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Analysis on water replenishment
effect of ecological sluices in the
middle reaches of the Tarim River

Siyang Feng™?, Yi Xu?, Rui Shi?, Xiaorong Huang?, Yongxiang Wu?
and Gaoxu Wang?*

State Key Laboratory of Hydraulics and Mountain River Engineering, Sichuan Universiry, Chengdu,
China, ?The National Key Laboratory of Water Disaster Prevention, Nanjing Hydraulic Research Institute,
Nanjing, China

To evaluate the water replenishment effect of ecological sluices in the Tarim
River's mainstream and the water demand for ecological restoration, this study
focused on the area controlled by a typical sluice group in the middle reaches.
Using Landsat imagery (2000-2020) and the Penman-Monteith method, we
quantified the spatiotemporal evolution of vegetation water consumption and
ecological water demand, proposing corresponding sluice operation strategies.
The results show: (1) From 2000 to 2020, natural vegetation consumed 1.62 X
108 m® of water on average, increasing by 0.1 X 10 m?® per 5 years. Woodland and
grassland expanded by 67.18 km? per 5 years, demonstrating effective ecological
restoration. (2) Vegetation water consumption varied spatiotemporally, peaking
near sluice-fed branch canals and declining with distance from the river. The
highest consumption occurred in 2015, concentrated in mid-growth periods. (3)
Ecological water demands were: 1.76 X 10® m® (maintaining 2020 conditions),
1.62 x 108 m* (2000-2020 average), and 2.01 x 108 m* (optimal 2015 level). By
linking sluice impacts to vegetation water use and quantifying restoration needs,
this study provides a scientific basis for water management and ecological
regulation.

KEYWORDS

Tarim River, ecological sluices, fractional vegetation cover, vegetation water
consumption, water transfer effect

1 Introduction

Inland rivers are generally regarded as the main water resources in arid areas, and the
desert riverbanks along them play a key role in resisting wind and sand, curbing
desertification, and maintaining regional ecological balance (Keyimu et al, 2018; Sun
et al, 2022). However, with the interferences such as global warming and human activities,
the water resources of inland rivers in arid areas are facing increasingly severe pressure. At
the same time, excessive land development and water resource exploitation have also hurt
desert riparian ecosystems (Feng et al., 2001; Xu et al., 2008; Ye et al., 2014). At the end of the
20th century, to achieve the goals of ecological protection in arid areas and restoration of
riparian vegetation, many regions worldwide carried out ecological water transfer work
(Chen et al,, 2010; Zeng et al., 2016; Zhao et al., 2020).

The Tarim River is located in the arid region of northwest China and is the longest
inland river in China. It has the dual characteristics of rich natural resources and a fragile
ecological environment. It is typical and representative in the study of inland river
ecohydrology in arid areas. The Tarim River’s main stream surrounds the Taklimakan
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Desert’s northern part. The vegetation community, composed of
trees, shrubs, and herbaceous plants along the river, is also a unique
“green corridor” in Xinjiang. In the 1970s, with the decrease in water
inflow of the Tarim River and the continuous increase in water
consumption in the middle reaches, the lower reaches of the river
and the Tetma Lake dried up, the groundwater level continued to
drop, and the desert riverside forest dominated by Populus
euphratica and Tamarix chinensis completely declined. Since
2000, the Chinese government has implemented large-scale
ecological restoration, efficient water resource utilization, and
water conservancy infrastructure projects in the Tarim River
Basin (Zhang, 2022). In May of that year, to improve the
deteriorating ecological conditions in the downstream area, the
first ecological water conveyance project was launched in the
lower reaches of the Tarim River (Jiao et al., 2022). Water dikes
with a length of nearly 500 km were built next year on both sides of
the middle reaches of the mainstream river to restrain the flooding
during the flood season and improve the efficiency of water transfer
to the downstream (Chen et al., 2013). The water dikes changed the
water supply mode on both sides of the river and a series of
ecological sluices were built on both sides of the dikes to
maintain the meet ecological water supply for vegetation on both
sides (Du et al., 2005). Finally, an ecological water transfer pattern
has been basically formed in which water resources are transported
by ecological sluices in the middle reaches of the Tarim River and
water volume is dispatched by the Daxihaizi Reservoir in the
lower reaches.

