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Abstract: As an important grain production base and ecological barrier zone in China, Ulansuhai
Basin provides a variety of important ecosystem services and ensures human well-being, and it is
essential to maintain the sustainable development of the regional ecology—economy-society. There-
fore, in order to explore the trade-offs and synergies between ecosystem services in Ulansuhai
Basin, we first evaluated the spatio-temporal characteristics of five ecosystem services in 2000,
2005, 2010, 2015, and 2018 based on the InVEST model, including soil conservation, carbon storage,
water production, water purification, and food supply. We then further analyzed the trade-offs and
synergies of ecosystem services in Ulansuhai Basin and in different functional areas through using
the Spearman correlation coefficient. The results show that different ecosystem services had obvious
regional differences due to different land-use types in Ulansuhai Basin. Soil conservation, carbon
storage, and water production were higher in the eastern region and lower in the central and western
regions, while water purification and food supply were higher in the central region and lower in
the eastern and western regions. Ecosystem services showed an overall increasing trend from 2000
to 2018. Moreover, trade-off was the dominant relationship between different ecosystem services,
and trade-offs and synergies showed strengthening trends to a certain extent. The trade-offs and
synergies of ecosystem services in different functional areas were obviously different. Our study
aimed to clarify the trade-offs and synergies between ecosystem services and to propose ecological
protection and management countermeasures and suggestions, which can provide decision-making
reference for regional ecological protection and management.

Keywords: ecosystem services; INVEST model; trade-offs; synergies; basin management

1. Introduction

Ecosystem services (ESs) are the natural environmental conditions and effects formed
and maintained by ecosystems and ecological processes, as well as the benefits directly or in-
directly derived from the ecosystem, upon which humans and other organisms depend [1].
As the link and bridge between ecosystems and social systems [2,3], ecosystem services
are closely related to human wellbeing [4,5]. However, with the intensification of global
climate change and increasing human activities, regional ecosystem service functions have
undergone significant changes, affecting the sustainable development of regional ecology,
economy, and society [6,7]. Especially, when human disturbance exceeds the tolerance of
the ecosystem, the stability of the ecosystem structure can be destroyed, leading to ecologi-
cal and environmental problems such as habitat fragmentation and ecosystem function
degradation [8]. Therefore, the study of ecosystem service evaluation and its trade-offs and
synergies have become the focus of many scholars.

However, related research has mostly focused on the spatial interaction of ecosys-
tem services and their manifestations [9,10]. The types of ecosystem services are diverse,
and all types of ecosystem services are interrelated, which often reflects in their synergistic
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and trade-offs relationships [11]. There are various types of ecosystem services, and the
relationships between various services are mainly trade-offs, synergy, and irrelevance [12].
The geography and ecology theories are mainly used to conduct qualitative analysis of
the synergistic and trade-offs relationships of ecosystem services in the current research;
there are few studies on the quantification of the benefits of ecosystem services [13,14].
The research methods commonly adopted by scholars at home and abroad mainly include
statistical description [15], spatial mapping, scenario simulation, and model quantifica-
tion [16-18]. Jointly developed by Stanford University and other institutions, the InVEST
model is relatively mature, so it is widely used now. The InVEST model realizes the
integration and trade-offs analysis of multiple ecosystem services by predicting changes
in ecosystem services under different land use scenarios [19]. Fu et al. [20] explored the
trade-offs relationship of ecosystem services and the method of regional integration, and
they analyzed the relationship between land use change and ecosystem services. Tolessa
et al. explored the impact of land use and land cover changes on ecosystem services in the
central highlands of Ethiopia from 1973 to 2015 [21]. Li et al. [22] quantified the long-term
effects of large-scale afforestation on soil erosion and sandstorm prevention in semiarid
areas of China.

Different researchers have achieved certain results in the study of the trade-offs and
synergies of ecosystem services [23]. The general method is to analyze the relationship
between different services by evaluating them and by subsequently putting forward
suggestions to solve the main problems in the study area [24]. In recent years, the research
on synergistic and trade-offs relationships have been mostly based on quantitative analysis,
but they have lacked analysis of the long-term dynamic trend of their relationship with
ecological services. There is also a lack of systematic research on the driving mechanism of
ecological service changes, especially on the impact of natural or human factors. There are
a lot of researchers assessing the ecosystem services of basins by quantitative analysis [22],
but the studied ecosystem services have been limited, and there are few studies on the
trade-offs and synergies between ecosystem services in basins [25].

