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Abstract: Ecosystem services (ES) are essential for human well-being. However, few studies have
investigated the optimization of the management of water resources based on trade-offs of ES in
arid areas. In order to solve this problem, four important ES that affect the carbon cycle and water
cycle were selected from the regulating ecosystem services (carbon storage (CAS), evapotranspiration
(ET)), the supporting ecosystem services (soil drought index (TVDI)) and the provisioning ecosystem
services (groundwater depth (GWD)) in arid areas. The spatiotemporal distribution of these four
ES were quantitatively analyzed—using related models—in the Tarim River, situated in a typical
arid inland basin, in 2000, 2010, and 2018, in order to determine the fundamental driving factors of
change in ES. The results showed that CAS was mainly affected by changes in land use, while ET,
TVDI, and GWD were mainly affected by changes in water volume. The unified management of
water resources improved the regulating ecosystem services (an initial increase in CAS, followed by a
decrease; ET continued to grow from 2000 to 2018), the supporting ecosystem services (TVDI was
maintained at 0.69-0.74), and the provisioning ecosystem services (GWD rose 5.77% in 2000-2010,
and stabilized at 3.05 m in 2018). The trade-off/synergy relationships of the four ES were further
analyzed at different geographical scales through correlation analysis and the trade-off index (RMSD).
In different river sections, the ES that affect carbon and water cycles were highly dependent on each
other. In areas with high CAS, the groundwater depth was low, and the soil moisture and ET were
high. With different land use types, there was a synergistic relationship between CAS and GWD
in woodland and grassland areas, and between ET and GWD in farmland areas. This showed that
there was still strong competition between natural vegetation and groundwater, represented by
woodland and grassland, and the ineffective loss of water resources such as ET through expansion
of farmland. Finally, this study innovatively incorporated the results of trade-offs of ES into water
resource management. In order to reduce the trade-offs between ES, and to improve ES, to achieve
the ecological protection and restoration of desert riparian forests, and to optimize the water resource
management in arid areas, different ecological water regulation and control measures were proposed
in the high-flow years and the low-flow years of arid areas. This study can provide important scientific
references for the improvement of ES and the optimization of the management of water resources in
other similar river basins in arid areas.

Keywords: ecosystem service; trade-off/synergy; basin management; water and land resources
exploitation; Tarim river basin
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1. Introduction

Ecosystem services (ES) are the natural environmental conditions and effects formed and
maintained by ecosystems and ecological processes, as well as the benefits directly or indirectly
derived from the ecosystem, upon which humans and other organisms depend for their existence [1,2].
The Millennium Ecosystem Assessment further expands upon the concept of ecosystems, dividing ES
into: supply services (e.g., food and water), support services (e.g., soil formation and nutrient cycling),
regulation services (e.g., climate regulation, water purification, and carbon storage), and cultural
services (e.g., entertainment and education) [3]. ES are closely related to human well-being. In the
past half century, the sharp decline of ES has negatively affected human well-being, and has seriously
threatened human health and survival [3]. The refore, researchers and organizations have strengthened
the comprehensive assessment of ES in order to maintain their long-term supply capacity, and to
enhance ecosystem stability [4-7]. The re are usually three kinds of inter-relationships among ES:
synergy, independence, and trade-off relationships [5,8]. When people maximize the benefits of one or
more ecosystem services, they often unintentionally affect the supply of the others. This relationship
mechanism is defined as a trade-off or synergy [9]. The neglect of the trade-off/synergy between ES will
reduce the supply capacity of certain ES, and may even pose challenges to the stability and security of
the entire ecosystem. Land use is a significant factor associated with ES provisioning [5]. Quantifying
the relationships between land use changes and the changes in ES can help us to understand more
deeply the mechanisms related to the enhancement of any given ES, and could provide useful guidance
for potential ecological restoration strategies in the future [3,7]. Trade-off analysis provides a theoretical
basis for land use decision-making, and balancing ecological restoration and ecosystem services should
be the main task of today’s land use policies [5,9]. To date, many studies have used different methods to
quantitatively evaluate and weigh the relationship between different ES [10-15]. Correlation analysis is
one of the most commonly used methods. According to correlation analysis, the trade-off relationships
between different ES can be qualitatively evaluated, and an operational standard can be provided for
land use management policies and ecosystem protection [16-19]. In addition, through the combination
of correlation analysis and principal component analysis, and using the trade-off index to quantify
the trade-offs and synergies between different ES, the main influencing factors of the trade-offs and
changes of different ES can be determined, so as to manage the ecosystem and its landscape more
scientifically [20,21]. The refore, the study of trade-off analysis will help us to understand the connection
between multiple ES, which is of great significance for the management of regional ecosystems and the
promotion of human well-being [22,23].

At present, the global ecological environment is facing major changes, especially in arid regions.
Environmental problems—such as increased water resource conflicts caused by climate change and the
over-exploitation of water resources, reduced vegetation coverage, and increased groundwater depth
(GWD) (i.e., the depth from the land surface to the groundwater surface in groundwater monitoring
wells)—have placed enormous pressure on ES (i.e., climate regulation, water circulation, and water
supply) [24-28]. The se ecological and environmental problems have seriously affected the stability,
integrity, and sustainability of ES, and have ultimately caused the loss of their supply capacity [29,30].
Regulating ecosystem services mainly play a role and support each other in natural ecosystems, since
they are, by their nature, closely related to ecosystem structures, processes and functions [13]. Carbon
storage is an ecosystem process that produces several important ecosystem services, both as a supply
service (i.e., the provisioning of wood, fiber and fuel) and as a regulatory service (i.e., regulating the
concentration of greenhouse gases in the atmosphere and mitigating global warming) [31]. The refore,
carbon storage has become the focus of many scholars in the field of ecosystem services in arid areas.
For example, with the implementation of the GFGP (Grain-for-Green Program), the NPP (net primary
productivity) and NEP (net ecosystem productivity) in the Loess Plateau ecosystem have steadily
increased, and carbon storage has been significantly improved [32]. As another supporting service
in arid areas, the water cycle is essential for the maintenance of desert oases and human survival [3].
Although ET, soil moisture and groundwater are not specific ES in the classification of ES, they are



Sustainability 2020, 12, 8802 3 of 25

closely related to ecosystem processes and functions, and are important components of the water cycle,
and are prerequisite for the provision of ES [3,13,31]. Coupled with special conditions, such as low
precipitation, high ET, warming and dry climate in arid areas, soil moisture and groundwater reserves
are very small, resulting in reductions in vegetation biomass or stunted growth [27,31]. The refore,
soil moisture is extremely important to the growth of herbs in arid areas, and for some large forests
and shrubs, groundwater serves as a special water storage and water supply service to maintain their
growth [30,31,33]. In addition, soil moisture and groundwater are the important basis for vegetation
restoration in arid areas, and vegetation cover is the basis for soil erosion control, carbon sequestration
and biodiversity. In this sense, we can treat soil moisture as a supporting service, and groundwater as a
provisioning service [3,31]. Moreover, soil moisture and ET are the most important variables regulating
many ecosystem processes in water-limited landscapes, and soil desiccation has a negative effect on
these processes. Thus, soil moisture and ET are also scarce regulating services in arid areas [13,31,34,35].

