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Abstract
The Ili River Delta (IRD) is an ecological security barrier for the Lake Balkhash
and an important water conservation area in Central Asia. In this study, we
selected the IRD as a typical research area, and simulated the water yield and
water conservation from 1975 to 2020 using the water yield module of the In-
tegrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model. We
further analyzed the temporal and spatial variations in the water yield and
water conservation in the IRD from 1975 to 2020, and investigated the main
driving factors (precipitation, potential evapotranspiration, land use/land cover
change, and inflow from the Ili River) of the water conservation variation based
on the linear regression, piecewise linear regression, and Pearson’s correlation
coefficient analyses. The results indicated that from 1975 to 2020, the water
yield and water conservation in the IRD showed a decreasing trend, and the
spatial distribution pattern was “high in the east and low in the west”; over-
all, the water conservation of all land use types decreased slightly. The water
conservation volume of grassland was the most reduced, although the area of
grassland increased owing to the increased inflow from the Ili River. At the
same time, the increased inflow has led to the expansion of wetland areas, the
improvement of vegetation growth, and the increase of regional evapotranspira-
tion, thus resulting in an overall reduction in the water conservation. The water
conservation depth and precipitation had similar spatial distribution patterns;
the change in climate factors was the main reason for the decline in the water
conservation function in the delta. The reservoir in the upper reaches of the
IRD regulated runoff into the Lake Balkhash, promoted vegetation restoration,
and had a positive effect on the water conservation; however, this positive effect
cannot offset the negative effect of enhanced evapotranspiration. These results
provide a reference for the rational allocation of water resources and ecosystem
protection in the IRD.
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Abstract
The Ili River Delta (IRD) serves as an ecological security barrier for Lake
Balkhash and represents a critical water conservation area in Central Asia.
This study selected the IRD as a typical research area and simulated water
yield and water conservation from 1975 to 2020 using the water yield mod-
ule of the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST)
model. We analyzed the temporal and spatial variations in water yield and wa-
ter conservation in the IRD during this period and investigated the main driving
factors—precipitation, potential evapotranspiration, land use/land cover change
(LUCC), and inflow from the Ili River—using linear regression, piecewise linear
regression, and Pearson’s correlation coefficient analyses. The results indicated
that water yield and water conservation in the IRD exhibited a decreasing trend
from 1975 to 2020, with a spatial distribution pattern characterized as “high in
the east and low in the west.” Overall, the water conservation capacity of all
land use types decreased slightly, with grassland showing the most significant
reduction in water conservation volume despite an increase in grassland area
due to enhanced inflow from the Ili River. Meanwhile, the increased inflow led
to wetland expansion, improved vegetation growth, and elevated regional evapo-
transpiration, ultimately resulting in an overall reduction in water conservation.
The spatial distribution patterns of water conservation depth and precipitation
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were similar, and changes in climatic factors represented the primary reason for
the decline in water conservation function in the delta. The reservoir in the
upper reaches of the IRD regulated runoff into Lake Balkhash, promoted vege-
tation restoration, and exerted a positive effect on water conservation; however,
this positive effect could not offset the negative impact of enhanced evapotran-
spiration. These findings provide a valuable reference for rational water resource
allocation and ecosystem protection in the IRD.

Keywords: water conservation function; water yield; Integrated Valuation
of Ecosystem Services and Tradeoffs (InVEST) model; climate change; land
use/land cover change (LUCC); Ili River Delta; Lake Balkhash

1 Introduction
Water conservation function constitutes one of the most critical ecosystem ser-
vice functions in watersheds and serves as an important indicator of regional
ecosystem health [?, ?]. Research on water conservation functions originated
from forest ecosystems and has primarily focused on the role of trees, shrubs,
litter, and soil in redistributing precipitation [?, ?]. In the context of global
water scarcity and rapidly declining groundwater reserves, the sustainability of
water conservation has become a core component of regional ecological security
assessments [?, ?]. The water conservation function of wetlands in delta regions
of arid inland river basins has been widely studied for its effects on biodiversity
maintenance, soil and water conservation, runoff regulation, climate regulation,
and freshwater supplies [?, ?, ?].

