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Abstract: In this study, we used long time series Landsat data and ecosystem services coefficients for
global and Chinese ecosystems during 1978-2018 to estimate the influences of land-use change on
ecosystem services (ES) in Kaidu-Kongque River Basin (KKRB), where both socioeconomic progress
and the arid, fragile natural environment have considerable affected land-use change. The results
showed that (1) the total value of ES in the KKRB was about USD 8111.5, 7995.31, 8275.74, 8131.91,
and 8016.38 million in 1978, 1988, 1998, 2008, and 2018, respectively. The net ecosystem service
value (ESV) loss was about USD 116.19 million for 1978-1988, the net ESV profit was about USD
280.43 million for 1988-1998, and the net ESV loss was about USD 259.36 million for 1998-2018.
(2) Water supply and waste treatment function were the top two ecological functions with high service
value; their combined contribution rate was 59.3%, indicating that the regulating service function in
this study area is higher than the provision services function. (3) The high to low ranking for each
ecosystem function based on their contribution rate to overall ES value was water supply > waste
treatment > climate regulation > biodiversity protection > recreation and culture > soil formation >
gas regulation > food production > raw material. These results are significant for the continuation of
the integrity and sustainability of the mountain-oasis—desert region ecosystem, where socioeconomic
progress and the fragile characteristics of the natural ecosystem complement each other. The results of
this study provide scientific evidence for governmental decision makers and local residents and offer
a reference for environmental researchers in northwest China.

Keywords: ecosystem service value; land use land cover; economic valuation

1. Introduction

Ecosystems are the life-supporting and life-sustaining systems of Earth’s natural envi-
ronment, which includes humans and other organisms. Ecosystems directly or indirectly
provide a wide range of multiple services, e.g., by supporting foods and goods, storing
carbon, purifying the atmosphere, conserving biodiversity, and regulating climate [1-3].
As a main part of the biosphere, each ecosystem service (ES) has unique characteristics
that cannot be replaced by other ESs. They play an important role in maintaining the envi-
ronment, and are becoming increasingly essential for understanding the various benefits
provided by ecosystems [4]. An ecosystem can be defined as the conditions and processes
that contribute to human and other living organisms’ survival and welfare by providing
material and nonmaterial benefits [5]. Each individual function of an ES is critical for
maintaining survival on Earth and to the continued development of the ecosystem [6].
The integration of ecological and economic concepts has significantly contributed to the
sustainable development of Earth’s environment [7]. In recent years, ecosystem service
value (ESV) has become a main topic in environmental ecology and ecological economics
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research [8]. Due to irrational human activities and global climate change, ESs are experi-
encing considerable and continually increasing pressure [9]. As the main carrier for various
terrestrial ecosystems, change of land use and land cover structure is expected to result in
a variety of ecosystem types, areas, and their spatial distributions [10]. Human activities
are the main factor affecting ES function via land-use/land-cover change (LULCC) [11].
LULCC is the main factor determining the evaluation of ES function, the land-use structure
change, and the dynamic process of most landscapes throughout the world, especially in
arid and semiarid regions [12]. LULCC can change ESs through agricultural development,
animal husbandry, human living environments, urbanization, built up areas, and min-
ing [13]. Changes to the mode of land use would directly affect the intensities and function
of provided ecosystem services. To quantify this, we can account for the regional ecosystem
services value, giving us a measure for the effects of changes to land use and land cover on
the natural environment [14]. On a larger scale, such measurements always lead to a better
recognition of the complex relationships between nature and society. Given this, valuation
of ecosystem services has been widely adopted at different scales. Such monetization has
provided vital insights into and guidance for land and environmental managers, policy-
makers, and stakeholders regarding optimal ecosystem service provision and land-use
planning [15]. However, the Millennium Ecosystem Assessment (MEA) result showed
that two-thirds of all ecosystem services have decreased during the last 50 years, and this
decrease is likely to have a large negative influence on human welfare [16]. These negative
impacts of LULCC on ESs vary, and mainly result in loss of balance between the provision
of ecosystem services and demands of humans and other organisms [17].

Over the recent years, land use and land cover changes in China have shown an
increasing trend of speed, depth, and breadth. Their resulting effects have only increased,
highlighting the importance of global research into land use and land cover changes [18].
The demand for resources and environment from the increasing societal economic and pop-
ulation growth is beyond the supply capacity of natural ecosystem resources and environ-
ments. As such, continued human survival and development will eventually face severe
challenges [19]. For instance, it is particularly true that mountain-oasis—desert ecosystem
is a typical ecosystem in northwest China; these fragile ecosystems can be easily affected
by land use and land cover changes [20].