The purpose of water resource management is to solve the protection and utilization problems
related to the resources of river basins, to improve ecosystem service functions, and ultimately to achieve
sustainable development with regard to river basins [30,36-38]. At present, the basin management
model has changed from partial management to overall management, and from decentralized
management to integrated management. In 1993, the Tennessee Valley Authority was established
in the USA—the first basin management organization in the world—and many basins have since
established similar management organizations [39-44]. However, because these management models
mainly concentrate on the development and utilization of water resources, they have been restricted
by the management of administrative regions, and are not conducive to the systematic and scientific
management of the river basin. With increasing conflicts in water resources, ecosystem service functions
continue to decline. An integrated management model was gradually developed in the 1990s; its goal
was to coordinate ecological protection and resource utilization, improve water-related ES, and realize
the sustainable development of water resource management [45—49]. In arid areas where water
resources are scarce, social and economic development lags behind, and the ecological environment is
fragile. In oasis and desert riparian forest ecosystems, the generation and supply of ES is dependent on
the water and carbon cycle processes, and the rational allocation of water resources is essential for the
stability and security of ES [50]. For example, Central Asia is a region with severe cross-border water
resource conflicts. The zoning management of the upper and middle reaches of the Aral Sea basin has
resulted in downstream flow interruption, and the severe shortage of water resources has seriously
degraded the vegetation in the lower reaches of the Aral Sea basin, reduced the transpiration rate of
plants, increased the degree of soil drought, reduced evapotranspiration (ET), and further aggravated
GWD. A series of ecological and environmental problems has reduced the region’s biodiversity
and ecosystem carbon storage (CAS) capacity, and slowed the carbon cycle, weakening the climate
regulation services of the basin. At the same time, the flow interruption downstream has blocked the
water cycle in the entire basin, resulting in serious damage to water-related ES such as water regulation
and water supply. The Aral Sea crisis has become the focus of attention of many studies [51-53].
The success of integrated water resource management depends on balancing the health and safety of
ecosystems with human needs and preferences [54]. For ecosystem management, the key to achieving
these two goals lies in the effective integration of scientific information and the impact of ecosystems
on human well-being, and ES are dedicated to this integration [55]. Both water resource management
and ES emphasize the key role of integrating competing interests in environmental decision-making.
This similarity and correlation show that the management of water resources based on trade-offs
between ES is of great significance [56]. However, research on ES in arid and semi-arid areas of the
world has mainly focused on improving ecosystem management by evaluating the interaction of ES
under land use/cover change. For example, studies on arid and semi-arid areas in Spain, Iran, Central
Asia, and China mainly focus on evaluating the trade-offs and interactions between ES (i.e., food
production, water production, soil erosion control, and CAS), and providing scientific methods for
ecosystem management [15,19,57-59]. Other research has focused on evaluating the importance of ES
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through field surveys of local residents [60]. To date, especially in arid areas, there has been very little
research related to the integration of the trade-offs of ES into water resource management. How to
optimize the management of water resources based on the results of trade-offs of ES in arid areas is a
major issue faced by many researchers and river basin managers.

The objectives of this paper are: (1) to reveal the trade-offs/synergies between ES based on the
changes and interactions of ES, and (2) to achieve the optimal management of water resources in arid
areas. To this end, four important ES that affect the carbon and water cycles were selected from the
regulating ecosystem services (carbon storage (CAS), evapotranspiration (ET)), supporting ecosystem
services (soil drought index (TVDI)), and provisioning ecosystem services (groundwater depth (GWD))
in arid areas. This paper quantified four ES and their trade-offs/synergy relationships in order to reveal
the fundamental driving mechanism of changes in ES. Finally, the results of the trade-offs of ES were
applied to water resource management to guide basins management in arid areas. This study can
provide important scientific references for improving ES and optimizing the management of water
resources of similar river basins in arid areas.

2. Data and Methods

As a regulating ecosystem service, CAS plays an important role in the study of the carbon cycle,
carbon sinks/sources, and climate change mitigation in arid areas [31]. The water cycle is another
important supporting ecosystem service in arid areas; ET, soil moisture and groundwater are its
important components, and are the prerequisites for the provision of ES [3]. In addition, soil moisture
and ET are scarce regulating services in arid areas [13,31], while groundwater is an important water
storage and water supply service, and is one of the most functional suppliers of life support in arid
areas [3,30]. The refore, this study selected four important ES that affect the carbon and water cycles
of the basin ecosystem in arid areas, from the regulating ecosystem services (carbon storage (CAS),
evapotranspiration (ET)), supporting ecosystem services (soil drought index (TVDI)) and provisioning
ecosystem services (groundwater depth (GWD)), by quantifying ES and their trade-offs/synergies,
revealing the driving mechanism of the changes in ES in order to guide the management of water
resources in arid areas, and to provide a scientific reference for the optimal management of water
resources in arid areas (Figure 1).

2.1. Research Region

The Tarim River basin (34.20-43.39° N, 71.39-93.45° E) is located in southern Xinjiang, China,
adjacent to the Taklimakan Desert (Figure 2). The basin consists of 144 tributaries in nine major
rivers, namely the Aksu River, the Yarkand River, the Hotan River, the Keriya River, the Dina River,
the Kashgar River, the Kaidu-Konggqi River, the Weigan River, and the Cheerchen River [30]. The Tarim
River is 1321 km long, with a total area of 1.02 x 10° km? [33]. It does not produce its own run-off,
and is a pure dissipative inland river. The run-off mainly comes from melting ice and snow in alpine
areas. It is divided into four river sections: Alar-Xinqiman, Xingiman-Yingbaza, Yingbaza-Wusman,
and Wusman-Qiala sections. In recent years, due to the over-exploitation of soil and water resources,
only the Aksu, Hotan, Yarkand, and Kaidu-Kongqi Rivers discharge into the Tarim River, forming a
pattern comprising four sources and one trunk [27]. The study area is a typical temperate arid
continental climate, with an average temperature of 10.5-11.4 °C, annual precipitation of only 20 mm,
and evaporation of up to 2500-3000 mm. The desert riparian forest in the Tarim River basin is
composed mainly of Populus euphratica and Tamarix, and the herbs include reed, Apocynum venetum,
and licorice (Glycyrrhiza glabra), amongst others [33]. The lithology of the aquifer in the main stream
of the Tarim River is basically the same, with fine silty sand and medium fine sand above 300 m.
The refore, the water permeability and richness of the aquifer are uniformly distributed, with little
change [61].
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Figure 1. Flowchart of the study. CAS, carbon storage; ET, evapotranspiration; GWD, groundwater
depth; TVDI], soil drought index.
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Figure 2. Overview of the Tarim River basin and the study area.