At present, the research on ecological water replenishment in the
Tarim River Basin mainly focuses on two aspects: one is about the
hydrological control mechanism of desert riparian forests, which
exploring the impact of groundwater level changes caused by water
transfer on vegetation individuals, populations, and communities
(Chen et al., 2003; Deng et al., 2016; Keram et al., 2021; Li et al., 2013;
Wang et al., 2023); Another one is to estimate the water demand of
vegetation in desert riparian ecosystems, thereby providing
suggestions and guidelines for ecological water transfer (Chen
et al, 2008a; Ye et al, 2022; Ye et al, 2007). The joint dispatch
of ecological sluices to replenish water is a unique means of water
resource regulation in the Tarim River Basin. Water is mainly
transported through water diversion channels. The farther away
from the river, the smaller the vegetation density and the lower the
vegetation coverage. Therefore, the variation of vegetation coverage
can effectively evaluate the water replenishment effect of ecological
sluices (Guo et al., 2017; Huang et al., 2020). In recent years, the
relationship between land cover type change and ecological effects
has received widespread attention, and vegetation restoration area
has become an important indicator for evaluating ecological water
transfer effects (Hu et al., 2019; Tian et al., 2020; Wang et al., 2021).
The Tarim River Basin has scarce precipitation and its water cycle
can be summarized as the process of “river water — groundwater —
surface evapotranspiration” (Yuan et al., 2015). Evapotranspiration
is the main form of water resource consumption here, which can
reflect the ecological water demand of natural vegetation and
provide a scientific basis for reasonable water resource allocation.
Therefore, revealing the ecological water transfer effect and
understanding the evapotranspiration and water consumption
patterns of desert riparian forests are of great scientific
significance for the current

ecological management and
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restoration of the Tarim River Basin. We selected the water
transfer range of a typical ecological sluice group in the middle
reaches as the study area. Based on Landsat series remote sensing
images, meteorological data, soil moisture content and other data,
the land cover type and vegetation coverage in typical years from
2000 to 2020 were counted, and the spatiotemporal distribution and
change trends were analyzed to explore the water transfer effect of
the ecological sluices. The improved P-M method was used in
combination with GIS technology to calculate the water
consumption of natural vegetation in the control range of a
typical ecological sluice group, and the ecological water demand
was estimated, while corresponding water transfer strategies were
proposed to provide scientific ideas for water resources management
and desertification control in inland rivers in arid areas around
the world.

2 Materials and methods
2.1 Study region

The study area is located in Yuli County, Bayingolin Mongolian
Autonomous Prefecture, Xinjiang Uygur Autonomous Region, in
the Yingbaza-Usman section of the middle reaches of the Tarim
River (Figure 1). From west to east, it is controlled by an ecological
sluice group consisting of the Yasenkadersluice, Patamusluice,
Wushouhansluice, Xiadaisluice, and Yilanliksluice. The total area
is about 1,084.79 km®. It belongs to the Tarim Populus euphratica
National Nature Reserve in Xinjiang. The reserve has no cropland or
construction land, so it is less affected by human factors and has no
agricultural water use. The study area has a temperate continental
warm temperate desert arid climate with abundant light and heat
resources, an average annual sunshine of 2,574 h, an average annual
temperature of 10.6°C, an extreme maximum temperature of 40.1°C,
an extreme minimum temperature of —25.5°C, an average multi-year
precipitation of 52.5 mm, and an average annual evaporation of
1,085 mm. Precipitation is scarce and evaporation is intense in this
area, and atmospheric precipitation is negligible.

Due to the obstruction of water dikes on both sides of the main
stream, the main way to replenish water in the area is through
ecological sluices during the flood season. The shallow soil moisture
content is greatly affected by the depth of groundwater. The growth
of natural vegetation is seriously affected by water stress and is
mainly composed of non-zonal vegetation that relies on
groundwater for growth. Its species are single and distributed in
a corridor-like manner along the water diversion channel. The main
ones are Populus euphratica, Tamarix chinensis, Lycium barbarum,
Bellthorn, Phragmites australis, Glycyrrhiza uralensis, etc., which
constitute the communities of trees, shrubs and herbs.

