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Abstract The Ili-Balkhash Basin in Central Asia is
an arid endorheic basin shared by China and Kazakh-
stan. Population growth, socio-economic develop-
ment, ecological conservation measures, and climate
change have spurred land use and land cover changes
and ecosystem services variations. This study used
the long-term dataset from 1992 to 2018 to detect the
landscape pattern evolution and its association with
ecosystem services. The landscape pattern was quan-
tified using landscape metrics, and the GeoDetec-
tor model quantified the driving factors of landscape
pattern evolution. The ecosystem service value was
assessed using the benefit transfer method. The time
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series trend was identified by the linear regression
analysis combined with the Mann—Kendall algorithm,
and Pearson’s correlation coefficient was used to con-
firm the correlation. The temporal dynamics of the
landscape pattern indicated the significant conversion
of bare land to grassland. Cropland and urban land
expanded significantly at the expense of forestland,
grassland, and bare land. Various landscape elements
tended to be more uniformly distributed across the
basin with more regular shape and higher aggregation.
The ecosystem service value increased significantly,
and its correlation with the landscape pattern varied
according to land use and land cover (LULC) types.
The weakened shape complexity, the strengthened
aggregation degree, and the more uniform distribution
of different LULC types helped elevate total ecosys-
tem service value. The results advanced the under-
standing of landscape pattern evolution and provided
the scientific reference for land management regarding
ecosystem services. Given the watershed ecosystem’s
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integrity, transboundary cooperation between China
and Kazakhstan was suggested to reinforce water-
shed sustainability through integrated watershed land
resource planning and the joint adaptive strategies to
climate change.

Keywords Land use and cover - Ecological
value - Spatiotemporal dynamics - Driving forces -
Transboundary cooperation - Central Asia

Introduction

Land use and land cover changes (LULCC) are global
multi-scale processes affecting ecosystems, with poten-
tial implications for ecological processes and the bio-
logical communities supporting them (Guerra et al.,
2019). The LULCC processes reflect and shape the
global interplay between socio-economic development
and biodiversity conservation (Tesfaw et al., 2018).
Landscape pattern emerges from the composition and
spatial configuration of its essential elements (Turner,
2005), including human-managed and natural land use
and land cover (LULC). Under the combined impact
of climate change and the intensification of anthropo-
genic activities, the worldwide landscape pattern has
undergone significant changes (Zhao et al., 2019). The
evolution of landscape pattern exerts multiple impacts
on hydrological processes, nutrient transport, and eco-
logical function and health, resulting in an effect on the
provision of ecosystem services, and excessive utiliza-
tion of land resources may lead to severe degradation
or loss of regional ecosystem services (Yushanjiang
et al., 2018; Zhao et al., 2019). A key challenge of
ecosystem management and conservation is determin-
ing how to manage multiple ecosystem services across
landscapes (Raudsepp-Hearne et al., 2010).

Ecosystem services refer to the direct and indi-
rect benefits that human beings obtain from eco-
systems, such as provisioning services, regulating
services, supporting services, and cultural services
(Costanza et al., 1997). The assessment of ecosystem
service values has been increasingly employed as a
framework worldwide for ecological restoration and
conservation, watershed management, and sustain-
able development policy-making (Sun et al., 2017).
[luminating the correlation between ecosystem ser-
vice values and the landscape pattern is necessary to
design, implement, and revise management strategies
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to achieve sustainable development (Costanza et al.,
1997; Yushanjiang et al., 2018). Many studies have
addressed this issue in worldwide case studies and
synthesized meta-data analyses (Duarte et al., 2018;
Mitchell et al., 2014; Yushanjiang et al., 2018; Zhao
et al., 2020). However, the knowledge gap still exists
regarding a comprehensive understanding of how cli-
mate change and socio-economic development drive
landscape pattern evolution and how ecological ser-
vice values respond to landscape pattern changes.
Few studies have shed light on the landscape pattern
evolution and its association with ecosystem services
in the arid endorheic basins in Central Asia.

Located in the Eurasian continent’s hinterland,
Central Asia is one of the most complex regions in
the world, in part due to that it is crisscrossed with
transboundary river basins, among which the Ili-
Balkhash Basin covers China and Kazakhstan (Chen
et al., 2018; Liu et al., 2020). In the past few dec-
ades, Central Asia has experienced significant and
frequent changes in the landscape pattern, and irra-
tional land resource utilization and improper manage-
ment have caused severe soil erosion, desertification,
and extensive land degradation (Li et al., 2019; Zou
et al., 2020). For instance, due to excessive agricul-
tural development and water resource overexploita-
tion for irrigation in the Amu Darya River and Syr
Darya River basins, the Aral Sea has shrunk and
become a large salt pan (Badescu & Schuiling, 2010).
Following the desiccation of the Aral Sea, Balkhash
Lake has become the largest lake in Central Asia and
attracted worldwide attention to prevent a repeat of
the Aral Sea crisis as well as to achieve the sustain-
able development of the Ili-Balkhash Basin (Duan
et al., 2020; Imentai et al., 2015). Previous studies
have contributed to unraveling the water consumption
of agricultural and natural ecosystems, the interrela-
tionships at the interface of water-energy-food nexus,
and sustainable water management, but have not yet
paid attention to the relationships of watershed land-
scape pattern and ecosystem services (Duan et al.,
2020; Pueppke et al., 2018; Thevs et al., 2017).