As we mentioned above, economic valuation of ESs has been an important aspect of
ecological economic research [21]. In the past several decades, numerous studies have been
conducted to estimate various ESVs. Costanza et al. [22] estimated the global biospheric
value of 17 ESs provided by 16 dominant global biomes; Zhang et al. [23] calculated the
economic value of endangered species management; Kreuter et al. [24] estimated the
change in the ESV for the San Antonio, Texas, area; Zhao et al. [25] assessed the ESV of
the land-use change on Chongging Island, China; and Mamattursun et al. [26] assessed
variations in ESV in the Kirya Oasis in western China. These studies have shown that
LULCC plays a vital role in environmental and ecological changes. These changes may
have dire consequences for the natural environment by altering the ecosystem processes
and services [27,28]. To highlight the effect of LULCC on ESV, many studies have estimated
the various ESVs around the world, and the relationship between land-use changes and ESV
has been explored in scientific papers. These studies have demonstrated that using land-
use data is an efficient method for estimating ESV. Studies also indicated that economic
progress conflicts with ES if it does not comply with natural ecological principles and laws.
However, quantitative research on LULCC and ESV at the regional level for mountain—
oasis—desert areas is limited, especially for the estimation of ESV in arid land with rivers
and valleys. We selected the Kaidu-Kongque River Basin (KKRB) in northwest China as the
study area because, since the late 1970s, the KKRB has been subjected to nearly 50 years of
water and soil development and also experienced drastic climate change. From 1978 to 2018,
the population increased by 1.6% and socioeconomic progress in this region was significant,
and large-scale water management activities were implemented. These factors may have
caused considerable LULCC in the area, resulting in dramatic changes in ES function.
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In this study, based on the land-use land cover (LULC) classification data derived from
Landsat series data, such as multispectral scanner (MSS)/ thematic mapper (TM)/enhanced
thematic mapper (ETM)/operational land imager (OLI) images in 1978, 1988, 1998, 2008,
and 2018, as well as the governmental socioeconomic statistics and field investigation
data, we calculated the LULCC and its impact in the KKRB during 1978-2018. The main
objectives of this research were to (1) estimate the long-term oasis LULCC; (2) calculate
changes in ES on the regional scale by examining variation in ESs using value coefficients
from 1978 to 2018 and socioeconomic progress on time series ESV; (3) determine how
arid land, river, and valley land-use changes affect the value of the ESs in the KKRB;
and (4) identify natural and social factors affecting the ESV in the KKRB. These quantitative
analyses are urgently important for application in land-use planning of arid land river
basins and for offering scientific guidance regarding the eco-environmental protection
and sustainable development of arid land in the KKRB.

2. Materials and Methods
2.1. Study Site

The KKRB, located 40°31’-43°54' N and 82°7/-89°73' E, has an area of 74,582 km?,
is situated on the southern slope of the Tianshan Mountains and the north part of the
Taklimakan Desert. It contains Bosten Lake, Kaidu River, Kongque River, and five counties
including Bohu, Hejing, Heshuo, Yangi, and Yuli, as well as the city of Kuerle (Figure 1).
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Figure 1. The location of the Kaidu—Kongque River Basin (KKRB) in northwest China.

Bosten Lake is the largest inland freshwater lake in northwest China, with a surface
area of approximately 1.3 x 10* km?. The lake’s total water volume is about 8.8 x 10° m?,
with a maximum depth of 16 m and average depth of 8 m. Bosten Lake is where the Kaidu
River ends and the Kongque River begins [29]. Topographically, the KKRB is characterized
by large mountain ranges in the northwest, oases in the lower-middle narrow plains,
and vast desert in the southeast. The KKRB has a typical inner-continental climate, with an
annual average temperature of 7.5 °C and annual average precipitation of 130.44 mm.
The temperature and precipitation in mountain, oasis and desert area are different each
other and maximum, minimum, average value of temperature and precipitation in the
mountain, oasis and desert were shown in the Table 1. During the period of 1978-2018,
the average annual runoff of the Kaidu River was about 36.89 x 108 m3.
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Table 1. The temperature and precipitation in the mountains, oases, and desert in the KKRB.

Temperature Precipitation
Max Min Average Max Min Average
Mountain 3.1 —0.4 13 319 160 238
Qasis 12.7 8.2 10.3 115 39 69
Desert 13.6 9.8 114 48 14 30

2.2. Data Collection

To calculate the ESV in the KKRB from 1978 to 2018, we used land-use data, socioeco-
nomic data, an equivalent ESV coefficient, and local development policies. The land-use
data were acquired using multi-period and differential-resolution remote sensing data, in-
cluding Landsat TM/ETM and OLI images in 1978, 1988, 1998, 2008, and 2018, which were
freely obtained from the United States Geological Survey (USGS) website. The socioeco-
nomic data and local development policy materials were obtained from Chinese statistical
yearbooks and the related literature.