2.2 Data sources and preprocessing

The data used in this study mainly include LANDSAT remote
sensing satellite data, DEM data, meteorological data and ecological
sluice water diversion data (Table 1). Among them, the
meteorological data use the daily scale data of Tieganlik

Meteorological Station which is closest to the study area,
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FIGURE 1
Map of study area The map is from the Chinese Standard Map (http://bzdt.ch.mnr.gov.cn/GS (accessed on 1 April 2023) (2019) 1822).

including daily rainfall, average temperature, average wind speed,  used to complete the data list. The remote sensing data screened the
sunshine hours and average relative humidity. For some  Landsat series remote sensing images with low cloud coverage from
unmonitored data, interpolation of data from adjacent periods is  July to November 2000, 2005, 2010, 2015, and 2020, and performed
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TABLE 1 Main data types and sources.

Time
resolution

Data name Spatial

resolution

Data sources

10.3389/fenvs.2025.1586277

Type of data

LANDSAT 16 days 30 m
DEM 30 m
Meteorological Daily Site
Water diversion Monthly Site

quantity

preprocessing such as image cropping, radiation calibration, and
atmospheric correction on the acquired remote sensing images using
software such as ENVI5.3.

2.3 Research method

2.3.1 Trend analysis

The linear trend method is combined with GIS analysis to
estimate the linear trend (K) of fractional vegetation cover (FVC)
and water consumption changes per pixel, and quantitatively
describe its spatiotemporal evolution characteristics on the grid
scale (Zhang Q. et al, 2008). The calculation formula is as
follows (Equations 1):

n-i(i-xi)—ii-ixi
i=1 i

where K is the linear trend (when K > 0, it means that the variable
value increases with the increase of year i; when K < 0, it means

K=

that the variable value decreases with the increase of year i);
n is the length of the year sequence, n = 5 here; i is the
specific calculation year sequence; xi is the variable value in
the i-th year.

2.3.2 Estimation of FVC

Fractional vegetation cover is an important parameter to
describe the The
vegetation cover estimated based on the Normalized Difference
Vegetation Index (NDVI) is currently widely used (Zhang et al,
2013). The pixel binary model is a simple and practical model to
estimate fractional vegetation cover. Since the vegetation species in

surface vegetation coverage. fractional

the Tarim River Basin are relatively simple, the pixel binary model
has its unique advantages in improving the accuracy of fractional
vegetation cover. The calculation formula is as follows (Equations 2):

F= Inov — Inpvsoil

INDV,veg - INDV,soil

)

where F is the Fractional Vegetation Cover, Inpy, soil is the pixel
NDVI value in the area without vegetation coverage, and INpv,yeg iS
the pixel NDVT value in the area completely covered by vegetation.
INDV, soil and INpy veg are theoretically 0 and 1, but considering the
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United States Geological Survey
Geospatial Data Cloud of Chinese
Academy of Sciences

China Meteorological Science Data Center

Xinjiang Tarim River Basin Management

LANDSAT 5 TM, LANDSAT 7 ETM+, LANDSAT
8 OLI

GDEMV?2 digital elevation

Temperature, wind speed, humidity, precipitation and
evaporation, etc.

Ecological sluice water diversion
Bureau

differences in surface environment, they cannot be directly assigned.
In this paper, the minimum and maximum NDVI values within a
certain confidence interval are intercepted by the raster data
statistics tool in ENVT as Inpy, soil and INDV veg-

2.3.3 Vegetation water consumption
calculation model

Evapotranspiration is the main water loss in the region.
Therefore, the Penman-Monteith formula recommended by FAO
56 was used to calculate evapotranspiration to obtain vegetation
water consumption (Allen et al., 2005). Due to drought and water
shortage in the study area, the water in dry soils has a low potential
energy and is strongly bound by capillary and absorptive forces to
the soil matrix, and is less easily extracted by the crop. So the soil
water stress conditions should be considered. The calculation
method is as follows (Equations 3):