Numerous studies have investigated water conservation functions and their spa-
tial and temporal variations across different scales and regions [?, ?, ?, ?].
Several methods have been developed to assess ecosystem water conservation
functions, including the water balance method [?, ?], canopy residual intercep-
tion method [?, ?], and precipitation storage method [?, ?]. However, due to
the pronounced spatial and temporal scale characteristics of water conservation
functions, econometric models exhibit limited adaptability to regional scales
and are unsuitable for long-term time series applications in large-scale regions
with complex topography and diverse ecosystem types [?, ?]. The Integrated
Valuation of Ecosystem Services and Tradeoffs (InVEST) model can integrate
these analytical features [?, ?]. This model serves as a modeling tool for assessing
ecosystem services and their economic values to support ecosystem management
and decision-making [?, ?].

Unlike other hydrological models, the InVEST model operates on a grid scale at
an average annual time step, enabling large-scale spatiotemporal modeling based
on water balance principles. Consequently, it is well-suited for assessing the
impacts of land use/land cover change (LUCC) on multiple ecosystem services,
including water yield, carbon storage, and habitat quality [?, ?].
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The earliest application of the InVEST model occurred in the Amazon Basin,
where it was used to assess ecosystem services in ecologically functional areas
[?, ?]. This study’s results significantly influenced international ecological eval-
uations and greatly facilitated the application of the InVEST model in other re-
gions. Subsequently, Erik et al. [?] applied the InVEST model to the Willamette
Basin in Oregon, USA, designing three plausible LUCC scenarios to analyze spa-
tial patterns of ecosystem services such as hydrological services, soil conserva-
tion, carbon storage, and biodiversity. Sánchez-Canales et al. [?] assessed water
conservation service functions in Mediterranean watersheds. Since 2013, re-
search on ecosystem services based on the InVEST model has increased rapidly,
covering habitat quality [?, ?], soil erosion [?, ?], carbon storage [?, ?], water
yield [?, ?], and water conservation [?, ?]. For example, Baral et al. [?] used
the InVEST model to evaluate biodiversity in north-central Victoria, Australia,
analyzing the impact of LUCC to assess its applicability in habitat quality as-
sessment and ecological conservation planning. Li et al. [?] analyzed the effects
of soil change, land use, and soil and water conservation on water conservation
functions in the Danjiang watershed of the Qinling Mountains, China. From
the perspective of different climate types, the spatial and temporal variability of
water conservation under alpine climates, mid-latitude monsoon climates, and
subtropical monsoon climates has been extensively assessed [?, ?]. For instance,
Wang et al. [?] analyzed water conservation in the eastern Loess Plateau, China,
and quantified the environmental drivers of water conservation change, while
Xue et al. [?] studied water conservation functions and their spatiotemporal
variations in the alpine region of the Tibetan Plateau, China.

The Ili River is an international river crossing the border between China and
Kazakhstan and represents the largest cross-border river in Xinjiang Uygur Au-
tonomous Region, China, in terms of water volume. The Ili River Delta (IRD),
characterized by a fragile arid ecosystem, is located in the lower reaches of the
Ili-Balkhash Basin (an arid endorheic basin shared by China and Kazakhstan)
in Central Asia and constitutes an important water conservation area in this
basin. Water resources play a crucial role in improving the regional ecological
environment. Many previous studies have focused on analyzing hydrological,
vegetation, and wetland changes in the IRD [?, ?, ?]. From the 1840s to the
late 1950s, the IRD ecosystem remained relatively stable. However, beginning
in the 1960s, regional climate change and increasing human activities upstream
of the delta substantially reduced or even cut off river runoff into the delta
until the 1970s, causing continuous ecosystem deterioration [?, ?]. Since the
1990s, as human activities in the middle reaches of the Ili River Basin have
decreased and river inflows to the IRD have increased, the delta’s ecological
environment has gradually improved [?, ?]. Deng et al. [?] noted that the con-
struction of the Kapchagay Reservoir and overexploitation of water resources in
the middle and lower reaches of the Ili River have caused declining water levels
in Lake Balkhash and ecological deterioration in the IRD. Wang and Lu [?]
suggested that climate change is the dominant factor influencing Lake Balkhash
water level dynamics, while human activities serve as reinforcing factors affect-
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ing lake water level changes. Inflow to the lake is significantly correlated with
Lake Balkhash water volume, representing the leading factor affecting lake wa-
ter volume changes [?, ?]. Between 1970 and 1990, the wetland area of the IRD
decreased from 2607 to 1841 km2 (a 29.38% reduction), with half of the lost
area converting to grassland and one-third to saline-alkali land [?, ?]. Yao et
al. [?] studied the conversion of large areas of bare land to grassland around the
IRD from 2000 to 2020 and found that forests within the delta degraded into
grassland. Runoff into the delta and Lake Balkhash water levels are significantly
and positively correlated with wetland area, representing the primary drivers
of wetland evolution [?, ?, ?]. Since the 1990s, under the influence of climate
change and human activities, not only have Lake Balkhash’s water level and
area continued to decline, but the water overflow capacity, wetland area, and
ecosystem services of the IRD have also been severely weakened [?, ?], resulting
in significant changes in the IRD’s water conservation function. However, the
spatial and temporal variations in the water conservation function of the IRD
and their driving factors remain unclear.