2.3. Land-Use Classification

Remote sensing data geometric corrections and masking were performed using ENVI
5.0 image software based on the 1:10,000 topographic maps. All databases were re-projected
to the Universal Transfer Mercator (UTM) Zone 43N with World Geodetic System (WGS-
1984) data [30].

After geometric correction and geo-referencing, the average location errors in the
images were controlled to less than one pixel. We obtained the KKRB’s LULCC data from
TM/ETM/OLI imagery. The band combination was bands 5, 4, and 3, and visual inter-
pretation was based on image specifications such as shape, color, shading, size, structure,
texture, and other spatial distributions of each type of land cover [31]. Considering the
actual conditions, we used a classification system with eight land types that included crop
land, forest land, grass land, water body, built-up land, wet land, saline land, and Gobi.
The accuracy of the results was validated according to field observation data. A brief
description of the classified land-use types is given in Table 2.

Table 2. Land-use land covers definition in the KKRB.

LULC Type Definition

Crop land Irrigated lands used for multiple crop types
Forest land Woodland, scrubland, savanna, other woodland
Grass land Land covered with steppe and grazing lands
Water body River, lake, reservoir, bottom land

Residential and commercial buildings, transportation facilities, highways,
railways, family houses, etc.
Mainly mangrove marsh, characterized by poor drainage, long-term
moisture, surface growth, hygrophytes
Saline land Land with salt on topsoil
Gobi Uncultivated areas, including barren rocky or sandy land in sloping fields,
bare land, etc.

Built-up land

Wet land

2.4. Ecosystem Service Value (ESV) Assignment

To evaluate the ESV for each of the eight land-use categories, each category was
compared with various biomes that were identified both worldwide and in China [32,33].
Because some of these services estimated by Costanza et al. in 1997 are not suitable for
China, Xie et al., based on Costanza et al.’s indices, modified the value coefficient for
the Chinese natural ecosystems. In the study, we determined ESV per unit area for each
land-use type according to the equivalent coefficient value of ecosystems suggested by
Xie et al. (Table 3) [34].
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Table 3. Ecosystem service value (ESV) of unit area of different land-use categories (USD-ha~!-year™1).

ESV Crop Land ForestLand GrassLand WaterBody Built-Up Land  Wet Land Saline Land Gobi

Gas regulation 71.18 285.31 99.07 0.00 0.00 256.26 2.21 3.97
Climate regulation 126.71 268.79 103.03 65.49 0.00 2434.47 0.00 8.59
Water supply 85.43 270.12 100.38 2904.28 0.00 2206.68 37.50 4.62

Soil formation 207.85 265.50 147.94 1.43 0.00 243.44 0.16 11.24
Waste treatment 233.49 113.60 87.18 2591.07 0.00 2588.22 53.03 17.18
Biodiversity protection 101.07 297.85 123.50 354.50 0.00 355.91 3.09 26.41
Food production 142.37 21.79 28.40 14.24 0.00 4271 11.50 1.32
Raw material 14.24 196.81 23.78 1.43 0.00 9.97 1.03 2.65
Recreation and culture 1.43 137.37 57.46 617.87 12.15 790.13 14.56 15.85
Total 983.75 1857.15 770.74 6550.29 12.15 8927.79 123.07 91.82

2.5. Calculation of ESV

In this study, the ESV and value of ecosystem service function (ESF) each refer to the
land-use type in the KKRB. They were calculated as follows:

ESVk = ZAk X VCkf (1)
f
ESVf = ;Ak X VCkf (2)
ESV =) ) A x VG (3)
k7

where ESVy, ESVy, and ESV represent the ecosystem service value of land-use type k,
the ecosystem service function value of service function type f, and the total ecosystem
service value, respectively; Ay is the area (ha) for land-use type k; VCkf is the value coefficient
(USD-ha—!-a~!) for land-use type k; and f is the ESF type. The variation in ESV was
estimated by calculating the estimated values for each land-use type in 1978, 1988, 1998,
2008, and 2018.

3. Results
3.1. Dynamics of Land-Use/Land-Cover Changes (LULCC)

The classification result of the land-use changes in the KKRB during 1978-2018 are
shown in Table 4 and Figure 2. The LULCC over the 41-year period indicates that Gobi
remains the dominant land cover type in the KKRB; it decreased from 47.83% of the entire
area in 1978 to 47.13% in 2018. The second largest cover is grass land, which decreased from
33.97% of the entire area in 1978 to 31.81% in 2018. Considering the LULCC classification
result shown in Figures 2 and 3, the most obvious change in the LULCC occurred in the
interior and central parts of the study area, where oasis land cover was affected by intense
human activity.