ET. = K,K.ET, (3)

where ETC is the evapotranspiration, Kg is the water stress
coefficient (the specific calculation in section 2.3.5); K. is the
crop coefficient (the specific calculation in section 2.3.4); ET, is
the reference evapotranspiration (mm/d), which can be derived
(Equations 4):

_ 0408A (R, - G) + y 2th (e — €) @
p(1+0.34u,)

0

where A is the slope vapour pressure curve (kPa-°C™'); Rn is the net
radiation at the crop surface (MJ-m *d™"); G is the soil heat flux
density (MJ-m2.d™"); y is the psychrometric constant (kPa-"C™'); T
is the mean daily air temperature at 2 m height (°C); u, is the wind
speed at 2 m height (m-s™'); e, is the saturation vapour pressure
(kPa); e, is the actual vapour pressure (kPa); es - ea means the
saturation vapour pressure deficit (kPa).

2.3.4 Crop coefficient (K,)

Based on remote sensing images and previous research data (Bai
et al., 2014), the supervised classification method was used to
determine the land cover type in the lower reaches of the Tarim
River. Typical vegetation of different land covers was selected, and
according to the method recommended by FAO-56 (Allen et al.,
1998), the vegetation growth cycle was divided into four periods:
early growth period, developmental period, mid-growth period and
late growth period (Table 2).
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TABLE 2 Typical vegetation growth stage division.

Land cover type Typical vegetation

Initial growth

10.3389/fenvs.2025.1586277

Growth phase

Development Mid-growth Late growth

Woodland Populus euphratica, Tamarix chinensis

15/04~04/05

05/05~14/05 15/05~16/09 17/09~31/10

Grassland Licorice, Bulrush

25/04~15/06

16/06~15/07 16/07~28/08 29/08~18/09

Barren land Camelthorn

23/04~15/06

16/06~17/07 18/07~31/08 01/09~23/09

TABLE 3 Soil sample particle analysis results.

Sand content (%) Silt content (%)

Clay content (%)

85.00 5.30

TABLE 4 Measured soil volume moisture content (6)distribution with burial
depth.

0.50

0] 3.00

Depth of embedment(m)

Water content (%) 3.74 6.83 32.15

TABLE 5 Water stress coefficients K; with different land cover types.

Woodland Grassland Barren land

The vegetation coefficient (K.), is a crucial parameter reflecting
the water consumption capacity of vegetation, and its curve
illustrates the water consumption process throughout the entire
vegetative cycle. The initial growth stage’s vegetation coefficient
(K cnin) is primarily determined by factors such as the soil’s inherent
water retention capacity, intervals of moisture availability, and
atmospheric evaporative capacity. During the mid and Ilate
growth stages  (Kemid> Keend)s
predominantly influenced by local climatic conditions, vegetation

the vegetation coefficient is

coverage, and effective coverage. The developmental and late growth
stages acquire their coefficients through linear interpolation between
Keini and Kgpig, and between Kepig and Keenq, respectively. The
vegetation coverage during the mid-growth phase is obtained by
interpreting Landsat series imagery from the vigorous growth period
of 7-9 months, while the late growth phase is derived from imagery
captured during October and November.

2.3.5 Water stress coefficient (Kj)

The soil moisture stress coefficient (Kj), is a crucial indicator
reflecting the water surplus or deficit during vegetation growth,
determined by factors such as soil moisture content at the root zone.
The determination of K references the method outlined in FAO-56
for natural vegetation water consumption under conditions of
partial irrigation and water stress (Allen et al, 1998). The
necessary depth of vegetation roots is established according to
research by Zhang et al. (2003), while field capacity (Ogc) follows
the methodology proposed by Saxton et al. (1986), and the wilting
point (Oyyp) is derived from the approach suggested by Qiao (2008).

Frontiers in Environmental Science

9.70 0.17 0.02

Parameters such as soil clay content are determined based on soil
particle analysis results (refer to Table 3). The soil moisture content
at the root depth for each land cover type is determined through on-
site drying experiments, and the distribution of soil moisture
content with depth is outlined in Table 4. Based on this data, the
soil moisture stress coefficient (K), for various land cover types in
the midstream of the Tarim River is determined (refer to Table 5).