The Ili-Balkhash Basin represents an illustrative
case for studying landscape pattern evolution and its
association with ecosystem services in the arid endor-
heic basins in Central Asia. Based on the long-term
LULC dataset, this study aims to (a) characterize the
temporal changes in landscape pattern and expose the
potential driving forces behind the evolution, and (b)
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assess the ecosystem service values and their changes
corresponding to the landscape pattern evolution. It
is a first attempt to investigate the landscape pattern
evolution and its association with ecosystem services
in the Ili-Balkhash Basin. The novelty is embodied in
(a) shedding light on the impacts of human activities
and climate change on landscape evolution in the arid
endorheic basin in Central Asia, and (b) adding under-
standing into the effect of composition and configura-
tion of landscape elements on ecosystem services. For
regional interest, the research results will provide essen-
tial information for the transboundary cooperation of
China and Kazakhstan to achieve sustainable develop-
ment through integrated watershed land resource plan-
ning and adaptive strategies for future climate change.
The research results will also provide references for the
sustainable management of other transboundary basins
in Central Asia. For worldwide interest, the research
results will help explain the impacts of climate change
and human activities on landscape pattern evolution
and the responses of ecosystem service values to land-
scape pattern evolution in arid inland basins.

Study area and materials
The Ili-Balkhash Basin

The Tli-Balkhash Basin is a transboundary basin shared
by China and Kazakhstan (Fig. 1). It has a catchment
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area of approximately 0.4 million km® The Ili River
arises from three main tributaries, the Kash, Kiines,
and Tekes Rivers. These snow and glacier-fed tributar-
ies originate from the Tianshan Mountains in Xinjiang,
China. The Ili River descends west through the fertile Ili
River Valley, which gradually opens into a broad plain
before crossing the border between China and Kazakh-
stan. About 15% of the drainage area is in China and
85% in Kazakhstan (Kezer & Matsuyama, 2006). The
Ili River forms a delta when entering Balkhash Lake.
The Ili Delta is the largest natural delta and wetland
complex of Central Asia and is crucial for biodiver-
sity conservation (Imentai et al., 2015). The landscape
of the Ili-Balkhash Basin becomes progressively drier
from east to west. The mean annual precipitation is only
249 mm in the upper valley. It declines to 223 mm at
the Saryesik Atyrau desert near Kapchagai in Kazakh-
stan and is 116 mm at Balkhash city on the north shore
of Balkhash Lake (Kezer & Matsuyama, 2006).
Balkhash Lake is a vast terminal lake in Kazakhstan.
The Uzynaral strait divides Balkhash Lake into two
parts: the Ili River that mainly recharges the western
lake, and several small rivers that mainly recharge the
lake’s eastern portion. Besides the Ili River, the Karatal,
Aksu, Lepcy, and Ayaguz Rivers flow into the Balkhash
Lake. The water source difference and significant evap-
oration losses result in the phenomenon of “One Lake
with Two Waters”: the west lake is freshwater, while
the east lake is saline (Tang et al., 2019). Balkhash Lake
and its delta are characterized by unique biodiversity
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Fig. 1 Sketch of the study area: a geographical location of the Ili-Balkhash Basin, and b sketch of the river—lake system in the Ili-
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that includes vertebrate fauna of significant environ-
mental, aesthetic, and practical importance. Anthropo-
genic impacts on the lake ecology mostly arise from
reservoir construction, water withdrawal from the
tributaries for irrigation farming, the introduction of
non-indigenous species, and the lake’s pollution due to
mining-related activities (Mischke et al., 2020). Com-
mercial fishing in Balkhash Lake began in 1929 and is
currently in a state of crisis due to building the Kapcha-
gai Reservoir. The reservoir reduced the Ili River run-
off into the lake. It regulated the natural cycle of spring
floods, which resulted in a significant reduction of the
spawning and feeding areas for carp (Pueppke et al.,
2018).

Data sources

This study used a recently published LULC dataset that
includes a yearly spatial representation of LULC from
1992 to 2018 at a spatial resolution of 300 m (Fig. 2). The
European Space Agency Climate Change Initiative Land
Cover project provides the dataset through http://maps.
elie.ucl.ac.be/CCl/viewer. This study opted for this data-
set because it allows continuous analysis of LULCC at a
high spatial resolution with a standardized classification

and validation method (Liu et al., 2018). Because of its
temporal consistency, the LULC time series dataset
allows for temporally explicit interpretations and analysis
of LULCC across space and time (Guerra et al., 2019).
The classification types in the LULC dataset are crop-
land, forestland, grassland, wetland, urban land, bare
land, and water bodies (Li et al., 2019).