This study employed the InVEST model with localized parameters to simulate
water yield in the IRD from 1975 to 2020 and visually and quantitatively eval-
uated the ecosystem’s water conservation function. We also investigated the
effects of local climate change, LUCC, and inflow from the Ili River on water
conservation function in the IRD. The results can provide a basis for making
scientific and reasonable decisions regarding water conservation function in the
IRD.

2.1 Study Area
The IRD (74°00�–76°30�E, 45°20�–46°15�N) is located in southeastern Kaza-
khstan, Central Asia, covering an area of approximately 8.00$×10^{3}$ km2

in the southwestern part of Lake Balkhash [?, ?] [Figure 1: see original pa-
per]. The delta is bordered by the Saryesik-Atyrau Desert to the northeast, the
Tawkum Desert to the southwest, and Lake Balkhash to the northwest. The ge-
omorphological unit consists of a sedimentary-alluvial plain in the lower reaches
of the Ili River, with overall topography that is high in the southeast and low
in the northwest [?, ?]. The delta experiences an extremely dry continental
climate with minimal precipitation and high evapotranspiration. The average
annual precipitation in the study area is 192 mm, the average annual temper-
ature is 7°C, and the average annual evapotranspiration is approximately 1000
mm [?, ?, ?]. The vegetation primarily consists of Calamagrostis pseudophrag-
mites and reeds (Phragmites communis) [?, ?]. The main land use types in the
delta are water body, grassland, and unused land.

Lake Balkhash (73°21�–79°30�E, 44°45�–46°44�N) is a typical plain terminal lake
[?, ?] with a surface area of approximately 1.83$×10^{4}$ km2, measuring about
71 km at its widest point and 600 km in length [?, ?]. As the main water artery
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of Lake Balkhash, the Ili River flows into the western part of the lake through
the IRD, contributing 78.00% of the total runoff to the lake and representing
the primary source of Lake Balkhash’s water volume [?, ?]. The Ili-Balkhash
Basin constitutes one of the world’s largest lake ecosystems, extending radially
from Lake Balkhash as its center. The highest point is located at Khan Tengri
Peak in the Tianshan Mountains, while the lowest point is at Lake Balkhash,
forming the terminal end of the river system [?, ?].

[Figure 1: see original paper]

2.2 Datasets
In this study, we collected and calculated data on precipitation, potential evap-
otranspiration, land use, soil depth, root depth, plant available water content
(PAWC), velocity coefficient, topographic index, percentage slope, soil satu-
ration hydraulic conductivity, runoff, Normalized Difference Vegetation Index
(NDVI), digital elevation model (DEM), and water level to estimate water con-
servation and evaluate the water conservation function of the IRD from 1975 to
2020. The data sources and parameter processing methods for the input data
are listed in Table 1 . The raster resolution of model inputs was uniformly set
to 30 m$×$30 m. The biophysical parameters for each land use type are also
listed in Table 2 .

Additionally, we verified the accuracy of the InVEST model’s simulated results
by calculating measured annual water conservation volume from surface runoff
data (obtained from the Uskerma hydrological station). The results indicated
that while the simulated water conservation volume from the InVEST model
was smaller than the measured volume from surface runoff during the study
period (1975–2020), the trends remained essentially consistent [Figure 2: see
original paper].