The Tarim River is the largest inland river in China, and the fifth largest inland river in the
world. From 1950 to 2000, due to the over-utilization and exploitation of water resources in the
source area of the Tarim River and the decentralized management of each sub-basin, the amount of
water flowing into the Tarim River continued to decrease, desertification and salinization increased,
the wetland areas shrank, and degradation of the vegetation worsened. Thus, the Tarim River basin
has become a region of serious ecological degradation [62,63]. The previous management model of

the Tarim River basin was mainly a single small area management, in which the protection of the
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ecosystems and water resources was the focus of the various administrative regions. In order to
restore the ecosystem, in 2001, the Chinese government invested 10.7 billion yuan to carry out an
emergency project of ecological water replenishment. After the reform of the management system of
the Tarim River in 2011, the sub-basin of the headstream areas was uniformly administered by the
Tarim River Basin Authority. In order to further strengthen the comprehensive management of the
river basin, the ‘river chief system” was implemented in the Tarim River basin in 2017, with a senior
administrative officer serving as the river director and being responsible for coordinating and solving
major issues of social and economic development, and ecological protection [30,33,50]. Following the
implementation of the unified river basin management, and due to major changes in the management
model, the entire river basin has become a unified management unit, of which the government is in
charge, with negotiation and cooperation from multiple administrative departments. By 2018, 19 times
of ecological water conveyance had been carried out in the Tarim River basin. After the implementation
of the comprehensive management, the natural vegetation coverage, the growth of the tree rings of
Populus euphratica, and the GDP in the Tarim River basin all increased [30].

2.2. Data Resources

The main sources of data are shown in Table 1. Landsat Thematic Mapper and Operational Land
Imager images from the years 2000, 2010, and 2018 were collected from the United States Geological
Survey (https://glovis.usgs.gov/) in order to extract the land use data. The resolution of the Landsat
images was 30 m, and the images were obtained on days when the vegetation coverage reached the
highest in a year, and cloud cover was <10%. In order to obtain the TVDI and ET data, time-series
images of the enhanced vegetation index (EVI), land surface temperature (LST), and evapotranspiration
(ET) were obtained from the MODIS MOD13Q1 (EVI), MOD11A2 (LST), and MOD16A3GF (ET)
datasets, which were released by the NASA EOS data center (https://ladsweb.modaps.eosdis.nasa.gov).
The MOD11A2 dataset contains day and night LST data; we used the day LST data. The temporal
resolutions of the EVI, LST, and ET images were 16 days, 8 days, and 1 year, respectively, and their
spatial resolutions were 250 m, 1 km, and 500 m, respectively. The total number of the selected EVI and
LST images was 138 (46 images per year) and 276 (92 images per year), respectively. The hydrological
data included: (i) monitoring data for the run-off of the Alar, Xinqiman, Yingbaza, Wusman, and Qiala
sections, from 1957 to 2018; (ii) monitoring data for water diversion (i.e., supply water for national
economic development through channels and ecological water diversion), return water (i.e., the diverted
water that re-enters the river), and riverway loss (i.e., evaporation, leakage water, and overflowing
water) for each monitor section (i.e., Alar, Xingiman, Yingbaza, Wusman, and Qiala) from 2005 to 2018
(no data were available prior to 2005); and (iii) the monthly GWD data of 51 underground monitor
wells (distributed in the Alar, Xingiman, Yingbaza, Shajilike, Shazihekou, Wusman, Aqike, Tieyz,
and Qiala sections) from 2010 to 2018. The se hydrological data were provided by the Tarim River
Basin Authority. In addition, the soil’s organic carbon data in the carbon module of the InVEST model
came from the Scientific Data Center for Cold and Arid Regions (http://westdc.westgis.ac.cn/).

Table 1. Data source.

Datasets Spatial Resolution Time Scale Data Sources

United States Geological Survey

Land use/cover map 30 m 2000, 2010, 2018 (https://glovis.usgs.gov/)
NASA EOS data center (https:
MODI13Q1 (EVD) 250 m 2000, 2010, 2018 //ladsweb.modaps.eosdis.nasa.gov)
MOD11A2 (LST) 1km 2000, 2010, 2018 NASA EOS data center (https:
//ladsweb.modaps.eosdis.nasa.gov)
MOD16A3GE (ET) 500 m 2000, 2010, 2018 NASA EOS data center (https:

//ladsweb.modaps.eosdis.nasa.gov)
Hydrological data - 1957-2018 Tarim River Basin Authority
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2.3. Land Use/Cover Maps

The land use/cover data used in this study were Landsat TM image data from the Tarim River,
with a resolution of 30 m, taken from July to September in the years 2000, 2010, and 2018. During this
period, features such as the abundant water in the basin, rivers and reservoirs, and the luxuriant
growth of the natural vegetation and crops, were obvious. The land use was divided into six primary
types: farmland, woodland, grassland, water area, construction land, and unused land. The woodland
was further divided into closed forestland, sparse woodland, and shrub land. The land use/cover maps
were produced using the manual interpretation method. The manual interpretation method is to first
use a unified classification system to classify each temporal remote sensing image separately, and then
to directly discover land use/cover change information by comparing the classification results [30].
Prior to the interpretation, the GEOSTAR3.0 software was used for the atmospheric correction and
geometric correction of the primary multispectral images, and ArcGIS10.4 software was used to make
false color composite images for the separate years. The areas with natural vegetation and farmland
were determined by visual interpretation. Finally, the Kappa index method was used to test the
accuracy of the interpretation results. Combining the survey results of the 108 large samples in the
early stage and the field investigation in the later stage, the accuracy of the final inspection results was
89.6%, 90.2%, and 88.9%, respectively.

2.4. Calculation of Riverway Loss

Based on the water balance principle, the water consumption in the river section should be the
difference between the incoming water from the upper section and the run-off from the lower section,
according to the following equation:

WC = Wllp = Wpown (1)

where W is the water consumption of the river section (108 m3); Wup is the amount of water coming
from the upper section (10% m3); and Wpy,, is the annual run-off of the lower section (10% m?).
Water consumption in the mainstream of the Tarim River was mainly due to national economic
water diversion, ecological water diversion, and the natural dissipation of the river, resulting in the
following water balance equation:
We = Wy + W + Wgr 2)

where W is the water consumption of the river section (108 m®); Wy is the national economic water
diversion (108 m3); Wr is the ecological water supply (10% m3), including the ecological flood diversion
of agricultural water diversion and the pure ecological water diversion of ecological sluice; and Wg
is the natural loss of water in the process of run-off migration, including evaporation, leakage and
overflow [30].