Precipitation and temperature are two essential fac-
tors affecting vegetation growth in the Ili-Balkhash
Basin. This study used annual accumulated precipi-
tation and annual mean temperature data from 1992
to 2018 from the Climatic Research Unit of the Uni-
versity of East Anglia (https://crudata.uea.ac.uk/cru/
data/hrg/). The dataset is produced by interpolating
observed data at numerous monitoring stations, and it
is suitable for Central Asia (Deng & Chen, 2017; Duan
et al., 2020; Harris et al., 2014). Humans directly affect
the surrounding ecosystems and can have a tremendous
impact on developing the landscape pattern and eco-
system services (Zou et al., 2020). This study collected
socio-economic data from the published literature,
including population growth, agriculture development,
and land management policies (Abdrahimov et al.,
2020; Duan et al., 2020; Spitsyna & Spitsyna, 2007;
Xu et al., 2006; Yang et al., 2014).

Fig. 2 LULC of the Ili-Balkhash Basin in 1992 and 2018
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Methods
Methodological framework

Figure 3 illustrates the methodological framework
used for analyzing the landscape pattern evolution
and its association with ecosystem services in the
Ili-Balkhash Basin. The LULC, climate, and social
datasets provided the basis for analysis. Landscape
indices that describe the area, shape, aggregation,
and diversity were employed to characterize the land-
scape pattern. Ecosystem service values were evalu-
ated in terms of provisioning, regulating, supporting,
and culture. The landscape indices and ecosystem
service values were quantified each year, producing
the time series for trend detection and correlation
analysis. The trend detection revealed the temporal
dynamics of landscape pattern and ecosystem ser-
vices, and the correlation analysis showed the impact
of landscape pattern changes on ecosystem service
changes. The LULC transition was analyzed for the
noticeable LULCC, which was explained by anthro-
pogenic activities and climate variability. Finally, the
implications were discussed for China and Kazakh-
stan’s transboundary cooperation to achieve the Ili-
Balkhash Basin’s sustainable development.

Landscape pattern indices

Landscape metrics have been widely applied in meas-
uring landscape patterns and their relationship to
LULCC, biodiversity distribution, ecological pro-
cesses, and ecosystem functions (Uuemaa et al., 2013).

This study analyzed the landscape pattern from two
levels: one was the class metrics level, which reflects
the spatial characteristics of each class in the land-
scape, and the other was the landscape metrics level,
which reflects the overall spatial features of the basin.
Six landscape pattern indices were selected consid-
ering landscape area, landscape shape complexity,
landscape aggregation, and landscape composition
diversity (Table 1). These indices were calculated
using FRAGSTATS 4.2 to measure landscape evolu-
tion’s spatiotemporal characteristics quantitatively. A
detailed description of the landscape pattern indices
and their ecological significance can be found in the lit-
erature (Ma et al., 2019; McGarigal et al., 2012). Using
the TA_C index, the transition probability matrix
A= [A,-j] was further analyzed. A; is the percentage of
areas from the ith LULC category to the jth category,
i=1,2...,7and j=1,2...,7 (Lietal., 2019).

Ecosystem service valuation

Quantifying ecosystems’ benefits can be achieved
by evaluating ecosystem service values in monetary
units (Costanza et al., 2014). The revealed preference
methods, the stated preference methods, the cost-
based methods, and the benefit transfer methods can be
used to evaluate ecosystem services (Liu et al., 2010).
The benefit transfer methods have been widely used
because of their feasibility and simplicity (Costanza
et al., 1997, 2014). Since conducting original valua-
tion research is time-consuming and financial-costly,
the benefit transfer methods have been employed
as a ‘“‘second-best” strategy, where researchers and
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Table 1 Landscape pattern indices and the associated ecological significance

Index Level Acronym Unit Range Ecological significance

Total area Class TA_C ha (0,4 c0) The spatial range of a landscape class

Landscape shape index Class LSI.C None [1,4+c0) LSImeasures the complexity of landscape shape. The higher
Landscape LSI_L value of LSI indicates the more irregular landscape shape and

B the more substantial mutual interference between landscape
classes

Aggregation index Class AL C % [0, 100] AI measures the aggregation degree of the landscape composition.

Landscape AL L The higher the value of Al, the more aggregated the patches, and
B vice versa
Shannon’s diversity index Landscape SDI_L  None [0,+o0) SDI measures the richness and complexity of the landscape. SDI

equals O when the landscape contains only one patch without any
diversity. The higher value of SDI indicates the more uniform
distribution of various patch types in the landscape

decision-makers seek a timely and cost-effective way
to value ecosystem services (Liu et al., 2010). Benefit
transfer is a procedure for taking the estimates of eco-
nomic benefits gathered from one site and applying
them to another (Plummer, 2009). This study estimated
the static ecosystem service values based on a benefit
transfer method and its updated value coefficient for
each ecosystem service (Costanza et al., 1997, 2014).
Table 2 lists the equivalent value coefficients used to
estimate ecosystem service values in Central Asia (Li
et al., 2019). The value coefficient of ecosystem ser-
vice was assumed to be static from 1992 to 2018. The
ecosystem service values are the products of the value
coefficient and the corresponded area.