Crop land increased from 3.33% of total land in 1978 to 5.50% in 2018. Forest land in-
creased from 0.73% total land in 1978 to 0.92% in 2018. Water body first decreased, then in-
creased, and then decreased again, decreasing overall from 8.27% of total land in 1978
to 8.10% in 1988, then increasing to 8.29% in 2008, and then decreasing to 8.16% in 2018.
Built-up land also showed an increasing trend from 0.16% of total land in 1978 to 0.59%
in 2018. Wet land displayed a decreasing, increasing, and then decreasing trend, and de-
creased overall from 2.12% of total land in 1978 to 1.97% in 2018. Saline land first increased
then decreased, increasing from 3.59% of total land in 1978 to 3.95% of total land in 2008
and then decreased to 3.92% in 2018, but the overall trend was increasing during the study
period. In the KKRB, although the calculated sizes of wet land and water body were
relatively small, these two land types play significant roles in ESs and have high service
values. The total wet land and water body area was only about 10.3% of the total area,
but provided most of the ESV in the study area. The large change in wet land, water body,
and the simultaneous expansion in crop land resulted from rapid agricultural development,
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inadequate regulations for wet land protection, and unreasonable management and use of
water resources.

Table 4. Patterns of land-use change in the KKRB in 1978, 1988, 1998, 2008, and 2018.

1978 1988 1998 2008 2018
LULC Type Area o Area o Area o Area o Area o
(10° ha) ° (10° ha) ’ (10° ha) ’ (10° ha) ° (10° ha) ’
Crop land 248.7 3.33 276.8 3.71 286.5 3.84 348.6 4.67 410.3 5.50
Forest land 54.4 0.73 83.2 1.12 60.4 0.81 82.8 1.11 68.6 0.92
Grass land 2533.4 33.97 2481.2 33.27 24447 32.78 2401.3 32.20 2372.4 31.81
Water body 616.8 8.27 603.9 8.10 613.2 8.22 618.2 8.29 608.4 8.16
Built-up land 12 0.16 16.5 0.22 20.2 0.27 249 0.33 443 0.59
Wet land 158.2 2.12 149.9 2.01 181.2 2.43 153.9 2.06 147 1.97
Saline land 267.8 3.59 279.3 3.74 294.5 3.95 294.7 3.95 292.4 3.92
Gobi 3566.9 47.83 3567.4 47.83 3557.5 47.70 3533.8 47.38 3514.8 47.13
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Figure 2. Land-use maps of KKRB in 1978, 1988, 1998, 2008, and 2018.
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Figure 3. Land-use transfer map of KKRB during 1978-2018. Crop land, forest land, grass land,
water body, built-up land, wet land, saline land, and Gobi are referred toas 1,2, 3,4, 5, 6,7, and 8,
respectively. For example, 1-2 refers to the land-use change from crop land to forest, and other
expressions follow the same pattern.

3.2. Land-Use Conversion

The land-use/land-cover classification maps show that land use in the KKRB consider-
ably changed during the 41-year period (Figure 3). The grass land in the northwest moun-
tain areas dramatically decreased after 1978, being converted to crop land. In the oases that
are located in the middle and central parts of the KKRB, crop land has obviously increased
around Bosten Lake since 1978. Table 4 displays the dynamics of all eight land-use/land-
cover types in terms of total area and percentage. Crop land, forest land, built-up land,
and saline land increased; grass land, water body, wet land, and Gobi decreased. The matri-
ces in Table 5 show the land use/cover changes during the two 41-year periods. The figures
on the diagonal of a matrix (bold values) are the amounts of those land use/cover types
that did not change (persistence) during that period, whereas the off-diagonals indicate
the gains, losses, and trajectories of the conversions. For example, Table 5 reveals that out
of the 2487 x 10? ha of the crop land in year 1978, 2145 x 10° ha were unchanged, while
46 x 10° ha, 179 x 10%,1 x 10%, 64 x 103, 2 x 10°,11 x 10°, and 39 x 10° ha were lost to
forestland, grassland, waterbody, built-up land, wet land, saline land, and Gobi, respec-
tively. Out of the 4103 x 10° ha of crop land in year 2018, 1958 x 10° ha was gained from
other types, including the forest land (22 x 10° ha), grass land (1449 x 10° ha), water body
(8 x 103 ha), built-up land (14 x 102 ha), wet land (28 x 10> ha), saline land (47 x 103 ha),
and Gobi (390 x 10 ha). Similarly, out of the 686 x 10% ha of forest land in year 2018,
377 x 10% ha remained unchanged, while 309 x 10% ha was gained from the other land use
types. Out of the 25,334 x 103 ha of grass land in year 1978, 23,079 x 10° ha remained
unchanged, while 2255 x 10% ha was changed into the other land types. The areas of
water body, built-up land, wet land, saline land, and Gobi are 6168 x 103 ha, 120 x 10° ha,
1582 x 103 ha, 2678 x 10° ha, 35,669 x 103 ha in year 1978, respectively, accounting for
8.27%, 0.16%, 2.12%, 3.59%, and 47.83% of the total area, respectively. In 2018, these
proportions changed to 8.16%, 0.59%, 1.97%, 3.92%, and 47.13%, respectively.
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Table 5. Transition matrix of land-use/land-cover change (LULCC) from 1978 to 2018 in the KKRB (10° ha).