2.5. Regulating Ecosystem Services

Carbon Storage

In this study, carbon storage (CAS) was assessed by InVEST, a model assemblage jointly developed
by Stanford University, the World Wildlife Fund (WWF), and The Nature Conservancy (TNC),
under the auspices of the Natural Capital Project (http://www.naturalcapitalproject. org/InVEST.html).
InVEST is useful in informing the decision-making process by quantifying and mapping the
distribution of ecosystem services under alternative scenarios. CAS includes four basic carbon
stocks (aboveground biomass, underground biomass, soil carbon stock, and dead organic matter).
The carbon module in the INVEST model was used to assess the spatial distribution of CAS in
ecosystems, using Equations (3) and (4) [64]:

Cy= Cabove =+ Cbelow =+ Cdead (3)
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Crot = Co + Copil 4)

where C, is CAS in vegetation (ton); Cpepe is CAS in all living plant material above the soil; Cpejoy is
the CAS in the living root systems; and Cg,, is the CAS in litter, as well as lying and standing dead
wood. Cy is the total CAS (tons), and Cgy;; is the CAS in the soil (tons). See Table S1 for the vegetation
carbon density table.

2.6. Supporting Ecosystem Services

Soil Moisture

In this study, the soil drought index (TVDI) was used to characterize the soil moisture supporting
service. TVDI can be effectively used to monitor the soil surface water content in arid areas [30].
The TVDI is a simplified land surface dryness index related to soil moisture, which is calculated as:

TS - TS min

TVDI = (5)

Tsmax — TSmin
where TVDI ranges between 0 and 1 (TVDI = 0 indicates that the soil’s water content is close to the
field water-holding capacity, and TVDI = 1 indicates that the soil’s water content is close to the wilting
point). T5 is the surface temperature; Tsmin, is the lowest surface temperature corresponding to an EVI
value, where EV1 is the enhanced vegetation index based on the MODIS data; and Tsmax is the highest
surface temperature corresponding to an EVI value. The fitting equations for Tgmin and Tsmax are [65]:

TSmirl =a1 + b1EVI (6)
Tsmax = a2 + boEVI (7)
EVI = 2.5(pNiR = PRed)/ (PNIR + C10Red = C2PBlue + L) 8)

where a; and b are the coefficients of the wet edge fitting equation; ap and b, are the coefficients of
the dry edge fitting equation; and p is the reflectance of the bands corrected by the atmosphere (near
infrared, red and blue); L = 1 is the soil regulation parameter; and c; and ¢, are parameters that describe
the influence of the atmosphere on the red band due to the blue band, i.e., 6.0 and 7.5, respectively.

2.7. Provisioning Ecosystem Services

Groundwater

In this study, groundwater depth (GWD) was selected to characterize the groundwater provisioning
service. The GWD spatial distribution map was obtained by Kriging interpolation from the annual
GWD data of 51 groundwater monitor wells perpendicular to the river, using ArcGIS10.4 software.
As the groundwater monitor wells of the Tarim River started to operate after 2008, for the missing
GWD data in 2000, we used the monthly run-off of each section from 2010 to 2018 to construct a
fitting function with the monthly GWD of each groundwater monitor well in the corresponding
section. The n, according to the monthly run-off of each section in the year 2000, the monthly GWD
of each groundwater monitor well in each section in 2000 was obtained through the fitting equation.
Finally, the monthly groundwater data of each well were averaged to obtain the average GWD in 2000
(Figure S1 and Table S2).

2.8. Trade-Off and Synergy Analysis

2.8.1. Correlation Analysis

We used ArcGIS10.4 combined with the correlation coefficient method to analyze and determine
the grid data of the four ES in the years 2000, 2010, and 2018. First, the 1 x 1 km grid sample
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points were created using the ‘Fishnet’ tool in ArcGIS 10.4, and the average ecosystem service of each
sample point was extracted based on each grid. The number of samples selected in this study was as
follows: 14,708 sample sites in the entire region, 8606 sample sites in the Alar-Yingbaza river section,
and 6102 sample sites in the Yingbaza-Qiala river section. Finally, according to the sample points of the
different ES, the correlation coefficient was calculated by SPSS 22 (Pearson, two-tailed) [19].

2.8.2. Root Mean Square Deviation

The Root Mean Square Deviation (RMSD) was used to quantify the trade-off between two or more
ES, and required the data to be standardized prior to calculation [20,66]:

ESgq = (Esobs - Esmin)/(ESmax - ESmin) )
1 - —\2
RMSD = 4| — X ;(Esi ~ES) (10)

where ESgy; is the standardized value of any ecosystem service; ESy is an observed value; and ESpin
and ESpax are the minimum and maximum observed values. ES; is the standardized value of ES;,
and ES is the expected value of the i number of ES. This method expands the meaning of trade-offs,
which is not limited to the characterization of the negative trade-off relationship, but also effectively
expresses the imbalance of the rate of co-directional change between synergistic services [20,64]. Itis a
simple and effective method that can characterize the degrees of trade-offs between two or more ES
without paying attention to the relationship between the ES.

3. Results

3.1. Effect of the Implementation of Policies on Land Use and Land Cover

The spatial distribution of land use/cover types in the Alar-Qiala section of the Tarim River basin
in 2000, 2010, and 2018 is shown in Figure 3A. Woodland, grassland, farmland, and unused land were
the main land types in this area (Figure 3B). With the protection and restoration of vegetation driven
by the policy of unified water resource management, the land use area and structure have changed
significantly [48]. From 2000 to 2018, the farmland, water area, construction land and unused land in
the Alar-Qiala section of the Tarim River basin showed an increasing trend, in which the farmland area
increased by 11.66 x 10* hm?—a significant increase of 65.03%—and unused land increased by only
1%. The re was a decreasing trend in woodland and grassland areas, with grassland areas decreasing
by 9.09 X 10* hm?2, with the largest decrease reaching 20.78%, and woodland areas decreased by
5.06 x 10* hm?: a decrease of 10.50% (Figure 3C). In addition, compared with 20002010, the rate of the
increase of the farmland area, and the rate of the decrease of the grassland and woodland areas were
significantly lower in 2010-2018. This shows that the expansion of farmland in the Tarim River basin
has been effectively controlled and the restoration of woodland and grassland has improved following
the implementation of the comprehensive management of the Tarim River, and the unified management
of water resources in the basin. From 2000 to 2018, the land use transfer in the Aral-Qiala section of the
Tarim River basin mainly occurred between farmland, woodland, grassland and unused land (Table 2).
Farmland was the main importer, while grassland and woodland were the main exporters. From 2000
to 2010, the increased farmland came mainly from grassland, accounting for 64.81%; from 2010 to 2018,
the increased farmland came mainly from woodland, accounting for 53.33%.
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Figure 3. The spatial distribution of the land use/cover (A), the area of the land use/cover (B), and the area
change of the land use/cover (C) in the mainstream area of the Tarim River over the period 2000-2018.