3 Results and analysis

3.1 Spatial and temporal evolution of land
cover patterns

3.1.1 Spatial and temporal changes in woodland,
grassland and desert areas

The distribution of land cover types in the study area is shown in
Figure 2. The average area of desert from 2000 to 2020 was
491.55 km?, accounting for 45.31% of the control area behind the
ecological sluices. Woodland and grassland are mainly distributed
along rivers and overflow areas, where vegetation expansion was
directly driven by water release from ecological sluices. The average
area of woodland is 109.59 km? with a proportion of 10.1% and the
grassland area is 398.37 km?* with a proportion of 36.72%, a trend
attributed to sustained ecological water supply promoting natural
revegetation. The water area is affected by the ecological sluices and
the average area is 85.28 km” with a proportion of 7.86%. Over the
past 21 years, the areas of desert and natural vegetation have
changed significantly (Figure 3). Among them, the desert area
decreased at a rate of 67.32 km*/5 years and dropped to 32.18%
of the study area by 2020. The woodland area increased at a rate of
15.93 km?/5 years and rose to 12.09% of the study area by 2020. The
grassland area increased at a rate of 51.25 km?/5 years and as of 2020,
the proportion has increased to 49.22% of the study area. This
transformation was primarily driven by long-term water release
from the ecological sluices, which improved hydrological conditions
and promoted natural vegetation regeneration.

3.1.2 Analysis of land-use structural changes

GIS technology was used to intersect the land cover type data in
2000 and 2020 to obtain the area transfer map (Figure 4). It can be
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Land Cover Type

- Water bodies
- Woodland
- Grassland

Barren land
0 3 6 12 18 24
km
FIGURE 2
Land cover types in the Tarim River Basin from 2000 to 2020: (A) 2000; (B) 2005; (C) 2010; (D) 2015 and (E) 2020.
2000 2010 202(

328.94

618.42

67.38

i
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] Grassland 2000 I Grassland 2010 I Grassland 2020
Barren land 2000 [ |Barren land 2010 [ Barren land 2020
[ ] water bodies 2000 I Water bodies 2010 [ Water bodies 2020
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FIGURE 3
Sankey diagram of land cover type transfer from 2000 to 2020.

seen that in the past 21 years (Table 6), 261.02 km® of desert areawas ~ There is also a mutual conversion relationship between grassland
converted into woodland or grassland (accounting for 95.08% of the ~ and woodland, of which 70.22 km?® of grassland was converted into
proportion of desert area converted into other land cover types). — woodland (accounting for 69.14% of the proportion of grassland
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Land type change

Unchanged
- Barren land—Woodland

FIGURE 4

The transfer map of land cover types in the study area from 2000 to 2020.

- Barren land—Grassland - Woodland—Grassland
- Woodland—Barren land - Water bodies—Barren land - Grassland—Barren land
Barren land— Water bodies - Woodland— Water bodies - Water bodies—Woodland - Grassland— Woodland

- Water bodies—Grassland - Grassland— Water bodies

TABLE 6 Land cover type transfer matrix from 2000 to 2020.

Type Grassland Woodland Water bodies Barren land Total
Grassland 227.38 70.22 26.75 459 32894
Woodland 21.73 36.46 9.04 0.14 67.38

Water bodies 29.79 1843 21.28 0.55 70.04
Barren land 255.03 5.99 13.54 343.86 618.42
Total 533.94 131.10 70.61 349.14 1084.79

converted into other land cover types), and 21.73 km? of woodland
was converted into grassland (accounting for 70.28% of the
proportion of grassland converted into other land cover types).
Overall, through years of water transfer by ecological sluices, a large
amount of desert area far away from the main stream was converted
into woodland and grassland, and part of grassland was converted
into woodland. The area of natural vegetation in the study area
showed a significant increase.