As a complete geographic unit, a basin is a typical composite ecosystem, providing
a variety of ecosystem services for humans [26]. The Ulansuhai Basin is an important
grain production base and ecological barrier zone in China that provides various impor-
tant ecosystem services such as food supply, soil conservation, water conservation, etc.
However, the trade-offs and synergies between different ecosystem services have not been
studied and explained in depth. Therefore, taking the Ulansuhai Basin as a case study, we
first evaluated the spatio-temporal characteristics of soil conservation, carbon storage, wa-
ter production, water purification, and food supply from 2000 to 2018 based on the In'VEST
model. We then used Spearman rank correlation coefficients to analyze the trade-offs and
synergies between ecosystem services in Ulansuhai Basin and different functional areas.
Consequently, we propose ecological protection and management measures. This research
aimed to provide decision-making reference for ecological protection and management,
which is of significance for improving ecosystem service functions and achieving regional
sustainable development.

2. Materials and Methods
2.1. Study Area

Ulansuhai is located in Wulateqiangi, Bayannaoer City, Inner Mongolia, China. It
is one of the eight largest freshwater lakes in China and one of the rare large grassland
lakes in desert and semi-desert areas in the world [27-29], with an area of about 300 km?
and a storage capacity of about 300 million m? [30]. The Ulansuhai Basin includes the
entire Hetao Irrigation District, the Ulansuhai, the Urad Front Banner, the Urad Central
Banner, the south of Yinshan Mountain of Urad Rear Banner, and part of Dengkou County.
It ranges from 115°25’ E to 117°30’ E longitude and from 39°28' N to 41°05’ N latitude,
covering a total area of about 16,300 km? (Figure 1). The Ulansuhai Basin is located in the
middle latitude and is a typical temperate continental monsoon climate zone. The average
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Figure 1. Study area.

There are multiple ecological elements including mountains, rivers, forests, farmland,
lakes, grasslands, and deserts in the Ulansuhai basin. Among them, the area of farmland
in 2018 reached 7316.46 km?, and the average annual grain output reaches 3.6 million tons,
which is an important grain production base in China. As an important part of the water
conservancy project in the Hetao Irrigation District, Ulansuhai provides a guarantee for
agricultural irrigation water. The grassland area reaches 4509.21 km?, providing important
ecosystem service functions such as soil conservation and water conservation.

2.2. Data Source

The data sources used in this study mainly included four types. (1) Daily precipita-
tion data of various weather stations in Ulansuhai Basin from 2000 to 2018 were derived
from the China Meteorological Data Service Center (http://data.cma.cn/, accessed on
1 July 2021); an annual precipitation raster was obtained by cumulative calculation and spa-
tial interpolation. (2) A digital elevation model (DEM) and land-use data with 30 m spatial
resolution were downloaded from Geospatial Data Cloud (http://www.gis-cloud.cn/).
(3) The Chinese soil data set with 1000 m spatial resolution is available from the Har-
monized World Soil Database (HWSD, http:/ /westdc.westgis.ac.cn/). (4) NDVI raster
data with 30 m spatial resolution was obtained from the Resource and Environment
Science and Data Center of Chinese Academy of Sciences (http://www.gis-cloud.cn/).
(5) The forestry and animal husbandry output data were obtained from the Inner Mongolia
Statistical Yearbook (http://tjnmg.gov.cn/).
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2.3. Method
2.3.1. Ecosystem Service Assessment

The InVEST model can break through the limitations of traditional quantitative evalu-
ation methods and is a new technical means for the spatial performance, dynamic analysis,
and quantitative evaluation of ecosystem service functions. Therefore, this research is
based on the InVEST model [31]; four kinds of ecosystem services, including water pro-
duction, carbon storage, water purification, and soil conservation, were calculated [3,14].
Furthermore, the food supply service was calculated based on the statistical yearbook,
land-use, and NDVI data [32].

Water production was based on the principle of water balance, calculated by subtract-
ing the actual annual evapotranspiration from the annual precipitation:

AETy
Py
where AET); is the actual annual evapotranspiration of grid cell x, Py is the annual pre-

Yi=(1- =) %Py 1)

T
cipitation (mm) of grid cell x, and 25 is the vegetation evapotranspiration of different
land-use/land-cover types. The calculat1on methods and parameters of each factor above
can be found in [33-36].
The carbon storage refers to the sum of different vegetation type areas multiplied by
the average carbon density of different carbon pools [37-41] as follows:

Ctotal = Cubove =+ Cbelow + Csoil + Cdead (2)

where Cyy, is the total carbon storage of the basin, Cgpyy, is the aboveground biomass
carbon storage, Cpjoy is the underground biomass carbon storage, Cy,; is the soil carbon
storage, and Cg,, is the dead organic carbon storage.