Table 2. Change matrix of the land use in the mainstream area of the Tarim River, hm?2.

Construction Unused

Period Land Use Type Farmland Woodland Grassland Water Land Land
Farmland 176,896.61 177.60 383.39 48.73 766.23 1719.71
Woodland 27,648.10  449,204.76 2058.00 667.94 154.98 2464.06
20002010 Grassland 54,605.15 3316.68 368,312.73 7598.88 597.20 3475.37
Water 1339.27 1311.52 2278.57 48,370.14 0.00 79.32
Construction land 7.52 0.00 0.00 0.00 4300.22 64.12
Unused land 649.42 305.54 767.32 0.00 167.28 227,538.47
Farmland 236,148.40 8436.27 10,940.27 1674.75 2659.61 396.42
Woodland 32,228.98  390,551.31  16,857.65 9479.26 98.81 5177.07
20102018 Grassland 21,869.35 21,526.50  312,625.53 7388.01 285.49 10,240.00
Water 635.14 2276.26 2314.57 51,460.21 0.00 0.01
Construction land 54.55 0.00 181.14 208.42 5367.00 167.28
Unused land 5649.12 8854.76 3787.17 976.56 318.39 215,738.47

3.2. Spatio-Temporal Characteristics of the Ecosystem Services

Figure 4A shows the spatial distribution of CAS in the Alar-Qiala section of the Tarim River basin
in the years 2000, 2010, and 2018, showing a strong spatial heterogeneity. The re was no obvious
difference in the spatial distribution pattern of CAS in 2000, 2010, and 2018, and there was an overall
decreasing trend in the high CAS value from the Tarim River basin to its surroundings. The spatial
distribution was consistent with the change in the land use. In terms of time, the total CAS of
the entire region increased from 93.70 million tons to 93.92 million tons over the period 2000-2010,
and decreased to 93.01 million tons in 2018 (Figure 5B). From a spatial perspective, the high-value
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CAS areas were mainly concentrated in the Xingiman-Yingbaza and Yingbaza-Wusman sections.
The average annual CAS in these two river sections in 2000, 2010, and 2018 were 28.13 and 26.96 million
tons, respectively. The carbon densities were 67.79 and 78.35 thm™2, respectively. As these two river
sections were the main areas of woodland distribution, with high vegetation coverage and good growth,
there was less interference from human activities, and good maintenance of the natural vegetation.
The Alar-Xingiman section was mainly farmland. The average CAS and carbon densities in this
section, over the period 2000-2018, were 22.74 million tons and 57.12 thm~2, respectively. Among the
different land use types, woodland was the main carbon pool in the Alar-Qiala section of the Tarim
River basin. In the years 2000, 2010, and 2018, CAS in this section ranged from 31.88-35.31 million tons,
accounting for 34.28-37.68% of the total CAS of the basin’s ecosystem. The grassland CAS was second
only to woodland, and ranged from 24.03 to 30.37 million tons in 2000, 2010, and 2018, accounting for
25.84-32.41% of the total CAS (Figure 5A). In addition, the carbon density of the vegetation types in
the study area remained stable, and the average carbon density showed that woodland (73.77 t-hm~2)
was greater than farmland (73 thm~2) and grassland (69.35 t-hm~2) in 2000, 2010, and 2018.

The spatial distribution of ET in the Alar-Qiala section of the Tarim River basin over 2000, 2010,
and 2018, is shown in Figure 4B. The spatial distribution pattern of the study area changed significantly
in 2000, 2010, and 2018, and the overall distribution was highest in the west and lowest in the east.
The actual ET in the arid areas was mainly affected by the water conditions; however, the Tarim River
basin is located inland and precipitation is rare, and the entire area has a low ET value. In terms of
time (Figure 5D), the ET in the entire region was stably distributed between 110 and 140 mm over
the years 2000, 2010, and 2018, with the minimum occurring in 2000 (109 mm) and the maximum
in 2018 (140 mm). In 2010, the ET in the entire region increased by 15.56% compared with the year
2000, and in 2018 it increased by 10.37%, compared with 2010. From a spatial perspective, the high
ET areas were mainly concentrated in the Alar-Yingbaza section, and the average ET over the years
2000, 2010, and 2018 reached 130 mm. The low ET areas were concentrated in the Yingbaza-Qiala
section, with an average annual ET value of 116 mm. In addition, from 2000 to 2018, the average ET for
the different land use types showed that ET in farmland areas (169 mm) was greater than in water
(125 mm), woodland (119 mm) and grassland (114 mm) areas (Figure 5C). This difference was due to
the artificial planting and irrigation of the agricultural land, which increased the vegetation coverage
and soil moisture compared to the areas with sparse vegetation. The refore, the ET in the study area
showed significant spatial heterogeneity, and the implementation of a series of policies on the unified
management of water resources improved the water conditions in the Tarim River basin, and the entire
region has gradually become more humid.

Figure 4C shows the spatial distribution of the TVDI in the Alar-Qiala section of the Tarim River
basin in the years 2000, 2010, and 2018. According to the classification of the drought level, the TVDI
value is <0.67 for humid, 0.67-0.74 for light drought, 0.74-0.80 for moderate drought, 0.80-0.86 for
severe drought, and >0.86 for extreme drought [30]. The results show the strong spatial heterogeneity
of TVDI, as with CAS and ET. From a spatial perspective, the high value TVDI areas were mainly
distributed in the Yingbaza-Qiala section, and the average TVDI over the years 2000, 2010, and 2018 was
0.78 (moderate drought). The low value TVDI areas were mainly concentrated in the Alar-Yingbaza
section, with an average TVDI value of 0.69 (light drought) (Figure 5F). The average TVDI value for
the different land use types (Figure 5E), in 2000, 2010, and 2018, was significantly different, showing
that farmland (0.59) was lower than woodland (0.72), grassland (0.76), and unused land (0.79) areas.
Since the change in the soil moisture in the Tarim River basin depends on water delivery and irrigation
water, the farmland areas were greatly affected by human activities, making the soil moisture higher
than for the other land types, with a humid state in farmland areas. In terms of the stability of the
ecosystem, the water-holding capacity of the woodland soil was higher than that of the grassland,
which is conducive to weakening the vulnerability of the arid environment. In terms of time (Figure 5F),
following the implementation of the comprehensive management of the Tarim River, the soil in the
entire area started to exhibit humidification in 2000 (TVDI = 0.69). The effect of the ecological water



Sustainability 2020, 12, 8802 12 of 25

management was significantly enhanced from 2010 to 2018, and the degree of drought in the region
was controlled, in a state of light drought.
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Figure 4. The spatial distribution of CAS (A), ET (B), TVDI (C), and GWD (D) in the mainstream area
of the Tarim River during 2000-2018 (CAS = carbon storage, ET = evapotranspiration, TVDI = soil
drought index, GWD = groundwater depth).
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Figure 5. The carbon storage of the land use/cover (A); the carbon storage and carbon density (B);

the evapotranspiration of land use/cover (C); the evapotranspiration in the different river sections (D);

the soil drought index of the land use/cover (E); the soil drought index in the different river sections (F);

the groundwater depth of the land use/cover (G); and the groundwater depth in the different river

sections (H) in the mainstream area of the Tarim River during 2000-2018.