Year LULC Type CropLand Forest Land GrassLand  Water Body  Built-Up Land Wet Land Saline Land Gobi Gain
Crop land 2145 2 1449 8 14 28 47 390 4103
Forest land 46 377 79 3 1 169 0 11 686
Grass land 179 142 23,079 31 0 9 37 160 23,724
Water body 1 1 50 6019 0 6 1 6 6084
1978-2018  Built-up land 64 1 98 60 104 2 0 94 443
Wet land 2 1 212 20 0 1206 9 20 1470
Saline land 11 0 177 3 0 16 2579 138 2024
Gobi 39 0 190 24 1 39 5 34850 35148
Lost 2487 544 25,334 6168 120 1582 2678 35,669
3.3. ESV Changes
We estimated the total ESV for the KKRB from 1978 to 2018 according to the ESV per
unit area of different land-use types (Table 3) and total areas of different land-use types
(Table 4). These results are displayed in Table 6 and Figures 4 and 5. According to Table 6,
the total ESV of the KKRB declined from about USD 8111.50 million in 1978 to USD 7995.31
million in 1988, then increased to USD 8275.74 million in 1998, and then decreased to USD
8016.38 million in 2018. This indicates a fluctuating and changing process: approximate
cumulative loss of ecosystem value of USD 116.19 million in the first 10 years (1978-1988),
cumulative profit of ecosystem value of USD 280.43 million in the second 10 years (1988—
1998), and cumulative loss in ESV of USD 259.36 million in the last 20 years (1998-2018),
with an overall decreasing trend in ESV.
Table 6. ESV of the KKRB in 1978, 1988, 1998, 2008, and 2018 (10° USD).
LULC Type 1978 1988 1998 2008 2018 197(80/—01)988 198(80/—01)998 199(8(;’2)008 200(802)2)018 197(80/—02)018
Crop land 244.66 272.30 281.84 34294  403.63 11.30 3.50 21.68 17.70 64.98
Forest land 101.03 154.51 112.17 153.77  127.40 52.94 —27.40 37.09 —17.15 26.10
Grass land 1952.58 1912.35  1884.22 1850.77  1828.49 —2.06 —1.47 —-1.78 -1.20 —6.36
Water body 4040.22  3955.72  4016.64 4049.39  3985.20 —2.09 1.54 0.82 —1.59 —1.36
Built-up 0.15 0.20 0.25 0.30 0.54 37.50 22.42 23.27 7791 269.17
Wet land 1412.38 1338.28  1617.72 137399  1312.39 —5.25 20.88 —15.07 —4.48 —7.08
Saline land 32.96 34.37 36.25 36.27 35.99 4.29 5.44 0.07 -0.78 9.19
Gobi 327.53 327.57 326.66 32449 32274 0.01 —0.28 —0.67 —0.54 —1.46
Total 8111.50 799531 827574 813191 8016.38 —1.43 3.51 —1.74 —1.42 -1.17
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Figure 4. The temperature and precipitation trends in the mountains, oases, and desert in the KKRB.
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Figure 5. Change in annual and monthly runoff.

The volatile change in ESV was mainly caused by the changing wet land and water
body areas, which provide more service value in the KKRB. Overall, the changes in ESV
that were mainly caused by the changing water body and wet land area were about USD
—158.60 million (loss), 340.36 million (gain), —336.77 million (loss) during the periods
1978-1988, 1988-1998, and 1998-2018, respectively. The variations in the ESV of each
land-use type corresponded to LULCC trends during 1978-2018. Although crop land,
forest land, built-up land, and saline land were ESV increasing types, their contributions to
total ESV were less than the contributions of grass land (high coefficient value and large
area), water body (high coefficient value and large area), and wet land (highest coefficient
value) to the total ESV. Due to the relatively large area and high coefficient value, the ESV
provided by water bodies was the highest among the eight land-use types, providing about
49.47% of the total value. Due to the comparatively large area with high service value,
the value of ES produced by grass land was also relatively high, providing about 23.27%
of the total value. Due to the highest coefficient value, the value of ESs produced by wet
lands was third amongst the eight land-use types, accounting for 17.39% of the total value.
Together, grass land, water body, and wet land accounted for about 90.12% of the total ESV,
implying that these land-use types play significant roles in the total ESV of the KKRB.