The purification function of the ecosystem cover type on nitrogen and phosphorus
can be evaluated by the water purification module [42]. Specifically, this function is
calculated using the amount of nutrients carried by the soil and vegetation in the process

of removing runoff,

modified.load(x,i) = load(x, i) x RP; 3)
RPgy;

where modified.load(x,i) denotes the pollutant load value of grid i adjusted to the current
situation of the study area, load(x,i) is the pollutant load value of grid i, RP; is the runoff
coefficient of grid i, and RPy, is the average runoff coefficient in the study area.

The soil conservation is the difference between potential soil erosion and actual

soil erosion, SD=RxKxLSx (1—-CxP) )
where R is the rainfall erosivity factor, K is the soil erodibility factor, LS is the slope length
and slope factor, C is the cover and management factor, and P is the soil conservation
measure factor. The calculation methods and parameters for each factor can be found
in [34].

The food supply refers to the revised result of the total amount of various agricultural
products and livestock products provided by arable land and grassland.

NDVI;

FS = Gsym X m ®)
where FS is the total output of various types of food (t/ km?), Ggm is the total amount of
various agricultural products and animal husbandry products provided by farmland and
grassland, NDVI; denotes the normalized vegetation index for farmland and grassland

grids, and NDVl;;, is the sum of NDVI of Ulansuhai Basin.

2.3.2. Ecosystem Service Trade-Offs Analysis

With reference to related research [43,44], based on the five ecosystem service raster
data from 2000 to 2018, the Create Random Points tool of the GIS software was used to
generate 3000 random points in the Ulansuhai basin, and evenly distributed points were
obtained. The Spearman correlation coefficient was used to judge the synergy and trade-
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offs relationship between ecosystem services in different functional areas. When r > 0 and
p < 0.05, the two variables are in a synergistic relationship (i.e., they change in the same
direction), while r < 0 and p < 0.05 indicates a trade-offs relationship (i.e., they change in
the opposite direction). If they are not related (v = 0, p < 0.05), the relationship is neutral.
The size of the value reflects the strength of the relationship between the variables.

3. Results
3.1. Land Use Change

Farmland, grassland, and unused land were the main land-use types of the basin from
2000 to 2018, which accounted for 35-45%, 27-32%, and 14-20% of the study area (Table 1),
respectively. Generally, the areas of different land-use types showed different degrees of
change. The area of farmland increased significantly from 2005 to 2010, then stabilized
until 2018. Grassland, construction land, and unused land continuously decreased over the
whole study period; for water bodies and woodland, there was no change before 2015, but
they increased in 2018.

Table 1. Changes in land-use area from 2000 to 2018 (km?).

Land-Use Types 2000 2005 2010 2015 2018
Farmland 5763.59 5852.73 7515.27 7483.34 7316.46
Woodland 208.09 211.76 208.30 209.84 448.13
Grassland 5312.52 5155.78 4487.05 4500.42 4509.21

Water bodies 628.20 610.44 607.17 645.31 821.22

Construction land 1188.52 1199.51 730.63 759.45 829.87

Unused land 3150.09 3220.82 2702.67 2652.71 2332.10

3.2. Spatiotemporal Changes of Ecosystem Services
3.2.1. Soil Conservation

The total amounts of soil conservation in Ulansuhai Basin in the five phases were
2.4 x 108,25 x 108 t,2.8 x 108t,3.5 x 10% t, and 5.0 x 108 t, respectively, from 2000 to
2018 (Table 2), with the total soil conservation having increased by 106.5%. Generally, the
soil conservation services were mainly provided by farmland, grassland, and woodland,
occupying a relatively high area with a relatively stable state. On the other hand, woodland
generated the highest soil conservation per unit area, followed by grassland, while unused
land was the lowest.

Table 2. Soil conservation of different land use types in different periods (108 t).

Land-Use Types 2000 2005 2010 2015 2018
Farmland 0.48 0.52 0.53 0.71 0.79
Woodland 0.41 0.43 0.46 0.60 1.22
Grassland 1.42 1.43 1.70 2.03 2.78

Water bodies 0.02 0.02 0.03 0.03 0.05
Construction land 0.03 0.04 0.03 0.04 0.04
Unused land 0.04 0.05 0.07 0.08 0.07
Total 2.4 2.5 2.8 3.5 5.0

The amount of soil conservation per unit area in Ulansuhai Basin showed an overall
growth trend. The high values were concentrated in the woodland and grassland in the
east of the basin, while the low values were mainly distributed in the farmland in the
middle and the sandy land in the west (Figure 2).
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Figure 2. Spatial distribution of soil conservation in the study area from 2000 to 2018.