The spatial distribution of GWD in the Alar-Qiala section of the Tarim River basin over the period
2000, 2010, and 2018, is shown in Figure 4D. The spatial distribution varied over the study period.
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The areas with high GWD values were mainly concentrated in the Yingbaza-Qiala section, and the
average GWD was 3.34 m in 2000, 2010, and 2018. The areas with low GWD values were mainly
distributed in the Alar-Yingbaza section, with an average GWD of 2.74 m in 2000, 2010, and 2018
(Figure 5H). This is because the GWD in the Tarim River basin is mainly dependent on ecological water
delivery and the irrigation water volume as the soil moisture content changes. After the three major
sources of the Aksu, Hetian, and Yarkand Rivers converge, it flows from Alar to Qiala over a distance of
893 km. In the process of river discharge, there is bound to be loss of water due to natural evaporation
and leakage, resulting in a drop in the groundwater level of the Yingbaza-Qiala section. In addition,
the Alar-Xinqiman section was the main agricultural irrigation area, which had a greater impact on
human activities, and the groundwater level was shallower. Groundwater is the main water source
for vegetation growth in the Tarim River basin. In 2000, 2010, and 2018, the average GWD for the
different land use types was 2.81 m in grassland areas, which was less than in the woodland (2.84 m),
farmland (3.01 m) and unused land (3.04 m) (Figure 5G). This shows that the groundwater level for the
growth of shallow-rooted plants, such as grasslands, was lower than that of other vegetation types,
and was highly sensitive to changes in GWD. In terms of time, the average GWD at the initial stage of
the comprehensive management of the Tarim River, in 2000, was 3.12 m. With the reform of the Tarim
River basin system, the groundwater level rose rapidly due to high-intensity ecological water transfer,
to 2.94 m in 2010, which was 5.77% higher. By 2018, the average GWD was stable, at 3.05 m.

3.3. Trade-Offs and Synergies among Multiple Ecosystem Services

Figure 6 shows the spatial correlation coefficients between the indicators of the ES in different
sections of the Tarim River basin, in order to determine the ecosystem service spatial relationships.
The results show that, in the Alar-Yingbaza and Yingbaza-Qiala sections, CAS-GWD, CAS-TVDI
and ET-TVDI maintained significant trade-off relationships (p < 0.01), and the trade-off relationship
between ET-TVDI was most obvious. However, there were significant synergistic relationships
between CAS-ET and GWD-TVDI over the entire study period, with the synergistic GWD-TVDI
relationship being the most obvious. Some indicators showed opposite trends in different river sections
over the study period. For example, ET-GWD showed synergy in the Alar-Yingbaza section, while the
opposite pattern (i.e., a trade-off) was observed in the Yingbaza-Qiala section.

For different land use/cover types, the trade-offs/synergies between ES were not the same on
different spatial and temporal scales (Figure 7). For woodland and grassland areas, CAS-ET had a
synergistic effect over the entire study period, but it was a trade-off relationship in farmland areas;
ET-GWD showed a synergistic effect in farmland areas, but was a trade-off in woodland and grassland
areas. In other words, there was a space-time scale dependence of trade-offs/synergies between ES.
In addition, among the other ES, CAS-GWD (except 20002018, low significant synergy, p < 0.05) and
GWD-TVDI (except 2018, low significant synergy, p < 0.05) showed significant synergy (p < 0.01) over
the entire study period, and CAS-TVDI (except 2018, low significant trade-off, p < 0.05) showed a
significant trade-off relationship during the entire period, which is consistent with the results of the
studies in the different river sections.
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Figure 6. The spatial correlation of paired ecosystem service indicators in the different river sections
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In order to better understand the changes in the ecosystem service trade-offs, the RMSD of the
paired ES in the different sections and land use types was determined (Figure 8). In the different river
sections, there were some differences in the trade-off intensity of ES over the period from 2000 to 2018.
In all of the paired services (except CAS-TVDI), the RMSD of the Yingbaza-Qiala section was higher
than that of the Alar-Yingbaza section (Figure 8A). For the different land use/cover types, overall,
the RMSDs among all of the paired services (except CAS-TVDI) were lower for grassland than for
woodland areas (Figure 8B).
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Figure 8. The RMSD values between two ecosystem service indicators of different river sections (A),
and the RMSD values of two ecosystem service indicators of different land use types (B) for the entire
study period (the ordinate represents the RMSD values between two ES).

4. Discussions

4.1. The Underlying Drivers for Changes in the Ecosystem Services

Previous research has shown that a variety of factors bring about the generation, status and
evolution of ES, including land use/cover changes, atmospheric carbon dioxide, biological changes,
and nitrogen deposition, etc. [67-69]. The Millennium Ecosystem Assessment categorized these factors
into physical (direct) and human (indirect) factors [3]. On a large spatiotemporal scale, climate change
and land use are the main direct and indirect drivers of changes in ES. In arid basins, the changes in ES
are mostly driven by water and land resource exploitation, which are influenced by water resource
management policies [50].
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Land use change is important in the long-term study of the earth, and changes in the type of land
use affect the main ecological processes, such as energy exchange, the carbon cycle, the water cycle,
soil erosion and accumulation, and the biogeochemical cycle, etc. The refore, land use influences the
supply of ES [3,70]. The agricultural irrigation economy has always been an important economic
source in the Tarim River basin. In the early 1990s, the development of agricultural production in the
Tarim River basin mainly relied on the expansion of the farmland area. With the rapid rise in food and
cotton prices, driven by the economy, there was a surge in the reclamation of land; a large number of
woodland, grassland, and unused land areas were reclaimed as farmland, resulting in a sharp increase
in the farmland area. The over-exploitation of water and soil resources increased desertification and
salinization, reduced the wetland area, and the vegetation has progressively deteriorated. The Tarim
River has become one of the most noticeable land degradation areas, not only in China but also in the
world [27,33]. In order to reduce land degradation and restore ecosystems, the Chinese government
implemented a series of water resource management policies, the implementation of which has
increased the management of the water and soil’s development, ensuring sufficient water supply in
the Tarim River basin. In this study, the significant change in the CAS area within the ecosystem was
consistent in spatial distribution with the change in land use, and its characteristics were decreasing
around the Tarim River. From 2000 to 2010, the CAS in the study area increased by 0.22 million tons,
mainly due to the conversion of grasslands (69.35 thm™2) to farmland (73 thm™2). Following the
implementation of the comprehensive management, the remarkable restoration of the vegetation also
resulted in increased surface biomass, carbon density, and CAS in woodland and grassland areas.
CAS decreased by 0.91 million tons from 2010 to 2018, mainly due to the conversion of woodland areas
(73.77 thm™2) to farmland (73 thm™2). At the same time, the transformation of grassland to desert,
overgrazing, and the unreasonable utilization of grassland resources led to a decrease in the total CAS
in grassland areas, which is consistent with research results showing a decline in grassland CAS in
other arid areas of China [71].