3.4. Impacts of Land-Use Variation on Ecosystem Functions (EFs)

To determine the effects of EFs within the KKRB in the 41-year period, the ESV
provided by individual EFs were also calculated (Table 7). The contribution rates of
individual EFs to the total ESV value in each year were ranked according to their calculated
ESVf in 1978, 1988, 1998, 2008, and 2018. The trend in the contribution rate of each
ecosystem function to the total value of the ES is shown in Table 6 by an upward arrow
for increasing contribution, a downward arrow for declining contribution, and a dash for
no change.

In conclusion, the variations in the contribution of each ecosystem function to the
total services value were obvious and the rank order remained almost the same. The entire
ranking for each ecosystem function according to their contributions to the total ES value
was as follows, from high to low: water supply > waste treatment > climate regulation >
biodiversity protection > recreation and culture > soil formation > gas regulation > food
production > raw material. The analysis of the ES function composition indicated that
the water supply and waste treatment functions were the top two ecosystem functions
with high service value; their combined contribution to the total was 59.3%. The food
production and raw material functions were the two ecological functions with the lowest
service value, together contributing only about 2.96%. In this study, the value of regulating
service function of the KKRB ecosystem is far higher than that of provision service function;
it indicated that the ES function of the KKRB is belonging to a provision function.
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Table 7. Values of ecosystem service (ES) functions in 1978, 1988, 1998, 2008, and 2018 (106 USD).
1978 1988 1998 2008 2018 Tend
ES Function
ESV; % ESV; % ESV; % ESV; % ESV; %
Water supply 245722 3029 240681  30.10 249442  30.14 2455596 3020  24,102.68  30.07 1
Waste treatment 236820 2920  2319.19  29.01 242143 2926  23,765.91 2923 2343165  29.23 1
Climate
regulation 763.31 941 74818 936  816.25 9.86 7593.27 9.34 7427.48 9.27 !
Recreation 720.08 888 70677 884 73215 8.85 7140.21 8.78 6988.92 8.72 1
and culture
Biodiversity 724.21 8.93 721.70 9.03 725.61 8.77 7246.28 891 7166.26 8.94 0
protection
Soil formation 520.44 642 52417 656 52226 6.31 5277.90 6.49 5306.62 6.62 1
Gas regulation 339.51 419 34246 428  341.04 412 3404.61 419 3360.90 4.19 1
Food production ~ 131.87 1.63  134.61 1.68  136.09 1.64 1430.63 1.76 1502.31 1.87 1
Raw material 86.66 1.07 91.40 1.14 86.50 1.05 904.34 1.11 876.95 1.09 1
Total 8111.50  100.00 799531 100.00 8275.74  100.00 8131.91 100.00 8016.38 100.00 -

Among the nine top-ranked EFs, the contribution rates of soil formation, waste treat-
ment, food production, biodiversity protection, and raw material functions increased
during 1978-2018, while the contribution rates of gas regulation, climate regulation, water
supply, and recreation and culture decreased. Due to the regulation service function of the
KKRB, the total ecological service value of the study area decreased because the regulating
function was hindered.

4. Discussion

Due to large-scale land reclamation and unreasonable water resource exploitation after
1978, the hydrological condition and natural environment of the KKRB have changed con-
siderably, resulting in dramatic changes in the ESV of arid regions. Both human activities
(continued population increase, rapid economic development, and socioeconomic-related
policies) and natural factors (climate and hydrological changes) and their interactions have
resulted in land-use changes and the exploitation of water resources.

4.1. Factors Driving LULCC
4.1.1. Effects of Regional Climate Change on LULCC

The LULCC in the KKRB in northwest China is largely affected by the total amount
and spatial distribution of water resources. Natural factors, including temperature, precipi-
tation, and topography, have also significantly influenced land use/land cover. The moun-
tains in northwest part of the KKRB stop moisture air masses from bringing precipitation
to the mountain areas. For northwest China, the mountain areas create precipitation runoff,
and the plains located in central and southeast part are the dissipative zone. Under the
background of global climate change, the runoff in the KKRB has been experiencing notable
change, and runoff rate is a main factor affecting the LULCC. Figure 4 depicts the temporal
change in climate in the KKRB for 1978-2018. The temperature of the mountain, oasis,
and desert areas have increased, especially since 1998. From 1978-2018, although the
precipitation showed a slightly rising trend for the mountainous areas, the precipitation
declined in the oasis and desert areas. The precipitation change has had two effects on
the study area. First, the declines in precipitation in the oases and desert areas have been
significantly detrimental to both the human system and the natural ecosystem, aggra-
vating the competition between the two systems for water. Second, the warming trend
and increased precipitation in the mountainous areas have accelerated the speed of snow
and glacier melting, resulting in an increase in downstream runoff. These phenomena can
balance the decreased precipitation in the downstream areas to some extent. The abundant
water in the upstream mountain areas has given humans more opportunity to control the
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use and allocation of water resources. The effects of temperature on LULCC are mainly
expressed in the variation in meltwater runoff in the mountains.