Trend and correlation analysis

Linear regression analysis was used to illustrate the
trend, and the Mann—Kendall (M—K) algorithm was
used to ascertain a statistically significant trend in the
time series. The M-K algorithm is a non-parametric
rank-based procedure, which checks the null hypothesis

of no trend versus the alternative one indicating the
existence of an upward or downward trend. The statistic
Z of the MK algorithm follows a standard normal dis-
tribution with a mean of zero and a variance of one. A
positive or negative Z value represents an increasing or
decreasing trend, respectively. In a two-tailed test, the
null hypothesis can be rejected at a significance level «
if |Z| > Z, ,. This study set the significance level a to
be 0.05. The published articles provided detailed infor-
mation on the M—K algorithm (Huang et al., 2012; Yue
etal., 2002).

Based on the time series of landscape indices and
ecosystem service values, ecosystem services’ responses
to landscape pattern evolution were unraveled by corre-
lation analysis that incorporated linear regression analy-
sis and Pearson’s correlation coefficient. This study set
the significance level of correlation to be 0.05. A signifi-
cantly positive correlation indicates that the landscape
pattern evolution enhances the ecosystem services,
while a significantly negative correlation shows that
the landscape pattern change weakens the ecosystem
services.

Table 2 Value coefficient of ecosystem service (unit: US$ha™! year™)

Ecosystem service

Cropland Forestland Grassland Wetland

Urban land Bareland Water bodies

Provisioning: food and raw material 2542 480

Regulating: gas, climate, and water 811 343

Supporting: soil-formation and retention, 2132 1324
waste-treatment, and biodiversity

Culture: recreation, cultural, and tourism 82 990

Total value 5567 3137

1246 1153 0 0 106
112 9488 921 0 9322
2615 10,837 0 0 918
193 4203 5740 0 2166
4166 25,681 6661 0 12,512
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Driving forces analysis

The factors affecting the landscape pattern evolu-
tion and the corresponded ecosystem service changes
mainly include anthropogenic activities and climate
variability. In terms of the impact of human activi-
ties, this study qualitatively discussed the effects of
population growth, agriculture development, and land
management policies on landscape pattern changes.
In terms of the impact of climate change, this study
investigated the effects of precipitation and tempera-
ture changes. Based on the gridded climatic dataset
from 1992 to 2018, the multi-year mean value was
calculated, and the linear regression analysis was con-
ducted on every pixel, resulting in the spatial distribu-
tion of precipitation and temperature and their chang-
ing tendencies. The impact of climate change on the
LULCC was analyzed using the GeoDetector.

The GeoDetector is a model based on spatial super-
position technology and set theory that is used to iden-
tify the interactions between multiple factors (Wang
et al., 2010). The model’s core hypothesis is that if a
significant spatial consistency exists between inde-
pendent variables (X) and dependent variables (Y),
an association is present. The independent variables
were multi-year mean precipitation, the change rate
of precipitation, multi-year mean temperature, and the
change rate of temperature. The dependent variables
were the transitions between different LULC, i.e., the
transition of bare land to grassland. The correlation
between X and Y can be quantified by the statistic g,
which ranges from O to 1. The minimum value 0 indi-
cates no correlation between the two variables, and the

maximum value 1 indicates that Y is entirely dependent
on X. The model was executed with the “geodetector”
package in R (https://CRAN.R-project.org/package=
geodetector). The GeoDetector’s detailed principle can
refer to the published articles (Wang et al., 2010).

Results
Evolution of landscape pattern

The landscape evolution led to the changes in com-
position and configuration of LULC types in terms of
the area, shape complexity, aggregation degree, and
spatial diversity. Figure 4 shows the temporal dynam-
ics of LULC areas in the Ili-Balkhash Basin, where
the dominant LULC type was grassland, followed by
cropland and bare land. The M-K algorithm identi-
fied significant increasing trends in the cropland,
forestland, wetland, and urban land areas, and signifi-
cant decreasing trends in the grassland and bare land
areas.