Based on a previous study [30], climate change was the main driving factor for the changes in
the runoff of the headstream areas of the Tarim River, but the change in the water volume of the
mainstream Tarim River was mainly affected by the runoff of the headstream areas. Compared with
1960-1993, due to climate change, the run-off in the headstream areas of the Tarim River basin increased
by 18.66 x 108 m3.year~! from 1994 to 2017, resulting in an increase of 6.33 x 10® m3-year~! into the
Tarim River. According to the water balance principle, we used the run-off data, the agricultural and
ecological diversion, and the return water of various river sections from 2005 to 2018 to calculate
the riverway loss (i.e., the sum of the evaporation, leakage, and overflow in the river channel) of
each section of the Tarim River, in order to clarify the mechanism driving the changes in the three ES
that affect the water cycle in the basin ecosystem (i.e., ET, TVDI, GWD). The results (Figure 9) show
that, from 2005 to 2018, the average run-off, water diversion, and riverway loss of the Alar-Yingbaza
section were 46.88 x 108 m3, 6.66 x 108 m3, and 12.21 x 108 m3, respectively; the average riverway
loss rate was 29.84%, and the per unit riverway loss was 273.15 x 10* m3-km~!. The average run-off,
water diversion, return water and riverway loss of the Yingbaza-Qiala section were 28.51 x 10% m?,
8.76 x 108 m3, 0.15 x 108 m?® and 11.74 x 10% m3, respectively; the average riverway loss rate was
45.47%, and the per unit riverway loss was 294.97 x 10* m3-km™!. In addition, the average evaporation,
leakage and overflow in the Alar-Yingbaza section was greater than that in the Yingbaza-Qiala
section. The enhancement of management of the water resources has increased the run-off from the
mainstream of the Tarim River year by year, and the entire region has become more humid. However,
compared with the Alar-Yingbaza section, the Yingbaza-Qiala section had a higher per unit riverway
loss, lower leakage, and lower surface evaporation, resulting in a larger average GWD, lower soil
moisture, and lower ET. This shows that the change in the water volume is the main driving force for
the changes in ET, TVDI, and GWD in the Tarim River.
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Figure 9. Water regime change and water volume conversion in different river sections from 2005 to 2017.
(A) Alar-Yingbaza, (B) Yingbaza-Qiala.

4.2. Trade-Off and Synergy Relationships between the Ecosystem Services

ES are closely related, and have a non-linear relationship, which is due to the influence of common
drivers or the interaction between them [72-74]. Many studies have investigated the trade-offs
and synergies of ES, revealing that trade-offs or synergies among multiple ES are universal [20].
The approaches to the research of the trade-offs and synergies among multiple ES can also be
summarized into four categories: statistical methods, GIS spatial analysis methods, scenario simulation,
and ES liquidity analysis methods [20,66]. Compared with other methods, correlation analysis and
trade-off indexes (RMSD) are the most commonly used and effective approaches to assess and discuss
the relationships of paired ES [5,20,32,66]. In order to reveal the trade-off/synergy of ES, we first
qualitatively compared the trade-offs of different river sections and different land types in each
period, using a Pearson correlation analysis. The results showed that there was a significant trade-off
relationship between CAS-GWD, CAS-TVD], and ET-TVDI in the Alar-Yingbaza and Yingbaza-Qiala
sections during the study period, while those between CAS-ET and GWD-TVDI were significant
during the whole period, indicating a great dependence on the ES that affect the carbon and water cycles
in this region. This is because the areas with high CAS were usually closer to the riverbank, with a
better water regime and greater vegetation coverage, and these areas often have shallow groundwater
levels, resulting in higher soil wetting and ET. The se results are consistent with those of Fu et al. [58],
who believed that, although there was little precipitation in the oasis, the groundwater level was
close to the surface, and the strong transpiration of trees would lead to a rise in the groundwater
level. In different sections of the river, some ES showed the opposite trend during the study period.
For example, ET-GWD showed synergy in the Alar-Yingbaza section, while the opposite pattern
(i.e., trade-off) was observed in the Yingbaza-Qiala section. This is because the Tarim River basin is a
dissipative river. Following the implementation of ecological water transport in the headstream areas,
when the river flowed through the Yingbaza-Qiala section, 60.02% of the water volume had already
been dissipated in the Alar-Yingbaza section, which, coupled with the high per-unit riverway loss
of the Yingbaza-Qiala section, meant that when the water flowed over the river channel, the water
in the river would overflow out of the river channel or evaporate naturally before the groundwater
level could be raised [27], resulting in a synergistic relationship between ET and the GWD. In addition,
for different geographical scales, the trade-offs/synergies between ES are not completely consistent
for different land use types and river sections, showing strong regional heterogeneity and regional
scale dependence. In other arid areas, the correlation coefficients between ES have been found to
be concentrated in the range 0.02-0.52 [19,75], which is consistent with this study. Second, we used
RMSD to quantitatively analyze the trade-offs between multiple ES [66]. The results showed some
differences in the trade-off intensity of ES in the section of the river over the period 2000 to 2018.
The RMSD of the Yingbaza-Qiala section was higher in all of the paired services (except CAS-TVDI)
than it was in the Alar-Yingbaza section, which indicates strong internal competition between the ES
that affect the carbon cycle and water cycle in the Yingbaza-Qiala section. For different land use/cover
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types, in general, the RMSDs among all of the paired services (except CAS-TVDI) were lower for
grassland than woodland areas. This indicates that the ES provided by woodland may be more uneven,
and that grassland, with a smaller RMSD, can be used to support a higher level of synergistic ES.
Similar findings have been noted in other studies on the Loess Plateau [76-78].