3.2.2. Carbon Storage

The total amounts of carbon storage in the five phases of Ulansuhai Basin were
68.29 x 10° t, 67.88 x 10° t, 73.28 x 10° t, 73.19 x 10° t, and 75.06 x 10° t, respectively
(Table 3), with the total carbon storage increasing by 9.9%. Carbon storage services were
mainly provided by farmland, grassland, and woodland. In terms of carbon storage
per unit area of different land uses, grassland was the highest, followed by woodland
and farmland.

Table 3. Carbon storage of different land use types in different periods (10° t).

Land-Use Types 2000 2005 2010 2015 2018
Farmland 33.12 33.63 43.19 43.00 42.02
Woodland 2.46 2.50 2.46 2.48 5.29
Grassland 32.71 31.75 27.63 27.71 27.75

Water bodies 0 0 0 0 0

Construction land 0 0 0 0 0

Unused land 0 0 0 0 0
Total 68.29 67.88 73.28 73.19 75.06

The spatial variation of carbon storage in Ulansuhai Basin was small, where the high-
value area was concentrated in the Wula Mountain region in the eastern part of the basin,
while the woodland was the most widely distributed, and carbon storage had a growing
trend. The Ulanbuh Desert in the west of the basin had the weakest carbon storage capacity,
while the Alaben Grassland in the east and the farmland in the central part had stronger
carbon storage capacity (Figure 3).
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Figure 3. Spatial distribution of carbon storage in the study area from 2000 to 2018.

3.2.3. Water Yield

The total amounts of water yield in the five phases of Ulansuhai Basin from 2000
to 2018 were 17.41 x 10° m3, 68.22 x 10° m3, 11829 x 10° m3, 84.20 x 10° m?, and
250.05 x 10° m3, respectively (Table 4), with the total water yield increasing by 133.6%.

Table 4. Water yield of different land-use types in different periods (m?).

Land-Use Types 2000 2005 2010 2015 2018
Farmland 7.20 9.20 13.56 10.23 17.21
Woodland 0.10 0.09 0.10 0.10 0.6
Grassland 4.27 4.88 6.88 5.06 10.85

Water bodies 0 0 0 0 0
Construction land 1.37 12.25 30.92 23.17 91.77
Unused land 4.47 41.80 66.83 45.64 129.62
Total 17.41 68.22 118.29 84.20 250.05

Cultivated land, woodland, and grassland were the main land-use types in Ulansuhai
Basin. Overall, the water production in Ulansuhai Basin showed a clear increasing trend.
Among them, the water production of construction and unused land were relatively large,
especially in 2018, when the numbers increased significantly—mainly due to the increase
in land-use area and rainfall. They were followed by cultivated land, grassland, and
woodland. Cultivated land was relatively large due to its large area. From the perspective
of water production per unit area, except for construction land and unused land, the water
production from lowest to highest was grassland, cultivated land, and woodland.

The overall trend in Ulansuhai Basin showed a gradually weakening trend from east
to west (Figure 4). The high values were concentrated in the eastern part of the basin,
mainly distributed around the Ulansuhai Lake area and the grassland and woodland areas,
while the low values were in the middle and west of the basin.
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Figure 4. Spatial distribution of annual water yield in the study area from 2000 to 2018.

3.2.4. Food Supply

The total amounts of food supply in the five phases of Ulansuhai Basin from 2000 to
2018 were 2.13 x 10°t,2.36 x 100 t, 3.24 x 10° t, 3.33 x 10° t, and 5.04 x 10° t, respectively
(Table 5), with the total food supply increasing by 136.6%.

Table 5. Food supply of different land use types in different periods (10° t).

Land-Use Types 2000 2005 2010 2015 2018
Farmland 2.01 1.82 2.66 2.36 3.96
Grassland 0.12 0.54 0.58 0.97 1.08

Total 2.13 2.36 3.24 3.33 5.04

We only calculated cultivated land and grassland land uses, for which the food supply
services were grain and grass, respectively. The high-value area was distributed in the
central cultivated area, while the low-value area was distributed in the east and west of
the basin (Figure 5). From the perspective of the unit area supply of the two types of land,
there was an increasing trend year by year.
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Figure 5. Spatial distribution of food supply in the study area from 2000 to 2018.