The cropland area increased substantially from
1998 to 2002 and kept slightly rising after 2002.
The forestland area experienced an abrupt increase
in 2004. The grassland area remained relatively sta-
ble from 1992 to 1998, decreased considerably from
1999 to 2002, and recovered somewhat recently. The
wetland area also increased considerably in the cur-
rent decade. The urban land area remained relatively
stable from 1992 to 2000 and increased progressively
and considerably since 2001. The bare land area
decreased continuously and considerably from 1992
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Table 3 LULC transition probability matrix from 1992 to 2018 (unit: %)

To final state 2018

Cropland  Forestland  Grassland ~ Wetland

Urban land Bare land  Water bodies

From initial state 1992  Cropland 94.10 1.35
Forestland 3.33 94.12
Grassland 6.00 0.61
Wetland 0 0.57
Urban land 0 0
Bare land 1.66 0.06
Water bodies  0.23 0.16

3.10 0 1.26 0.15 0.04
1.26 0.84 0.15 0.22 0.08
93.15 0 0.07 0.15 0.02
0 99.41 0 0 0.02
0 0 100 0 0
26.61 0.01 0.02 71.22 0.42
0.65 0.12 0 0.87 97.97

to 2018. The water area fluctuated from 1992 to 2018
without significantly changing tendency. It shrunk
from 1992 to 1999 but recovered gradually from 2000
to 2018. Table 3 lists the LULC transition probability
from 1992 to 2018. The conversion of cropland con-
tributed to the recovery of grassland and forestland
and the development of urban land. Meanwhile, the
exploitation of forestland, grassland, and bare land
contributed to the expansion of cropland. A notice-
able change was the recovery of bare land to grass-
land, resulting in a significant reduction of bare land
area. The expansion or shrinkage of various LULC
types occurred with the dispersion or aggregation of
landscape patches, which resulted in the changes in
the spatial configuration of landscape patches and the
corresponding spatial pattern characteristics.

Figure 5 illustrates the temporal dynamics of the
landscape shape index at the class level in the Ili-
Balkhash Basin. Bare land, cropland, and grassland
had relatively high multi-year mean values of LSI,

followed by forestland, wetland, urban land, and water
bodies. The LSI of cropland remained relatively stable
across the whole study period, and the M—K algorithm
detected no significant trend. The LSI of forestland,
grassland, wetland, and bare land decreased signifi-
cantly, while the LSI of urban land and water bodies
increased significantly.

Figure 6 depicts the temporal dynamics of the
aggregation index at the class level in the Ili-Balkhash
Basin. Water bodies, grassland, and wetland had rela-
tively high Al values, and cropland, forestland, bare
land, and urban land had a bit smaller Al values. The
Al of cropland increased significantly, and an abrupt
increase occurred around 2000. The Al of forestland
rose substantially across the whole study period. It
increased continually from 1992 to 2004 and remained
relatively stable after then. The AI of urban land
experienced a dramatic increment in 2001. The AI of
grassland and wetland fluctuated from 1992 to 2018
and increased slightly across the whole study period.
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The AI of water bodies decreased somewhat, while
the Al of bare land reduced significantly.

Figure 7 displays the temporal dynamics of spa-
tial pattern indices at the landscape level in the Ili-
Balkhash Basin. The LSI_L decreased significantly,
which indicated that the landscape shape across the
basin tended to be more regular. The AI_L increased
significantly, indicating that the landscape patches
across the basin grew to more aggregate. The SHDI_L
experienced a significant increase from 1992 to 2018,
which unraveled that various LULC types followed a
more uniform distribution in the Ili-Balkhash Basin.

Driving forces of landscape pattern evolution
Political context

In the entire Ili-Balkhash Basin, from 2000 to 2015,
the population density increased by approximately

32.41% (Duan et al., 2020). In Kazakhstan, the Ili-
Balkhash Basin is the most densely populated and

economically developed region, where it is the center
of large agro-industrial complexes, numerous set-
tlements, and cities (Abdrahimov et al., 2020). The
city of Almaty in Kazakhstan had the most massive
increase in population density, the peak of which
reached 850 persons per km? every 5 years. Popula-
tion growth and the corresponding socio-economic
development promoted the expansion of urban land
and cropland (Fig. 8), driving the transition of other
LULC types, eventually resulting in the evolution
in the watershed landscape pattern and the associ-
ated ecosystem services. In Kazakhstan, agricul-
ture developed very well in the Ili-Balkhash Basin
in the 1970s. After the Soviet Union collapsed, the
economic activity in the basin went down, and the
agriculture became unpopular. A land reform pro-
cess was initiated in 1994 and most of the land was
transferred to farmers or companies, through pri-
vate ownership or long-term leases. From 2001, the
interest in agriculture has returned, leading to a fast
agricultural development and an increase in cropland
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Fig. 7 Temporal dynamics of spatial pattern indices at the landscape level (the * indicates a significant trend at the 0.05 level con-

firmed by the M—K algorithm)
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area (Fig. 8). The condition of forests has drastically
deteriorated during the reform and reorganization
(Spitsyna & Spitsyna, 2007).