4.3. Optimal Management of Water Resources Based on Ecosystem Services

Water resources are limited, fragile, and scarce, and are essential for maintaining life,
the environment and human development [54,79]. Humans can benefit directly and indirectly
from freshwater ecosystems—termed water-related ES—but the potential loss of ES due to conflicts
with water resources are seldom studied [80]. Arid areas are extremely fragile ecological environments,
which are sensitive to climate change and human activities. Water is a key environmental factor for
ensuring the structural integrity and stability of the ecosystem in arid areas, and for maintaining
functional ES [56]. This study indicates that the ES that affect the carbon and water cycles in the
different river sections of the Tarim River basin generally show dependence on one another. However,
in the woodland and grassland areas in desert riparian forests in arid areas, the strong competition
between CAS and GWD limits the efficient use of ecological water to a certain extent. Coupled with the
imbalance of the water volume in the high-flow years and the low-flow years of arid areas, forests such
as Populus euphratica may be unable to maintain normal and stable growth within the threshold range of
suitable groundwater. In addition, in farmland areas, due to the strong competition for water resources
between ET and GWD, there would be a loss of some of the water resources, and a reduced water
use efficiency of agricultural irrigation to a certain extent. The expansion of farmland also invaded
and destroyed the desert—oasis transition zone at its periphery, resulting in the continuous shrinkage
of the natural vegetation of the green corridor. The refore, in order to reduce trade-offs between ES,
to enhance the ES that affect the carbon and water cycles in arid basins, to realize the effective protection
of desert riparian forest, and to ensure reasonable and efficient ecological water demand, the following
measures should be taken: (1) establish an “underground ecological water bank” in order to maintain
a stable groundwater level. The ‘underground ecological water bank’ can store a large amount of
water underground in high-flow years, for the long-term use of natural vegetation in low-flow years.
According to Ling et al. [30], the GWD was maintained at 2-6 m, which ensured the stability of the ES
function of the desert riparian Populus euphratica community, and the normal growth of deep-rooted
plants. The refore, the establishment of an ‘underground ecological water bank’ is beneficial to the
reduction of the trade-off between CAS and GWD in natural vegetation, and the prevention of the
reduction of CAS due to the decrease of natural vegetation coverage. (2) Implement ecological water
conservancy engineering and an ecological water rotational irrigation system in low-flow years. In 2011,
the Chinese government established ‘three red lines’ (i.e., the development and utilization of water
resources, water use efficiency, and the limitation of the pollution capacity in water function areas);
the total amount of water used and wasted, and the total amount of sewage discharged into the
rivers were strictly controlled in order to achieve the rational allocation and effective protection of
the water resources [27,30]. Based on previous research results [30,81-83], the efficient water resource
regulation and control model has resulted in improvements in ES. For example, in the Syr Darya
River basin of Central Asia and the Heihe River basin of China, water allocation was implemented
by coordinating the relationship between the whole basin and the different administrative regions,
in order to balance the water demand between economic development and ecological protection.
This unified water distribution has greatly improved the ecological environment of the arid region,
and the water-related ES have improved significantly [81-83]. In addition, in the Tarim River basin,
the ecological sluice was controlled to overflow 2-3 times per year, from July to September, lasting for
15-20 days, with a maximum overflow time interval of 3-5 years, effectively ensuring the seed
germination and formation of the Populus euphratica community in low-flow years, maintaining and
enhancing its biodiversity, and promoting the synergistic relationship between natural vegetation
and groundwater [30]. (3) Implement the reduction of farmland and irrigation water, and strictly
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ensure the appropriate ratio of the oasis scale. In 2015, the Chinese government formulated the
‘ecological red line’(i.e., the spatial red line, the area red line, and the management red line). Its main
content the determination of the spatial scope and minimum protection area of different types of
important ecological areas and vulnerable areas according to the needs of ecological service functions,
the protection of ecosystem integrity, and the sustainability of ecological processes. According to
Ling et al. [50], when the vegetation cover degree was greater than 0.41, the ecosystem service value
of natural vegetation was higher than that of the farmland in arid basins. The refore, a reasonable
proportion of the oasis scale (i.e., 5:5-6) is beneficial in order to control agricultural water use, and to
enhance the regulating ecosystem service (CAS) of natural vegetation [84]. Moreover, the application
of a Bayesian network model in arid basins could promote the reduction of farmland and irrigation
water by adjusting the water price, in order to ensure the scale and area of oasis areas, and to improve
habitat function [85]. Through water-saving and water-retaining engineering measures, according to
the actual needs of crop irrigation, the use of water-saving irrigation technology can reduce ET and
other invalid losses in the process of water transfer, improve the efficiency of utilization of water
resources in farmland, and promote the water cycle of the basin [50,82,83,86]. In the future, the ES
that affect the water and carbon cycles should also be taken as the foundation, and other core ES
(i.e., biodiversity, wind and sand fixation, food supply and recreation, and ecotourism) that restrict the
sustainable development of arid areas should be incorporated into the water resource management
system. By evaluating the trade-offs between core ES in arid areas, a quantitative standard of ecological
water demand was established for a desert riparian forest ecosystem, so as to form a unified basin
ecological dispatching system.

5. Conclusions

The enhanced management of water resources improved ES in arid areas along the Tarim River.
From 2000 to 2018, due to the exploitation of water and land resources driven by water resource
management policies, CAS showed an initial increasing trend, but then decreased. The high-value
CAS areas were mainly distributed within a 0-10 km range from both banks of the Tarim River,
and woodland areas were the main carbon pool. ET showed an increasing trend. In 2010, the ET of
the entire region increased by 15.56% compared with 2000, and in 2018, the ET increased by 10.37%
compared with 2010. The TVDI was controlled at 0.69-0.74 (light drought), and the soil showed
developing wetness. The average GWD in the region was 3.12 m in 2000; it increased by 5.77% t0 2.94 m
in 2010, and remained stable at 3.05 m in 2018. Following the implementation of the comprehensive
management of the river basin, an improvement in ES was observed.

On different geographic scales, the trade-offs and synergies between multiple ES have shown
regional scale dependence. In the river section, CAS and GWD, CAS and TVDI, and GWD and
ET showed trade-off relationships, while CAS and ET, and GWD and TVDI maintained synergistic
relationships. In the woodland and grassland areas, CAS and GWD showed a synergistic relationship,
indicating that there was still strong competition between natural vegetation and groundwater in these
land types. In farmland areas, ET and GWD displayed a synergistic relationship, indicating that the
ineffective loss of water resources, i.e., by ET, is a result of farmland expansion, which reduces the water
use efficiency of agricultural irrigation and leads to water waste. In addition, the Yingbazha-Qiala
section was a typical river section with fierce competition for water resources. Compared with
woodland areas, grassland supported a higher level of synergistic ES.

In order to reduce trade-offs between ES, and improve to ES, achieve ecological protection and
restoration of desert riparian forests, and to optimize the water resource management in arid areas,
the following measures should be taken: (1) establish an ‘underground ecological water bank” in order
to maintain a stable groundwater level; (2) implement ecological water conservancy engineering and
an ecological water rotational irrigation system; (3) implement the reduction of farmland and irrigation
water, and strictly ensure the appropriate ratio of the oasis scale.
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