3.2.5. Water Purification

The total amounts of nitrogen output in the five phases of Ulansuhai Basin from 2000
to 2018 were 3481.40 t, 3473.79 t, 4470.94 t, 4606.38 t, and 4375.84 t, respectively, while
the total phosphorus outputs were 1046.87 t, 1050.37 t, 1440.62 t, 1395.62 t, and 1395.63 t,
respectively (Table 6). The total output of nitrogen and phosphorus increased by 25.7% and
33.3%, respectively, from 2000 to 2018. The output of nitrogen and phosphorus was mainly
provided by farmland, construction land, and grassland. In terms of the water purification
function of different land-use types, the highest nitrogen output per unit area was farmland,
followed by construction land. Grassland possessed a better purification function.

Table 6. Nitrogen, phosphorus output of different land use types in different periods (103 kg).

Land-Use Types  Element 2000 2005 2010 2015 2018
Farmland 314150 314150 421611 434087  4086.62
Woodland 0.12 0.14 0.14 0.13 0.25
Grassland 4.80 4.74 4.34 411 4.24

Water bodies Nitrogen 0.02 0.01 0.01 0.02 0.02
C"“T;‘;Ctm 322,56 315.79 236.75 249.83 275.23
Unused land 12.40 11.61 13.59 11.42 9.48
Total 348140 347379 447094 460638 437584
Farmland 898.26 904.71 133091 137104 126881
Woodland 0.04 0.05 0.05 0.04 0.08
Grassland 2.16 2.13 1.95 1.84 1.91
Water bodies Phosphorus 0.02 0.01 0.01 0.02 0.02
Conf;;‘;chon 145.15 14211 106.54 112.42 123.85
Unused land 1.24 1.36 1.16 1.14 0.95
Total 104687 105037 144062 148650  1395.62
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The high-value area of nitrogen and phosphorus output were mainly concentrated in
the center of the study area, while the low-value areas were concentrated in the west and
part of the northeast area (Figures 6 and 7).
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Figure 7. Spatial distribution of nitrogen and phosphorus output in the study area from 2000 to 2018.
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3.3. Trade-Offs of Ecosystem Services in Ulansuhai Basin

The interactions between various ecosystem services in Ulansuhai Basin were differ-
ent, and the trade-offs and synergistic relationships have changed over time. Trade-offs,
synergistic, and neutral relationships existed in 10 groups among five functions in five
periods of time—namely three pairs, two pairs, and five pairs in 2000; five pairs, three pairs,
and two pairs in 2005; four pairs, four pairs, and two pairs in 2010; five pairs, four pairs,
and one pair in 2015; and five pairs, four pairs, and one pair in 2018, respectively (Table 7).

Table 7. Correlation of ecosystem services in the study area from 2000 to 2018.

Category SC CS WP FS WY
2000
SC 1.000
CS 0.218 ** 1.000
WP 0.03 —0.210 ** 1.000
FS —0.146 ** 0.291 ** —0.438 ** 1.000
WYy —0.021 —0.023 —0.012 0.034 1.000
2005
SC 1.000
CS 0.217 ** 1.000
WP 0.025 —0.215* 1.000
FS —0.123 ** 0.315** —0.416 ** 1.000
WYy —0.016 —0.236 ** 0.049 * —0.047 * 1.000
2010
SC 1.000
CS 0.190 ** 1.000
WP 0.039 * —0.260 ** 1.000
FS —0.115 ** 0.323 ** —0.459 ** 1.000
WY —0.001 —0.361 ** 0.091 ** —0.034 1.000
2015
SC 1.000
CS 0.204 ** 1.000
WP 0.074 ** —0.261 ** 1.000
FS —0.110 ** 0.343 ** —0.472** 1.000
WYy —0.041 % —0.368 ** 0.100 ** —0.037 1.000
2018
SC 1.000
CS 0.253 ** 1.000
WP 0.146 ** —0.193 ** 1.000
FS —0.147 ** 0.383 ** —0.467 ** 1.000
WY —0.03 —0.469 ** 0.077 ** —0.133 ** 1.000

Note. * At a level of 0.05 (two-tailed), the correlation is significant; ** at a level of 0.01 (two-tailed), the correlation
is significant. WY, FS, WP, CS, and SC represent water production, food supply, water purification, carbon
storage, and soil conservation, respectively. In the assessment of ecosystem services, the output of nitrogen
and phosphorus was used to reflect the ability of water purification. The greater the output of nitrogen and
phosphorus, the weaker the water purification capacity, and vice versa.

The trade-offs relationships changed greatly between 2000 and 2018. These relation-
ships, ranked from strongest to weakest, in 2000 were food supply-water purification, water
purification—carbon storage, and food supply—soil conservation. Those in 2015 were food
supply-water purification, water yield—carbon storage, water purification—carbon storage,
food supply-soil conservation, and water yield—food supply. In 2010, the ranking was food
supply—-water purification, water production—carbon storage, water purification—carbon
storage, and food supply—soil conservation. In 2015, the ranking was food supply—-water
purification, water production—carbon storage, water purification—carbon storage, food
supply-soil conservation, and water production—soil conservation. In 2018, the ranking
was water production—carbon storage, food supply-water purification, water purification—
carbon storage, food supply—soil conservation, and water production—food supply.