4.1.2. Effects of Regional Hydrological Change on LULCC

In northwest China, the amount of runoff relies strongly upon the glaciers. Glacier
melting has an important impact on the total water resources in this region. Figure 5 shows
that the runoff of the Kaidue and Kongque Rivers raised from 1978 to 2018. Figure 5 also
compares the average monthly runoff of 1978-1988, 1988-1998, 1998-2008, and 2008-2018.
The summer runoff in the final 10 years increased notably, whereas the other seasons’
runoff remained the same or only rose a little. The variation in runoff has two impacts
on the LULCC: First, it directly affects the agricultural irrigation water demand and the
ecosystem water demand; second, it directly affects the recharge of ground water—if the
river has a large amount of water, then the groundwater level remains relatively high.
This condition is helpful for desert vegetation growth. Apart from this, the spatial pattern
of cropland changes between 1978 and 2018 could be explained by the spatial difference of
water consumption and allocation along the Kaidu—Kongque River, which to large extent
account for the expansion of crop land in the KKRB.

In the 41-year study period, the KKRB has been subject to various kinds of water
resource management engineering, such as dams, wells, and reservoirs, as human activities
have expanded rapidly in this area. Numerous new wells were dug to supply more irriga-
tion water to the newly reclaimed land. Until 2015, 3441 wells were dug along the Kaidu
and Kongque Rivers [29]. Given the salinity that occurred in the middle reaches of the river
area, the secondary salinization caused land to deteriorate, resulting in the abandonment
of large areas of crop land, which has become unused land. The rapid growth of crop
land and urbanization probably led to the destruction of large-scale grass land and wet
land area. In the meantime, the land reclamation for crop planting may break the original
ecosystems around the new cropland and resulted in large scale land degradation.

4.1.3. Anthropogenic Driving Factors

Compared to natural driving factors, the effects of which usually take longer to become
noticeable, anthropogenic activities may have significant and direct impacts on LULCC [29].
Population growth is an important force driving LULCC, and population dynamics can
also be a response to environmental change. The improvement of people’s living standards
and medical and health conditions have led to the gradual increase in life expectancy and a
decrease in the mortality rate, resulting in a rapid growth in the population of the region.

The population of the KKRB increased from 54,050 in 1978 to 145,010 in 2018. The pop-
ulation continues to increase, directly resulting in the intensive expansion of crop land and
built-up land areas. The population growth is having two kinds of effects on LULCC. First,
the continued increase in population necessitates more land to satisfy their settlement
demands and basic needs, such as daily food and living space. Second, the populace’s
desire for higher economic development requires added land for producing more agricul-
tural commodities. Consequently, in the KKRB, large areas of crop land have been used
to cultivate more economic crops, such as cotton, which helps to increase local farmers’
incomes. Figure 6 reveals the corresponding change in the population and crop land in
the KKRB during 1978-2018. Figure 6 shows that crop land increased slowly after 1978,
and then jumped during 1998-2018. With the continuous growth of population, large areas
of Gobi, wet land, and natural grass land were reclaimed for cultivation, producing drastic
changes in crop land area.
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Figure 6. Population and crop land production change in the KKRB in 1978-2018.
4.2. LULCC Effect on the ESV

The continued population growth and rapid economic development in the KKRB have
resulted in the expansion of crop land and Built-up land, accelerating deforestation and the
cultivation of grass land and wet lands. The expansion of crop land and built-up land areas
changed the landscape structure, causing the degradation of ecosystem functions. During
1978 to 2018, the areas of the different land-use categories continually changed in the KKRB.
Crop land, forest land, built-up land, and saline land areas increased, while grass land,
water body, wet land, and Gobi decreased. To analyze the change in ESV, the change in
ESV for regional land use for 1978 and 2018 is shown in Figure 7. The figure shows that the
ESV in the central region of the study area continually decreased. The ESV of the city circle
and the new built-up land area decreased remarkably, potentially due to the city planning
and urbanization of the KKRB during 1978-2018. The ESV in the northern mountainous
region relatively decreased and the ESV in the eastern desert area of the KKRB continued
to increase, especially with regard to Gobi, which was converted to crop land, while the
ESV of water bodies and wet land decreased significantly. Because the value coefficient of
built-up land areas was almost zero, we think that the land-use change from grass land to
crop land, and crop land to built-up land would be harmful to the ESV in the KKRB.