Besides the impact of development pressure on land-
scape evolution, the recognition of sustainability and
the related policies and strategies were other critical
factors affecting landscape dynamics. China has initi-
ated several ecological restoration projects in the late
1990s and early 2000s, such as the Grain for Green
Program, the Natural Forest Protection Project, and the
Sloping Land Conversion Project. The Grain for Green
Program, launched in 1999, is the most renowned large-
scale initiative, aiming to restore degraded, decertified,
and cultivated land on steep slopes by banning grazing
and farming (Xu et al., 2006; Yang et al., 2014). These
projects have driven forestland recovery in the Ili-
Balkhash Basin in China (Fig. 8).

Climate change

In addition to anthropogenic activities, climate change
was essential for driving the LULCC and the ecosys-
tem service dynamics. Impacts from climate change
have been reported in Central Asia with rising temper-
ature trends and changes in precipitation amounts and
patterns (Chen et al., 2018). The analysis using the
dataset from 1992 to 2018 corroborated the increasing
precipitation and temperature across the Ili-Balkhash
Basin (Fig. 9). Water availability is a primary envi-
ronmental factor affecting vegetation growth in arid
endorheic basins. The increase in precipitation helped
relieve the water scarcity for vegetation growth and
restore the bare land to grassland. Figure 9 shows that
the expansion of grassland occurred in these areas
with relatively low multi-year mean precipitation and
a relatively high precipitation change rate.

The statistic ¢ values of the GeoDetector model are
listed in Table 4, where a larger g value indicates a

@ Springer

more significant explanation. In viewing the explana-
tory power of a single factor, among the four factors,
i.e., multi-year mean precipitation, change rate of pre-
cipitation, multi-year mean temperature, and change
rate of temperature, the change rate of precipitation
contributed mostly to the transition from bare land
to grassland. In viewing the factor interactions, the
change rate of precipitation combined with the multi-
year mean precipitation mainly explained the tran-
sition from bare land to grassland, followed by the
combination of the change rate of precipitation and
the change rate of temperature. The results indicated
that the increased precipitation was probably a critical
factor driving bare land converted to grassland.

Changes in ecosystem service values

Figure 10 displays the contribution of LULC to eco-
system services and the temporal dynamics of service
values. Grassland was a predominant contributor to
the provisioning service, accounting for 68.35% of
the provisioning service value. Cropland accounted
for 27.65% of the provisioning service value, fol-
lowed by wetland and forestland. Due to the develop-
ment of cropland and the recovery of grassland, the
provisioning service value increased significantly
and progressively. Water bodies dominated the regu-
lating service, accounting for 52.16% of the regulat-
ing service value, followed by wetland, cropland,
and grassland. The LULCC spurred a significant
increment of the regulating service value. The con-
tribution of grassland to the supporting service was
predominant, making up 73.98% of the supporting
service value. Cropland and wetland accounted for
11.96% and 10.07% of the supporting service value,
respectively. The supporting service value had a pro-
nounced increase across the entire study period, espe-
cially after 2004. Grassland, water bodies, wetland,
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and forestland contributed 34.02%, 27.05%, 24.34%,
and 9.99%, respectively, to the culture service value,
which remained relatively stable from 1992 to 2000
and increased continuously after then.

The changes in ecosystem services (i.e., provi-
sioning, regulating, supporting, and culture) jointly
affected their total value. Figure 11 shows the compo-
sitions of the global ecosystem service value and its

temporal dynamics. Grassland was a dominant LULC
type that accounted for 57.93% of the ecosystem ser-
vice value. Cropland, water bodies, and wetland made
up 15.35%, 12.33%, and 11.73% of the contribution.
The rest of the contribution was produced by forest-
land and urban land, accounting for 2.50% and 0.16%,
respectively. The supporting service dominated the
ecosystem service value, making up to 49.15% of the
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Table 4 Contributions of precipitation and temperature to the transition of bare land to grassland (unit: %)

Multi-year mean precipitation Change rate of precipitation Multi-year mean Change rate of

temperature temperature
Multi-year mean precipitation 1.61%
Change rate of precipitation 32.06° 24.10°
Multi-year mean temperature 4.42° 28.35° 3.67%
Change rate of temperature 7.48° 31.90° 7.36° 3.66"

The superscript “a” denotes the explanatory power of a single factor, and the superscript “b” represents the interactive explanatory

power of two factors

total amount. The remaining ecosystem service value
arose from the provisioning, regulating, and cul-
ture service, corresponding to 25.35%, 17.61%, and
7.89%, respectively.

Correlation between landscape pattern and ecosystem
service

Figure 12 illustrates the correlation of ecosystem ser-
vice value and landscape shape index at the class level.
Various LULC types showed different correlations
between the LSI and the service value. There was a
weak correlation between the LSI and the service value
for cropland and grassland, indicating that the impact
of shape complexity on the service value was marginal.
A significantly negative correlation existed between
the LSI and the service value for forestland and

wetland, which indicated that a more regular landscape
shape helped promote the service value. Conversely,
for urban land and water bodies, the service value was
significantly and positively correlated with the LSI,
indicating that a higher complexity of landscape shape
corresponded to a more considerable service value.