3.1.3 Accuracy evaluation of remote sensing
interpretation

Accuracy evaluation involves comparing field survey data with
remote sensing classification results to assess the precision and
reliability of the classification. Based on the ENVI platform, the
confusion matrix tool was employed to evaluate classification
accuracy. The confusion matrix is an array that contrasts the
number of actual pixels with the number of classified pixels,

Frontiers in Environmental Science

presented as an n X n matrix. It is one of the most commonly
used computational tools for assessing image classification results.

The accuracy validation results obtained from the confusion
matrix tool in the ENVT platform are shown in Table 7. The overall
accuracy of image extraction reached 99.69%, with a Kappa
of 0.994, that the
interpretation classification has high accuracy.

coefficient indicating remote sensing

3.2 Spatial and temporal changes in FVC

Affected by water stress, the overall fractional vegetation cover
in the middle reaches of the Tarim River is relatively low, and the
vegetation grows poorly under natural growth conditions.
Therefore, the changes in fractional vegetation cover can clearly
reflect the effect of water transfer from the ecological sluices. Based
on the spatial distribution of fractional vegetation cover in the Tarim

frontiersin.org
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TABLE 7 Ground truth (pixels).

Class Water bodies Woodland Grassland Barren land Total
Water bodies 163 0 0 0 163
Woodland 0 200 0 0 200
Grassland 0 2 66 0 70
Barren land 0 0 0 870 870
Total 163 202 66 872 1303

Fraction Vegetation Coverage

oo
[ 02-04
[ lo4-0s6
[ Jos-0s8
B os-:

0 3 6 12 18 24

km

FIGURE 5
The spatial distribution of vegetation coverage in the study area from 2000 to 2020: (A) 2000; (B) 2005; (C) 2010; (D) 2015 and (E) 2020.

River (Figure 5), the fractional vegetation cover of the corresponding

year was extracted using the land cover type maps interpreted by
remote sensing in different years. Then, the average fractional 100
vegetation cover of each land cover type was determined through

spatial analysis and geographic statistical methods (Figure 6). The .’,’4————-"/.\'

average coverage over the years was 85.51% for woodland, 60.11%

0
S
1

for grassland, and 15.3% for desert. Over the past 21 years, the

fractional vegetation cover of different land cover types has shown a 60 - /0/_'\
slow increase.
—=— Woodland
40 4 —o— Grassland

3.3 Spatial and temporal changes in
vegetation water consumption

3.3.1 Changing trends of daily water consumption .;/*—’_"/‘\‘

of different vegetation types
According to Table 8, the vegetation water consumption in the 2000 2005 2010 2015 2020
study area varies significantly among land cover types. The average

—#— Barren land

Fraction Vegetation Coverage

1353
(=]
1

Year
water consumption in the mid-growth period is 3.95 mm/d for
FIGURE 6
woodland, 1.44 mm/d for grassland, and 0.48 mm/d for desert area, Changing trends of fractional vegetation cover in different land
showing a pattern of woodland > grassland > desert area, and it cover types.

remains consistent in many years. This indicates that the natural
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TABLE 8 Daily water consumption intensity of different vegetation growth period.

Vegetation cover type Initial growth Development Mid-growth Late growth Non-growth

2000 Woodland 0.2 123 2.38 0.92 0.09
Grassland 0.15 0.69 0.94 0.77 0.07

Barren land 0.08 0.29 0.35 0.28 0.02

2005 Woodland 0.21 2.52 4.67 1.78 0.1
Grassland 0.15 0.84 1.36 1.12 0.08

Barren land 0.08 0.33 0.51 0.41 0.02

2010 Woodland 0.2 1.78 3.84 1.48 0.1
Grassland 0.15 0.72 1.24 0.82 0.08

Barren land 0.08 0.33 0.52 0.34 0.03

2015 Woodland 0.21 2.29 4.35 1.81 0.1
Grassland 0.16 1.07 2.07 1.14 0.08

Barren land 0.09 0.31 0.56 0.31 0.02

2020 Woodland 0.22 223 4.51 1.78 0.1
Grassland 0.16 0.95 1.6 1.02 0.08

Barren land 0.09 0.29 0.45 0.31 0.03
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T
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Daily water consumption intensity (mm/d)
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FIGURE 7