[Figure 2: see original paper]

2.3.1 Land Use Transfer Matrix
The land use transfer matrix is a classical method for studying the direction
and magnitude of transfers between land use types, reflecting the structural
characteristics of regional LUCC and the evolution of spatial patterns [?, ?].
Using spatial analysis tools in ArcGIS, we superimposed land use data from
different periods to obtain dynamic changes in land use types between adjacent
periods. The formula is as follows [?, ?]:
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where 𝑆𝑖𝑗 represents the area of land use type 𝑖 converted to land use type 𝑗
during the study period (km2), and 𝑛 is the number of land use types.

2.3.2 Calculation of Water Yield
The water yield model in the InVEST model is based on the principle of water
balance. Regional water yield can be calculated using annual precipitation and
the Budyko curve. The formulas are as follows:

𝑌𝑥𝑗 = (1 − 𝐴𝐸𝑇𝑥𝑗
𝑝𝑥

) × 𝑝𝑥

𝐴𝐸𝑇𝑥𝑗 = 𝑝𝑥 × (1 + 𝜔𝑥 × 𝑅𝑥𝑗)
1 + 𝜔𝑥 × 𝑅𝑥𝑗 + 1

𝑅𝑥𝑗

𝑅𝑥𝑗 = 𝐾𝑥𝑗 × 𝑃𝐸𝑇0
𝑝𝑥

𝜔𝑥 = 𝑍 × 𝐴𝑊𝐶𝑥
𝑝𝑥

+ 1.25

where 𝑌𝑥𝑗 represents the annual water yield depth at grid unit 𝑥 under land use
type 𝑗 (mm); 𝐴𝐸𝑇𝑥𝑗 represents the annual actual evapotranspiration at grid
unit 𝑥 under land use type 𝑗 (mm); 𝑝𝑥 represents the annual precipitation at
grid unit 𝑥 (mm); 𝜔𝑥 is a non-physical parameter representing natural climate-
soil properties; 𝑅𝑥𝑗 is the Budyko dryness index; and 𝑍 is the seasonal factor
(Zhang coefficient) representing seasonal precipitation distribution and depth,
with 𝑍-values close to 10 indicating precipitation concentrated in winter and
values close to 1 indicating precipitation concentrated in summer or more uni-
formly distributed throughout the seasons [?, ?]. The 𝑍-value was determined
to be 1 in this study because multi-year precipitation is concentrated in summer
in the study area. 𝐴𝑊𝐶𝑥 represents the available soil water content (mm), de-
termined by soil texture and effective soil depth; 𝐾𝑥𝑗 is the evapotranspiration
coefficient of land use type 𝑗 at grid unit 𝑥; and 𝑃𝐸𝑇0 represents the potential
evapotranspiration (mm) [?, ?, ?, ?, ?].
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2.3.3 Calculation of Water Conservation
The calculation of water conservation is based on water yield combined with soil
saturation conductivity, runoff coefficient, and topographic index. The formulas
are as follows:

𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 = min(1, 𝑉 𝑒𝑙𝑜𝑐𝑖𝑡𝑦
𝐾𝑠𝑎𝑡

) × min(1, 0.9 × 𝑇 𝐼) × 𝑌𝑥𝑗

𝑉 𝑒𝑙𝑜𝑐𝑖𝑡𝑦 = min(1, 𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒_𝐴𝑟𝑒𝑎
𝑆𝑜𝑖𝑙_𝐷𝑒𝑝𝑡ℎ × 𝑃𝑒𝑟𝑐𝑒𝑛𝑡_𝑆𝑙𝑜𝑝𝑒)

𝑇 𝐼 = log(𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒_𝐴𝑟𝑒𝑎
𝑃𝑒𝑟𝑐𝑒𝑛𝑡_𝑆𝑙𝑜𝑝𝑒 )

where 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 is the annual water conservation depth (mm); 𝑉 𝑒𝑙𝑜𝑐𝑖𝑡𝑦 is the
runoff coefficient (dimensionless), representing the impact of different land use
types on surface runoff; 𝐾𝑠𝑎𝑡 represents soil saturation conductivity (mm/d);
𝑇 𝐼 is the topographic index; 𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒_𝐴𝑟𝑒𝑎 indicates the number of grids in
the catchment area; 𝑆𝑜𝑖𝑙_𝐷𝑒𝑝𝑡ℎ is the soil depth (mm); and 𝑃𝑒𝑟𝑐𝑒𝑛𝑡_𝑆𝑙𝑜𝑝𝑒 is
the percentage slope (%) [?, ?, ?].