In addition to the impact of landscape shape com-
plexity, the dispersion and aggregation of landscape
patches also affect the ecosystem services. Figure 13
depicts the correlation of ecosystem service value and
landscape aggregation index at the class level. The
correlations between the Al and the service value var-
ied according to the different LULC types. A higher
aggregation degree of landscape patches of crop-
land, forestland, grassland, wetland, and urban land
was conducive for enhancing their ecosystem ser-
vices, resulting in significantly positive correlations
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between the Al and the service values of these five
LULC categories. On the contrary, the expansion and
dispersion of water bodies reinforced its ecosystem
service, leading to a significantly negative correlation
between the Al and water bodies’ service value.

The correlation between the overall ecosystem ser-
vice value and the watershed landscape pattern was a
composite result of the class-level correlations. The
correlations between ecosystem service value and
landscape pattern indices at the landscape level were

significant (Fig. 14). The ecosystem service value was
negatively correlated with the LSI_L and positively
correlated with the AI_L. The results showed that a
more regular shape and a more aggregated patch of
landscape element were conducive for the growth of
ecosystem service value. A significant and positive
correlation existed between ecosystem service value

and SHDI_L, indicating that the more uniform distri-
bution of various LULC types across the entire basin
helped enhance the ecosystem services.
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Discussion
Implications for transboundary cooperation
Integrated watershed land resource planning

The landscape pattern evolution was sensitive to human
interference and climate change, which eventually
affected ecosystem services. Cropland, forestland, grass-
land, wetland, urban land, and water bodies played dif-
ferent roles in the ecosystem services of provisioning,

regulating, supporting, and culture. Population growth
and socio-economic development stimulated the expan-
sion of cropland for food production and urban land
for settlement at the expense of forestland, grassland,
and bare land. Ecological restoration measures, accom-
panied by the climate change that improved the water
resources, promoted the recovery of forestland, grass-
land, wetland, and water bodies. The transitions of dif-
ferent LULC types resulted in the tradeoffs between the
ecosystem services of provisioning, regulating, support-
ing, and culture. In viewing the watershed ecosystem’s
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Fig. 14 The correlation between ecosystem service value and landscape pattern indices (the * indicates the correlation is significant
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integrity, the Ili-Balkhash Basin’s sustainable develop-
ment requires China and Kazakhstan’s joint efforts.
An integrated watershed land resource planning that
required negotiation and cooperation between China
and Kazakhstan would help meet human beings’ needs,
balance the provision of various ecosystem services,
and enhance watershed sustainability. The correlation
analysis of the landscape pattern and ecosystem services
would provide scientific references for working out this
land resource planning.

Adaption to climate change

Agriculture in the Ili-Balkhash Basin is dependent upon
irrigation, which consumed river runoff and affected
the distribution of wetland and water bodies. The Ili
Delta is the largest natural delta and wetland complex
in Central Asia and is a crucial fish spawning ground
for Balkhash Lake (Thevs et al., 2017). Given the Ili
Delta and Balkhash Lake’s ecological function and sig-
nificance, the transboundary cooperation should pay
attention to the tradeoff between the agricultural devel-
opment and the conservation of wetland and water bod-
ies due to the water conflict between the engineered and
natural systems. Climate change in the past decades, in
terms of the increased precipitation and temperature,
led to an increase in water supply, promoted the recov-
ery of wetland and water bodies, drove the conversion
of bare land to grassland, and eventually helped elevate
the watershed ecosystem service value. If future cli-
mate change were to reduce the water resource avail-
ability, the potential water crisis would exacerbate the
conflict between the engineered and natural systems,
probably resulting in the degeneration of lake, wetland,
and grassland and the expansion of bare land without
ecosystem service value. For example, in a watershed
draining into the Caspian Sea in northern Iran, the com-
bined modeling of the impacts of climate and LULC
change scenarios showed the substantial spatial vari-
ation of the adverse effects of water supply and future
water security across the watershed. The water insecu-
rity further increased the pressure on inhabitants, eco-
nomic activities, and ecological values (Daneshi et al.,
2021).

The landscape pattern evolution in the water crisis
context would negatively impact ecosystem services
and interfere with watershed sustainability (Mahmoud
& Gan, 2018; Vitule et al., 2015). Therefore, China
and Kazakhstan’s cooperation is necessary to adapt

to climate change and reinforce ecological resilience.
Primarily, rational use of water resources with high
efficiency and modernization of water-saving irriga-
tion systems is vital for supporting agricultural devel-
opment and reducing water consumption to satisfy
environmental water requirements and protect lake
and wetland ecosystems.

