that in grassland areas,
WY tended to increase with increasing vegetation coverage.
This is a reason for the increase in WY. In addition, according
to the metrological data of Ordos, we found that the
precipitation showed an overall increasing trend from
2000 to 2020, with fluctuations in the process. Therefore,
changes in precipitation are another reason for the increase
in WY.

The enhancement of HQ, especially in Uxin and Hanggin
Banner, was mainly related to the implementation of ecological
restoration measures. With the implementation of various
measures to prevent and control desertification, the total area
of desert and sandy land in Ordos has decreased by 24.34%
during the study period, and their threat to the surrounding
habitats has also decreased.

With the increase of ESs in Ordos, we found that the area of
Category III service hotspots has continued to grow, with most
of the new areas concentrated in Uxin and Jungar Banner. The
primary factor contributing to growth was the expansion of
woodlands, which play an essential role in ESs supply (Marengo
et al., 2018; Li et al., 2021b). The woodland areas of Uxin and
Jungar Banner increased by 175.01 and 12.11%, respectively,
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between 2000 and 2020. Coupled with the control of the Mu Us
Sandy Land, the ecological environment has been continuously
improved, so Uxin and Jungar Banner have provided more types
of ESs, which is consistent with previous findings that vegetation
in the Mu Us Sandy Land (partly located in Uxin Banner)
continued to recover, and the ESs generally increased (Zhao
et al., 2022). The Category I service hotspot region was mostly
concentrated in grassland along the edge of the Hobq Desert,
and its area continued to decline from 2000 to 2010. This was
consistent with the shrinking trend of the edge of the Hobq
Desert with the ecological construction.

4.2 How did the ESs Affect Each Other?
A constraint relationship means that the limiting variable
constrains the response variable to a certain range (Webb,
1972). The assumption of constraint line analysis is that in a
multivariate system, the independent variable is the only active
limiting factor, regardless of the influence of other variables.
The aim of constraint analysis was to determine the maximum
or minimum response, not the average response as in
regression analysis (Cade and Noon, 2003). There are
several types of constraint curves between ESs (Figure 3),
and it is worth noting that some of the constraint curves may
have thresholds (e.g., hump-shaped curve and U-shaped
curve). The existence of a threshold implies a change in the
direction of the synergy/trade-off between paired ESs. On the
two sides of the threshold, the ecosystem structure, function,
and services exhibit differences, and driven by climate change
and/or irrational human activities, the ecosystems could be
pushed from one side of the threshold to the other
(Bestelmeyer et al., 2013).

The process of constraining ESs is complex and results from
the combined effects of climate, vegetation, hydrology, and
anthropogenic factors (Feng et al., 2021; Wang et al., 2022). In
Ordos, land use type and vegetation coverage were closely
related to the constraint effect between paired ESs. For CS and
WY, a previous study found that when the grassland was in
relatively low coverage, WY would increase with the growth of
the coverage (Zhang et al., 2022). But in woodlands, vegetation
transpiration and precipitation interception increase with the
growth of vegetation coverage, which can lead to a decrease in
WY (Feng et al., 2016). In addition, studies also showed that
the CS would increase as the vegetation coverage grows (Lan
et al., 2021). Therefore, the constraint effect of CS on WY
showed a decreasing synergy in grassland, and when CS
reached a threshold (i.e., transition from grassland to
woodland), that gradually changed to an increasing trade-
off. This is consistent with previous studies, such as a study
by Jia et al. (2014) which found that WY gradually decreased
with increasing CS in northern Shaanxi Province after the CS
reached a threshold. The constraint effect of CS on FS was
similar to its effect on WY. The FS of grassland was often
higher than woodland (He et al., 2020). But the CS of woodland
is higher. Therefore, after the CS reached the threshold, FS
decreased as CS increased. For CS and HQ, the threat source of
habitat (human-induced) will decrease with the recovery of
vegetation, leading to a growth in HQ.

From the change in the area of ES trade-offs and synergies,
there was an increase in the area of positive synergy for four pairs
of ESs in Ordos, which were CS-WY, CS-HQ, WY-HQ, and FS-
HQ (Figure 7). According to the aforementioned discussion, the
restoration of vegetation in Ordos led to an increase in CS, WY,
and HQ. Therefore, the area of positive synergy between the
former three pairs was increasing. Some studies concluded for
other regions that grain supply and HQ are trade-offs (Li Z et al.,
2020; Zhang et al., 2020). In this study, FS includes both grain and
meat production. Grain production by cropland reduced HQ, so
FS and HQ are trade-offs in cropland areas (Li Z et al., 2020). But
for the meat production by grassland, its increase was mainly
caused by forage production increases, resulting from the
ecological construction on sandy land and desert. This could
reduce the threat to the surrounding habitat and improve HQ.
Thus, FS and HQ are positively synergistic in ecologically
restored grassland areas (Li et al., 2017).

4.3 Implications for Ecosystem
Management
The results of this study can help to develop reasonable protection
measures for ESs. First, we found that when CS exceeds a
threshold value, its constraint effect on WY and FS will
increase, which will cause the decline of both. Therefore, we
should pay attention to the threshold in ecosystem management.
Second, HQ and CS are affected by land use/cover distribution.
Therefore, we suggest further controlling the sandy land and
desert within Hanggin and Uxin Banner and returning the
cropland located in unsuitable conditions to ecological land so
as to improve regional CS and HQ. Third, vegetation restoration
in grasslands was an important driver of improvement in ESs.
Therefore, the restoration of grassland vegetation should be
further strengthened in the future to achieve a better state of
ESs. These findings may help to avoid unnecessary trade-off risks
between ESs and aid the design of more environmentally-friendly
management policies to improve ESs in Ordos and other
drylands.

4.4 Limitations and Future Directions
There are a few limitations to this study that need to be
addressed in the future. First, we selected four key ESs based
on their ES importance and evaluation reliability. There were
still limitations to quantify these ESs. For example, we allocated
the statistical data onmeat production according to NDVI in the
space with relative research, but did not distinguish that from
captive- or free-range livestock due to data limitations. Second,
ESs such as wind erosion control service and cultural services
were not evaluated due to the lack of long-term measurement
data and surveys. Existing studies have mainly used the wind
erosion model, such as the revised wind erosion equation, for
the assessment of wind erosion control service and found that
the FS and CS increased with the wind erosion modulus decline
(Zhao et al., 2017). The assessment of cultural services is mostly
evaluated based on a questionnaire (Cheng et al., 2019; Meng
et al., 2020). Trade-offs between cultural services and
provisioning services could also be detected (Turner et al.,
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2014). This is also a direction we will strengthen in future
studies.

5 CONCLUSION

The ESs in Ordos City increased significantly from 2000 to 2020. In
the eastern region, there aremultiple hotspots of ES supply; the area
of hotspots increased, and the regional ecological environment
improved. Government-funded ecological restoration projects
have contributed to the local revegetation and improvement of
ESs. The constraint effect between ESs showed that as the CS
increased, its constraint effect on WY and FS decreased and then
increased, and its constraint effect on HQ continued to decrease. As
the WY increased, its constraint effect on HQ decreased and then
increased, and its constraint effect on FS continued to decrease; and
as the FS increased, its constraint effect on HQ continued to
increase. In terms of the regions where the trade-offs and
synergies are distributed, four pairs of ESs develop toward
positive synergies in Ordos: CS-WY, CS-HQ, FS-HQ, andWY-HQ.
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