The synergies between 2000 and 2018 also changed. These relationships, ranked from
strongest to weakest, in 2000 were food supply—carbon storage and soil conservation—
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carbon storage. The ranking in 2005 was food supply-carbon storage, carbon storage—
soil conservation, and water production-water purification. In 2010, the ranking was

food supply—carbon storage, carbon storage—soil conservation, water production—-water

purification, and water purification—soil conservation. In 2015, the ranking was food supply—
carbon storage, carbon storage—soil conservation, water production-water purification, and

water quality purification-soil conservation. In 2018, the ranking was food supply—carbon

storage, carbon storage-soil conservation, water purification—soil conservation, and water

production—-water purification. The remaining pairs of functions were irrelevant—that is,
they were neutral relationships.

From the above analysis, it can be seen that relationships of food supply-water
purification, food supply—soil conservation, and water purification—carbon storage were
negative from 2000 to 2018, and the trade-offs relationship between water production and
carbon storage changed significantly. The relationships of food supply—carbon storage and
carbon storage—soil maintenance were positive, and the synergistic relationships of water
purification-soil maintenance and water production—-water purification strengthened over
time. Overall, trade-offs relationships were the main relationships among the five services
in Ulansuhai Basin.

3.4. Trade-Offs of Ecosystem Services in Different Functional Zones

According to the current land-use types and corresponding functions, the study area
can be divided into five functional zones [30]: I, the Alaben Grassland Soil and Water
Conservation and Vegetation Restoration Zone; II, the Hetao Irrigation District Water
System Ecological Protection Zone; III, the UlansuHai Ecological Protection Zone; IV, the
Wula Mountain Water Conservation and Geological Environmental Management Zone;
and V, the Ulan Buhe Desert Comprehensive Management Zone (Figure 8, Table 8).
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Table 8. Trade-offs and synergistic relationships of functional areas in 2018.
Category WY FS WP CS SC

I

WY 1.000

FS 0.073 1.000

WP —0.364 ** —0.162 ** 1.000

CS —0.513 ** —0.148 ** 0.464 ** 1.000

SC —0.035 —0.253 ** —0.055 0.193 ** 1.000
I

WY 1.000

FS —0.093 * 1.000

WP —0.224 ** —0.257 ** 1.000

CS —0.266 ** 0.145 ** 0.141 ** 1.000

SC —0.01 —0.092 * 0.025 —0.032 1.000
III

WY 1.000

FS 0.042 1.000

WP —0.452 ** —0.252 ** 1.000

CS 0.130 ** 0.045 —0.152 ** 1.000

SC 0.112* -0.079 —-0.027 0.118 ** 1.000
v

WY 1.000

FS 0.427 ** 1.000

WP —0.581 ** —0.294 ** 1.000

CS —0.495 ** —0.304 ** 0.477 ** 1.000

SC —0.292 ** —0.310 ** 0.186 ** 0.587 ** 1.000
\%

WY 1.000

FS —0.341 ** 1.000

WP —0.117 ** —0.384 ** 1.000

CS —0.167 ** 0.657 ** —0.196 ** 1.000

SC 0.088 * —0.176 ** 0.114 ** —0.169 ** 1.000

Note. *, At level 0.05 (two-tailed), the correlation is significant; ** at level 0.01 (two-tailed), the correlation is
significant. Among them, WY, FS, WP, CS, SC represent water production, food supply, water purification, carbon
storage, and soil conservation, respectively. In the assessment of ecosystem services, the output of nitrogen
and phosphorus was used to reflect the ability of water purification. The greater the output of nitrogen and
phosphorus, the weaker the water purification capacity, and vice versa.

In zone I, the relationships of carbon storage-water purification and soil conservation—
carbon storage were all synergistic, where the correlation between carbon storage and
water purification was stronger. The relationships of water purification-water production,
carbon storage-water production, soil conservation—food supply, water purification—food
supply, and carbon storage—food supply were trade-offs, where the relationship of carbon
storage-water production was relatively stronger than others.

In zone 11, the relationships of carbon storage-food supply and carbon storage-water
purification were synergistic, where the relationship of carbon storage—food supply was
stronger. The relationships of carbon storage-water production, water purification—food
supply, water purification-water production, food supply-water production, and soil
conservation—food supply were trade-offs, where the carbon storage-water production
relationship was relatively stronger than others.