2.3.4 Analysis of Driving Factors
To investigate dynamic temporal and spatial trends in water conservation func-
tion in the IRD from 1975 to 2020 at the pixel scale, we established linear
regression and piecewise linear regression equations with year as the indepen-
dent variable and water conservation as the dependent variable, following the
approach of Hu and Sheng [?]. Piecewise linear regression is a regression esti-
mation method applied when the relationship between 𝑦 and 𝑥 follows a certain
linear relationship within one range of 𝑥 and a different linear relationship with
varying slopes in other ranges. This method uses indicator variables to fit a
unified regression model to each data segment simultaneously. Pearson’s cor-
relation coefficients were used to test correlations between annual-scale water
conservation and driving factors [?, ?]. The correlation coefficient can be calcu-
lated using Equation 8 [?, ?]:

𝑟 = ∑𝑚
𝑖=1(𝑥𝑖 − ̄𝑥)(𝑦𝑖 − ̄𝑦)

√∑𝑚
𝑖=1(𝑥𝑖 − ̄𝑥)2 ∑𝑚

𝑖=1(𝑦𝑖 − ̄𝑦)2

where 𝑟 is the correlation coefficient between two variables (correlations between
potential evapotranspiration and water conservation, and between precipitation
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and water conservation), generally used to infer the overall correlation coeffi-
cient; 𝑚 is the number of samples; 𝑥𝑖 and 𝑦𝑖 are sample values of variables 𝑥
and 𝑦, respectively; and ̄𝑥 and ̄𝑦 are the average values of variables 𝑥 and 𝑦,
respectively.

3.1.1 Temporal Variation
From 1975 to 2020, the annual average water yield depth in the IRD exhibited
“M”-shaped fluctuations, with an average value of 62.88 mm over the 46-year
study period, a minimum of 34.76 mm in 2020, and a maximum of 98.15 mm
in 1978 [Figure 3a: see original paper]. During the study period, the water
conservation volume of the IRD varied considerably, with a multi-year average
of 9.06$×10^{9}$ m3; the minimum value was 2.59$×10^{9}$ m3 in 2020, and
the maximum was 19.86$×10^{9}$ m3 in 1993 [Figure 3b: see original paper].
Using 2000 as a baseline year to compare differences in water yield depth and
water conservation volume between the end of the 20th century and the begin-
ning of the 21st century, the changes in water conservation volume over the
46-year study period can be divided into two stages. Specifically, from 1975 to
2000, annual water conservation volume showed a decreasing trend with a rate
of change of -0.19$×10^{9}$ m3/a, while from 2000 to 2020, it showed a slightly
increasing trend with a rate of change of 0.01$×10^{9}$ m3/a (P<0.05). Over-
all, water conservation volume in the IRD exhibited a decreasing trend from
1975 to 2020.

[Figure 3: see original paper]

3.1.2 Spatial Distribution
From 1975 to 2020, the spatial distribution pattern of annual average water
yield depth in the IRD showed a trend of “high in the east and low in the west”
[FIGURE:4a1–a6]. High-value regions with water yield depth greater than 62.88
mm were located in the central part of the IRD, while low-value regions with
water yield depth less than 62.88 mm were primarily observed at the delta’s
terminus. The spatial distribution patterns of water conservation depth in the
IRD from 1975 to 2020 did not change markedly and generally exhibited regular-
ity consistent with changes in water yield depth, which directly influenced the
spatial distribution of water conservation depth in the region. Using the natural
breaks classification method, we divided water conservation depth in the IRD
into five classes: I (0.00–2.00 mm), II (2.00–4.00 mm), III (4.00–6.00 mm), IV
(6.00–8.00 mm), and V ($�$8.00 mm), with high-value regions mainly located
in the central part of the IRD and low-value regions primarily around Lake
Balkhash [FIGURE:4b1–b6]. This spatial distribution pattern resulted from the
combined effects of climate and topography. The Ili-Balkhash Basin extends ra-
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dially with Lake Balkhash at its center; the highest point is at Khan Tengri
Peak in the Tianshan Mountains, and the lowest point is at Lake Balkhash.
The IRD is a low-altitude region with high annual precipitation and low evapo-
transpiration. Large areas of wetland vegetation and water bodies are located in
the middle of the delta, which are conducive to vegetation growth and provide
higher water conservation capacity. In contrast, large areas of water bodies and
unused land around Lake Balkhash experience intense evapotranspiration and
have low water conservation capacity.