From the research results, we found that the total ESV in the KKRB decreased by
1.17% between 1978 and 2018, based on the changing sizes of the land-use categories.
This decrease in total ESV was caused mainly by the 6.36% reduction in grass land, 1.36%
reduction in water bodies, 7.1% reduction in wet land, and the 269.16% growth in built-
up land areas. The large-scale expansion of built-up land area has negatively affected
the ecological environment of study area during the entire study period. From these
observations, we suggest that LULCC exerts a significant effect on ESV. Therefore, in the
future, LULCC policy formulation and the protection of wet lands must be prioritized.
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Figure 7. The change in ESV in the KKRB for 1978-2018.

4.3. Limitations and Suggestions
4.3.1. Data Collection

The main limitation of this study is related to the land-use/land-cover classification
map that was obtained by maximum likelihood classification matching. We obtained the
LULCC maps of the KKRB for five time periods using remote sensing technology. Because
of the limitations of remote sensing interpretation, such as data selection, data resolution,
data classification, and classification accuracy, LULCC was estimated using land-use
pattern changes, so the ESV could only be expressed as single points in time in the KKRB.
Therefore, in future ESV estimation studies, to improve the land-use classification accuracy,
high-resolution remote sensing data should be used. Apart from this, field investigation
should be used to validate data; interviews with government policy makers, experts,
and others should also be integrated to determine the accuracy of the LULCC image in
this study.

4.3.2. ESV Estimation

The ESV coefficients sometimes under- or overestimated the contribution of its corre-
sponding LULCC. The ESV calculation method applied in this study has been proven to be
reliable in many other studies and provides scientific information for government policy
makers and local residents. The results of this study can be applied to the sustainable
development of the KKRB. However, the ecosystem service for the same LULC-type would
change if the landscape structure is complicated, and the estimated ESV is affected by
different factors such as market price (when we estimated the ESV variation between
1978 and 2018, we assumed that the market price was the same as in 2008), inflation
rate, exchange rate among currencies, land-use/land-cover structure optimization, social
and economic development patterns, and governmental policies; thus, accurately estimat-
ing the ESV is difficult. Apart from these, the accuracy of the modified value coefficients
is unreliable due to ecosystem heterogeneity. These issues could significantly affect ESV
estimation. Therefore, these limitations should be considered in follow-up studies.

5. Conclusions

According to the changes in ESV based on land-use classification data in the KKRB
from 1978 to 2018, we drew the following conclusions:
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(1) During 1978-2018, each of the land use/cover types, had been experiencing dramatic
change, and crop land, forest land, built-up land, and saline land increased, while
the grass land, water body, wet land, and Gobi decreased. The large change in
wet land, water body, and the simultaneous expansion in crop land resulted from
rapid agricultural development, inadequate regulations for wet land protection,
and unreasonable management and use of water resources.

(2) The net decline in ecosystem service values in the study area decreased from ap-
proximately 8111.5 million USD in 1972 to 8016.38 million USD in 2018. This decline
in ecosystem service values can be attributed to a corresponding decrease in the
total area of grass land, water body, and wet land. From 1978 to 2018, water bodies
produced about 49.47% of the total ESV, grass land produced about 23.27% of the
total, while wet land produced about 17.39%. The total ESV of water body, grass
land, and wet land contributed about 90.12% to the total value, implying that these
land-use types play significant roles in the ESs in the study area.

(3) The water supply and waste treatment functions were the top two ecological functions
providing high service value, contributing 59.3%, while food production and raw
material were the ecological functions providing the lowest service value. Therefore,
the ESFs of the KKRB belonged to the regulating service function. The overall ranking
for each ecosystem function according to their contribution rate to total ecosystem
value was as follows, from high to low: water supply > waste treatment > climate
regulation > biodiversity protection > recreation and culture > soil formation > gas
regulation > food production > raw material.

In conclusion, our results indicate that there is a particular relationship between
land use and the ecosystem service value, and the variation of the ecosystem service value
is conducive to evaluating the ecological problems and devising reasonable land use plans.
Considering the fragile characteristics of study area, we recommend that anthropogenic
activities in KKRB should be undertaken with caution. If the environmentally negative
human activities in the mountain-oasis—desert ecotone are changed into environmentally
positive human activities, then this would be helpful for protecting and developing the
KKRB ecosystem. This trend would be important not only for economic progress but also
for the sustainable development of the region’s ecosystems. Apart from this the reliability
of the estimated results depends on the accuracy of the value coefficients; therefore, future
research should focus on extracting more accurate value coefficients.
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