In zone 111, the relationships of carbon storage-water production, soil conservation—
carbon storage, and soil conservation-water production were synergistic, where the rela-
tionship between carbon storage and water production was stronger. The relationships of
water purification-water production, water purification—food supply, and carbon storage—
water purification were trade-offs, among which the water production-water purification
relationship was relatively stronger than others.

In zone 1V, there were synergistic relationships in soil conservation—carbon storage,
carbon storage-water purification, food supply-water production, and soil conservation—
water purification. The carbon storage-water purification and carbon storage—soil con-
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servation relationships were relatively stronger. The relationships of water purification—
water production, carbon storage-water production, soil conservation—food supply, car-
bon storage—food supply, water purification—food supply, and soil conservation-water
production were trade-offs, of which the carbon storage-water purification and carbon
storage-water production relationships were relatively stronger.

In zone V, there were synergistic relationships between carbon storage—food sup-
ply, soil conservation—water purification, and soil conservation-water production, where
the relationship between food supply and carbon storage was relatively stronger. The
relationships of water purification—food supply, food supply—water production, carbon
storage-water purification, soil conservation-carbon storage, carbon storage-water produc-
tion, and water purification-water production were trade-offs, where the relationships of
water purification-food supply and food supply-water production were relatively stronger.

Water purification-water production and food supply-water purification showed a
trade-offs relationship in all functional zones.

Food supply—carbon storage had a synergistic relationship but showed a trade-offs
relationship in zones I and IV. Carbon storage-soil conservation was mainly a synergistic
relationship, but was a trade-offs relationship in zone V. Water production—carbon storage
was generally a trade-offs relationship, but it was a synergistic relationship in zone III.
Water purification—carbon storage was generally a synergistic relationship, but it showed
a trade-offs relationship in zones III and V. The relationship of water production-food
supply was mainly synergistic, but was a trade-offs relationship in zones II and V. Water
production—soil maintenance mainly showed a synergistic relationship, with a trade-offs
relationship in zone IV and a neutral relationship in zone I and II.

The results show that there was spatial heterogeneity among different ecosystem
services in Ulansuhai Basin. There were stable and changeable trade-offs and synergistic
relationships between different functional areas.

4. Discussion

The changes of ecosystem services are mainly affected by climate change and human
activities. The spatial and temporal changes of ecosystem services in Ulansuhai basin
were mainly the result of land use change, precipitation, temperature, and human activi-
ties [45—47]. It can be concluded from the result that the increase in ecosystem services in
Ulansuhai basin were mainly due to the change in land use. The central part was farmland
irrigation area, a high food supply service value area; at the same time, it was also a rela-
tively weak area in terms of water purification capacity. The use of agricultural fertilizer,
pesticide, and agricultural membranes have increased the concentrations of nitrogen and
phosphorus in soil. The land-use types were mainly water, woodland, and grassland
in the eastern part, and the values of soil conservation, carbon storage, and water yield
were high in this area. For example, the high value areas of soil conservation and carbon
reserves were mainly distributed in the woodland and grassland at the east of the basin.
The vegetation coverage of woodland and grassland areas were relatively high, with strong
rainfall interception capability, which plays a critical role in soil maintenance. Climate
change is also a driving factor that affects ecosystem services. Studies have shown that
among the impacts of precipitation, management policies, terrain, and soil erodibility on
soil conservation and water production, the impact of precipitation was greater [6,23].
The management policies related to human activities had relatively little impact on those
services, and terrain had a greater impact on soil conservation. Generally, the land with
slopes performed better in soil conservation. Moreover, vegetation coverage is also an
important factor to be considered [48].

Ecosystem services had a certain spatial scale effect, and the interaction between ser-
vices may lead to changes in the trade-offs and synergistic relationship. There was a trend
of decreasing coordination and strengthened trade-offs relationships at the overall scale of
the Ulansuhai Basin. On the specific small scale of the functional area, there were different
trade-offs and collaborative relationships. In zones I, I, IV, and V, the trade-offs relationship