The spatial distribution of water conservation volume variation in the IRD from
1975 to 2020 is shown in Figure 5 [Figure 5: see original paper], divided into
four categories: significantly decreased, slightly decreased, basically unchanged,
and significantly increased. From 1975 to 2020, the area with decreased water
conservation volume was 1756.20 km2, accounting for 5.91% of the total IRD
area, while the area with increased water conservation volume was 743.26 km2,
accounting for 2.50% of the total area. Water conservation volume remained
largely stable and unchanged in most regions, representing 91.59% of the total
IRD area. Regions with increased water conservation volume were concentrated
at the delta front, primarily due to two factors: conversion of unused land to
grassland and increased precipitation. Regions with decreased water conserva-
tion volume were mainly distributed in the middle and terminus of the delta,
which constitute the main parts of the delta wetland. With increased runoff
into the delta, gradual recovery of wetland vegetation, and elevated regional
evapotranspiration, combined with decreased precipitation, water yield depth
and water conservation volume have declined in these regions. Simultaneously,
the expansion of wetland water bodies covering original grassland and other
land cover conversions have also reduced water conservation volume. Water
conservation volume remained largely stable and unchanged in the western part
of Lake Balkhash.

[Figure 4: see original paper]

[Figure 5: see original paper]

3.2.1 Impact of Regional Climate Change on Water Con-
servation
Precipitation and potential evapotranspiration are important climatic factors
influencing water conservation function in the IRD, and their temporal and
spatial variability drives changes in water conservation function. The spatial
differences in average annual precipitation in the IRD during 1975–2020 were
significant. The Lake Balkhash area was dry and rainless, with precipitation
gradually increasing from the lake center outward, while the spatial distribu-
tion of potential evapotranspiration was opposite to that of precipitation [FIG-
URE:6a and b]. Water conservation depth and precipitation showed similar
spatial distribution characteristics. At the lake center, precipitation was low,
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potential evapotranspiration was high, and water conservation depth was low.
From 1975 to 2020, annual precipitation in the IRD showed a decreasing trend
[Figure 6c: see original paper], annual potential evapotranspiration showed an
increasing trend [Figure 6d: see original paper], and annual water conservation
volume showed a decreasing trend [Figure 3b: see original paper], indicating
that relative changes in precipitation and potential evapotranspiration deter-
mined the general declining trend of water conservation function. Water conser-
vation depth was significantly positively correlated with precipitation and neg-
atively correlated with potential evapotranspiration [FIGURE:6e and f], with
correlation coefficients of 0.72 and -0.12, respectively (P<0.05). The temporal
and spatial variations in precipitation significantly impacted water conservation
function in the study area. This is primarily because regions with abundant
precipitation correspond to areas with good vegetation growth, sufficient water
for plants and soil, and strong water conservation capacity. In contrast, regions
with high potential evapotranspiration experience heavy depletion of water in
vegetation and soil, resulting in weak water retention capacity.

[Figure 6: see original paper]

3.2.2 Impact of LUCC on Water Conservation
The dominant land use types in the IRD were grassland, water body, wetland,
and unused land, which accounted for more than 95.00% of the total delta area
[FIGURE:7a1–a4]. Cropland comprised a small proportion of the total IRD
area, never exceeding 1.00%. Forest land area fluctuated more markedly between
1990 and 2020, showing an overall decreasing trend [Figure 7b: see original
paper]. In general, the areas of grassland, wetland, water body, cropland, and
construction land all showed increasing trends, while forest land and unused land
areas decreased [Figure 7c: see original paper]. From 1990 to 2020, forest land
exhibited the largest decrease in area at -53.38%, while construction land showed
the largest increase at 41.07%. From 1990 to 2020, unused land experienced
the largest absolute area decrease (2673.64 km2), which was converted into
grassland, wetland, water body, forest land, cropland, and construction land.
The area of unused land converted to grassland was the largest (1959.97 km2).
The areas of lost cropland and construction land were the smallest, at 2.09 km2

and 15.34 km2, respectively. Cropland was mainly converted to grassland, and
construction land was primarily converted to grassland and unused land [Figure
7d: see original paper].