Rational protection of the Ili Delta and Balkhash
Lake

In terms of protecting the Ili Delta and Balkhash Lake,
rational protection targets are the basis of the inte-
grated watershed land resource planning and adaptive
strategies for future climate change. The Ili Delta’s
protection targets mainly include the delta area, veg-
etation species, and community structure. Balkhash
Lake’s protection targets mainly include the lake area,
water level, water quality, and aquatic biodiversity.
Because the delta and lake’s area is crucial for wet-
land and aquatic habitats, it is a vital protection tar-
get. In the inland basins, the water discharged into
the lake affects the terminal delta and lake’s area. The
expansion of cropland and urban land stimulated by
population growth and socio-economic development
consumes water resources and reduces the water dis-
charged into the lake. Under the water resource con-
straints, excessive expansion of cropland and urban
land would shrink delta and lake’s area and degrade
wetland and aquatic ecosystems. On the other hand,
overprotection of the wetland and aquatic ecosystems
requires more water to be discharged into the lake and
would restrain socio-economic development. There-
fore, a rational protection area of the Ili Delta and
Balkhash Lake is an important issue of China and
Kazakhstan’s cooperation in the integrated watershed
land resource planning and adaptive strategies for
future climate change. In viewing the intrinsic water
conflict between the engineered and natural systems
and the countries’ responsibility to ensure human
well-being, it is unrealistic to conserve the Ili Delta
and Balkhash Lake to their original status. Based on
the tradeoffs between the ecosystem services of differ-
ent LULC types, the sensible protection area should
help improve the basin’s total ecosystem service value
and involve the uncertainty of future climate change.
It is a major scientific issue that requires in-depth
study through cooperation between the two countries.
Therefore, China and Kazakhstan’s joint efforts are
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necessary to evaluate the rational protection area of
the Ili Delta and Balkhash Lake and the environmental
water required to sustain the protection area.

Limitations and future research

This study had some limitations that need to be addressed
in future research. The intrinsic uncertainty embedded
in the LULC dataset would result in the uncertainty of
the analysis of landscape pattern evolution, which would
probably be relaxed using the updated dataset. When
evaluating the ecosystem service values, the Ili-Balkhash
Basin’s specific value coefficient was still missing and
the referenced value coefficient was assumed to be static,
leading to uncertainty in the evaluation results. Future
efforts would be conducted for a comprehensive and
accurate assessment of ecosystem service values using
a dynamic ecosystem service valuation model to guide
land resource management’s decision-making. Long-
term climate change in the arid inland basins is the driv-
ing force for the ecosystem service evolution through the
chain reaction. The impact of climate change on ecosys-
tem services is worth further study. The potential water
crisis resulting from future climate change would nega-
tively affect ecosystem services and watershed sustain-
ability. In response to climate change, more efforts are
required to assess the water crisis’s impact on the engi-
neered and natural ecosystems and predict the landscape
pattern evolution and the associated ecosystem service
values.

Conclusions

Under the combined influence of anthropogenic activi-
ties and climate change, the landscape pattern and
the associated ecosystem services have changed sig-
nificantly in the past three decades. Due to population
growth and socio-economic development, cropland
and urban land expanded substantially at the expense
of forestland, grassland, and bare land. Ecological con-
servation measures in response to the recognition of
sustainable development helped recover forestland and
grassland from cropland. Climate change in terms of
increased precipitation and temperature promoted the
transition of bare land to grassland. The spatial pat-
tern features had been changing, accompanied by the
expansion, dispersion, or shrinkage of LULC types.
At the class level, the shape complexity of forestland,
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grassland, wetland, and bare land decreased signifi-
cantly, whereas the shape complexity of urban land and
water bodies increased significantly. The aggregation
degree of cropland, forestland, and urban land expe-
rienced a substantial increment, and that of bare land
decreased significantly. At the landscape level, various
LULC types were more uniformly distributed across the
basin with a more regular shape and higher aggregation.

Regarding the landscape pattern evolution in the
Ili-Balkhash Basin, the ecosystem services of provi-
sioning, regulating, supporting, and culture rose pro-
gressively and significantly, resulting in a pronounced
increase in the total ecosystem service value. The
correlation between the ecosystem service value and
the landscape pattern varied according to the LULC
types. At the class level, ecosystem service value had
a significantly negative correlation with forestland
and wetland’s shape complexity and a significantly
positive correlation with urban land and water bod-
ies’ shape complexity. The correlation between the
ecosystem service value and the aggregation degree
of cropland, forestland, grassland, wetland, and urban
land was positive. In contrast, the correlation between
the ecosystem service value and the aggregation
degree of water bodies was negative. At the landscape
level, the total ecosystem service value increased with
the weakened shape complexity and the strengthened
aggregation degree of LULC types. A more uniform
distribution of various LULC types helped elevate the
total ecosystem service value.

The dynamics of landscape pattern and the associ-
ated ecosystem services were sensitive to human activ-
ities and climate change. Transboundary cooperation
between China and Kazakhstan would reinforce water-
shed sustainability through integrated watershed land
resource planning and joint adaptive strategies to the
potential water crisis resulting from climate change.
Future research would address the uncertainties in
evaluating the ecosystem service values and quantify
the impact of climate change.
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