Sustainability 2021, 13, 9839

15 0of 18

was the dominant relationship, while the synergistic relationship was weakened. In zone
111, the synergistic relationship was the dominant one and the trade-offs relationship was
weakened. The main reason for this was that the land types of Ulansuhai Basin were
various, including plains, mountains, hills, and so on, and there were interferences and
constraints between different types of ecosystems, thus forming a complex balance and
coordinate relationship between various services of the ecosystem. Farmland, with strong
food supply capacity, had a higher demand for irrigation and improper cultivation; such
factors lead to soil erosion, cause the salt and alkali to become exposed in the surface, and
decrease the soil conservation capacity of the ecosystem. The relationship between soil
conservation and food supply was a trade-offs [19,45]. Furthermore, the roots of trees have
a positive effect in stabilizing slopes, reducing soil erosion, and conserving soil and water.
Forestation can increase carbon storage, enhance the ability of carbon fixation and oxygen
release, and promote climate regulation. At the same time, it plays a certain role in con-
serving soil and water to resist soil erosion, thus improving the regulation and supporting
ecosystem services [46,47]. The increase in farmland area can improve the grain yield,
but it would reduce carbon fixation and vegetation coverage [17,48]. Therefore, in every
functional area, the main relationships between services and the functional relationships
among functional areas were close. The phenomenon of this relationship was mainly
caused by the difference of land-use types and the difference of human use patterns caused
by it.

As an important food base and a typical agricultural basin in an arid area in northern
China, the role of Ulansuhai Basin was mainly focused on supplying food products, ensur-
ing the quantity and quality of Ulansuhai, and maintaining the ecological environmental
safety of the basin. Agriculture is the foundation, water resources are the lifeblood, and
forest and grass are the ecological safeguard. Therefore, we need to do a good job in
mountain-river—forest-farmland-lake—grasslands restoration projects and system manage-
ment, thus maintaining the sustainable development of ecology, society, and economy.

In general, basin management primarily involves the systematic management of water
resources. Especially for an agricultural basin in an arid area, the dynamic balance of
water quantity in the basin is the primary consideration for integrated water resources
management. Insufficient water affects the guarantee of agricultural water consumption
and watershed ecological water consumption, as well as the balance between agricultural
water consumption and watershed ecological water consumption, which ultimately leads to
the imbalance of the basin’s hydrological process. Therefore, water resource management in
this basin should adopt the following strategies. First, the regulation and storage function
of Lake Ulansuhai on water resources in the basin should be highly valued. Expanding
storage capacity and supplying water reasonably are effective measures to enhance the
regulatory function of Lake Ulansuhai. Second, it is very important to ensure the rational
allocation and utilization of water resources in the basin [49], strengthen unified scheduling,
and implement hierarchical management.

Therefore, in view of the different ecological function zones in the Ulansuhai Basin, we
propose specific ecological protection measures, mainly including the following five aspects.
(1) The ecological Protection Zone around Lake Ulansuhai: Aiming at the problem of non-
point source and point source pollution, the functions of pollution control and emissions
reduction in the lake-surrounding ecological protection zone can play an important role in
improving the water quality of Lake Ulansuhai. (2) The ecological protection network of
the ditch system of Hetao irrigation area: Through engineering measures and vegetation
buffer construction, the water conveyance function of the ditch and water quality can
be guaranteed and improved. (3) In the area of Lake Ulansuhai, returning farmland and
grassland to lake appropriately can increase the storage capacity and water quantity of Lake
Ulansuhai and enhance its regulation function. At the same time, lake internal pollution-
source control projects should be carried out in order to improve water quality. (4) The
water conservation and vegetation restoration area of Alaben grassland and Wula Mountain
should be important focuses of ecological protection. In these two areas, management
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measures should aim at improving the structure and function of vegetation, preventing soil
erosion, and reducing pollutants and sediment entering the lake. (5) In the comprehensive
treatment area of Ulanbuh Desert, the prevention and control of desertification through
vegetation restoration measures should be the main task of ecological conservation.

5. Conclusions

There were obvious temporal and spatial differences in various ecosystem services
in the Ulansuhai Basin. The results of the study show that, from 2000 to 2018, different
ecosystem services in the Ulansuhai Basin experienced a significant increase as a whole,
and the ecosystem service functions were degraded in some areas (i.e., water purification
functions). The main spatial pattern was soil conservation, carbon storage, and water
production being high in the east and low in the central and western regions, while water
purification and food supply were high in the central and low in the east and west. Changes
in ecosystem service patterns were mainly caused by regional differences, due to different
types of land use.

The trade-offs and synergies between various ecosystem services in the Ulansuhai
Basin also showed obvious spatial heterogeneity. The research results indicate that there
were trade-offs, synergies, and neutral relationships among the five functions of soil
conservation, carbon storage, water production, food supply, and water purification. The
main relationship was trade-offs, and it tended to be strengthened markedly, while synergy
tended to be strengthened slightly. In different functional areas, the trade-offs and synergy
between ecosystem services had changed, to varying degrees. Therefore, the rational
allocation of the interaction between ecosystem services is particularly important for
coordinating the harmonious development of ecology, environment, and resources.
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