The annual water conservation volume of grassland during 1975–2020 was
the highest, with an average value of 42.93$×10^{8}$ m3, followed by forest
land and cropland (1.96$×10^{8}$ and 0.22$×10^{8}$ m3, respectively)
[FIGURE:8a1–a3]. The canopy and litter layers of grassland and forest land
can effectively retain water [?, ?], giving these land use types stronger water
conservation functions. In contrast, cropland has a shallow root system and
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occupies a small area in the IRD, resulting in poor water conservation function.
From 1975 to 2020, the annual water conservation volume of grassland, forest
land, and cropland showed an overall decreasing trend in the IRD. However,
they all exhibited an increasing trend between 2000 and 2020, which is
consistent with the trend of annual average NDVI in the IRD, indicating that
vegetation growth in the delta has gradually improved during 2000–2020.

From 1990 to 2020, the annual potential evapotranspiration of grassland, forest
land, and cropland showed an increasing trend [FIGURE:8b1–b3]. Specifically,
the annual potential evapotranspiration of grassland increased at a rate of 5.23
mm/10a, while the total grassland area increased. However, the water yield
depth of grassland decreased from 139.63 mm in 1990 to 74.57 mm in 2020
[FIGURE:8c1], and the corresponding water conservation volume also decreased
from 46.91$×10^{8}$ m3 in 1990 to 14.82$×10^{8}$ m3 in 2020 [FIGURE:8a1].
The water yield depth of cropland decreased from 119.14 mm in 1990 to 72.27
mm in 2020 [FIGURE:8c2], and the corresponding water conservation volume
decreased from 0.24$×10^{8}$ m3 in 1990 to 0.07$×10^{8}$ m3 in 2020 [FIG-
URE:8a2]. The water yield depth of forest land decreased from 128.22 mm in
1990 to 70.07 mm in 2020 [FIGURE:8c3], and the corresponding water conserva-
tion volume decreased from 3.28$×10^{8}$ m3 in 1990 to 0.40$×10^{8}$ m3 in
2020 [FIGURE:8a3]. The main reason for this pattern is that increased potential
evapotranspiration leads to significant consumption of water in vegetation and
soil and a decrease in water yield, thereby affecting soil water accumulation and
water-holding function, which results in declining water conservation capacity.

Grassland was classified as low-coverage (coverage >50%), medium-coverage
(coverage 20%–50%), and high-coverage (coverage 5%–20%) according to the
classification system. From 1990 to 2020, although the areas of low-coverage
and medium-coverage grasslands increased, the areas of high-coverage grassland
and forest land showed a decreasing trend, resulting in the decline of water
conservation in the IRD [Figure 9: see original paper].

[Figure 7: see original paper]

[Figure 8: see original paper]

[Figure 9: see original paper]

3.2.3 Impact of Inflow from the Ili River on Water Conser-
vation in the IRD
From 1990 to 2015, the Ili River entered a period of abundant water, and runoff
into the lake at the Uskerma hydrological station increased. After 2015, runoff
into the lake at the Uskerma hydrological station decreased, Lake Balkhash
water levels declined, precipitation decreased, and water conservation volume
continued to decrease [FIGURE:6c and 10]. Thus, water conservation was af-
fected by both inflow from the Ili River and precipitation.
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[Figure 10: see original paper]

4 Discussion
Generally, the evolution of ecosystem service functions is driven by various nat-
ural and human factors [?, ?]. Human activities directly or indirectly affect re-
gional ecosystem service functions (e.g., water conservation) by altering the type
and structure of the land surface [?, ?]. Regarding natural factors, vegetation
spatial distribution significantly impacts water conservation, primarily because
vegetated and non-vegetated lands differ in soil physical and chemical properties,
vegetation coverage, and root systems, thus affecting surface evapotranspiration
and soil water storage capacity [?, ?]. Different altitudes have different water
and heat conditions, resulting in varying degrees of vegetation coverage. Higher
vegetation coverage corresponds to stronger plant water conservation function,
while low vegetation coverage indicates weak water conservation function [?, ?].
Secondly, land use type changes caused by human activities affect water conser-
vation capacity. The water conservation volume ranking from highest to lowest
is grassland, forest land, cropland, and construction land [?, ?]. This is mainly
because the canopy and litter layers of grassland and forest land can effectively
retain water, resulting in strong water conservation function [?, ?].

Meanwhile, water resources development in the Ili River began in the 1920s,
and the region’s largest reservoir, the Kapchagay Reservoir, was constructed
in 1970. Reservoir construction has altered the volume and distribution of an-
nual runoff in the lower reaches of the Ili River, significantly impacting the
ecological environment of the delta and Lake Balkhash [?, ?]. From 1970 to
1985, Kapchagay Reservoir construction and water diversion for irrigation on
the reservoir’s left bank significantly exacerbated the decline in Lake Balkhash
water levels and ecological shrinkage of the natural oasis. High-coverage grass-
land and forest land areas decreased, while changes in runoff and precipitation
into the lake at the Uskerma hydrological station showed an initial increasing
trend followed by a decreasing trend, affecting water conservation [?, ?]. As
Lake Balkhash water levels rose, ecological problems caused by water shortages
were alleviated, but vegetation ecological water demand increased, leading to re-
duced water conservation [?, ?]. The areas with the greatest reduction in water
conservation coincided with areas showing the greatest increase in grassland, as
shown in Figures 4 and 7a1–a4. This indicates that increased runoff to Lake
Balkhash resulted in higher vegetation coverage in the IRD, while simultane-
ously increasing surface evapotranspiration in vegetated areas and vegetation
ecological water demand, leading to reduced water conservation.

Furthermore, climate factors are key natural drivers of water conservation
changes. Regions with abundant precipitation correspond to areas with good
vegetation growth, adequate water in plants and soils, and strong water
conservation capacity [?, ?]. In contrast, regions with high evapotranspiration
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experience heavy depletion of water in vegetation and soils, resulting in weak
water retention capacity [?, ?].

In addition, two main limitations exist when modeling water yield. First, due
to the specific geographical location of the study area, biophysical parameters
such as 𝐾𝑐 and root depth in this study were derived from empirical data in
the literature, which affects model simulation accuracy to some extent; however,
this does not affect the basic distribution pattern of water yield. Second, this
study used meteorological data from the current year for model estimation, thus
failing to consider time lags of meteorological factors acting on environmental
processes. Validation with actual survey and monitoring data will be further
improved in the future, and attention should also be paid to modeling inter-
annual and seasonal water yields along with parameter localization.

5 Conclusions
The temporal and spatial variations in water conservation in the IRD from 1975
to 2020 were analyzed using the InVEST model, and the main driving factors
were discussed. The main conclusions are as follows:

1. From 1975 to 2020, water conservation in the IRD showed a decreasing
trend; spatially, it exhibited a pattern of “high in the east and low in the
west.”

2. The spatial distribution of water conservation was affected by land use
types. From 1975 to 2020, the water conservation and water yield of
each land cover type decreased slightly. The water conservation volume
of grassland was the highest among all land use types.

3. Water conservation depth and precipitation showed similar spatial distri-
bution characteristics. During the study period, precipitation in the delta
continued to decrease, and the increase in delta inflow promoted the expan-
sion of vegetated areas, especially grassland, which had a positive effect
on water conservation function. However, this effect could not offset the
negative impact of enhanced evapotranspiration in the IRD.

This study used the InVEST model to evaluate the temporal and spatial vari-
ations and driving factors of water conservation function in the IRD. Changes
in water conservation function in the IRD were strongly correlated with climate
change and LUCC, with precipitation having a direct effect on water conser-
vation function. These results provide a scientific basis for making informed
ecological protection decisions in the IRD under the impacts of climate change
and human activities.
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