Interannual variation trend of daily water consumption of natural
vegetation in different growth stages.

vegetation in the lower reaches of the Tarim River is subject to long-
term water stress under natural growth. As for the average annual
water consumption of the desert riverbank vegetation in the Tarim
River (Figure 7), it remains stable in the early growth period, and the
water consumption fluctuates greatly in the development period, the
mid-growth period and the late growth period, showing an overall
upward trend. The main reason is that in the development and
growth stage of the desert riverbank vegetation, the timely release of
water from the ecological sluices promotes the vegetation growth
and increases the vegetation coverage area. The effective water
replenishment of the ecological sluices is the main driving factor
leading to the changes in water consumption.
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TABLE 9 Annual water consumption trends of land cover types in the study
area (unit:10° m3).

Year  Grassland Woodland Barren Totalling
land
2000 0.46 0.46 043 1.35
2005 0.40 0.48 0.41 1.29
2010 0.68 0.60 0.40 1.68
2015 0.80 0.88 033 2.01
2020 071 0.67 0.38 1.76
Mean 0.61 0.62 039 1.62
value

3.3.2 Analysis of spatial and temporal evolution
trend of vegetation water consumption

The total vegetation water consumption in the study area
showed an increasing trend from 2000 to 2020 (Table 9), among
which the water consumption of woodland and grassland showed an
increasing trend, while the desert vegetation showed a decreasing
trend. In 2020, the vegetation overall water consumption increased
by 0.37 x 10° m® compared with the multi-year average vegetation
water consumption which was 1.43 x 10° m’. The woodland and
grassland increased by 0.43 x 10° m?, while the desert vegetation
decreased by 0.06 x 10® m’. The increase in water consumption of
woodland land and grassland was the main reason for the increase in
total water consumption.

The spatial distribution of vegetation water consumption is
obviously different (Figure 8). The high values are mainly
concentrated in the main stream, along the water diversion
channel and in the natural overflow area, while the low values
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FIGURE 8
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FIGURE 9
Slope trend analysis chart of vegetation water consumption.

are mainly distributed in the desert area. As the desert area
decreases, the area of low values also decreases. This shows that
the main factor leading to the reduction of desert vegetation water
consumption is the change in land cover types.

According to the trend in Slope changes (Figure 9), it is evident
that over a span of 21 years, there has been a significant increase in
vegetation water consumption near the canal. Within a 1 km range
on either side of the canal, there’s a slight increase in vegetation
water consumption, while the areas farther away from the canal
show minimal change in vegetation water consumption. This
indicates that over many years, the ecological sluice, by releasing
water during the flood season and diverting water through the
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downstream canal, has effectively reduced the desert area. It has
expanded the extent of forest and grassland, effectively increasing
the vegetation water consumption along the desert riverbanks
adjacent to the canal.

4 Discussion

After nearly two decades of ecological restoration, significant
changes have occurred in the land cover types of the Tarim River
Basin, primarily characterized by an increase in forest and grassland
areas, while desert areas have been substantially reduced. This
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change aligns with the findings of Hou et al. (2022), who used CLCD
remote sensing data products to analyze the spatial-temporal
patterns of land cover changes over the past 30 years in the
basin. Meanwhile, the water consumption of riparian forest
increased, a trend
et al. (2015), who

analyze the water

vegetation in desert areas has continuously
that is consistent with the results of Thevs
used MODIS remote sensing products to
consumption of natural vegetation in the Aksu-Tarim River
Basin from 2009 to 2011. However, this

limitations. For instance, the impact of climate variability on

study has certain

vegetation water consumption was not explicitly considered,
which may introduce uncertainties in long-term trend analysis.
Additionally, the remote sensing-based PM (Penman-Monteith)
method for estimating vegetation water consumption lacks
validation against ground-measured data, potentially affecting the
accuracy of the results.

At present, most studies, both domestic and international, focus
on the ecological hydrology of the downstream or the entire basin.
However, research specifically addressing the role of ecological sluice
irrigation, a unique water allocation method in the Tarim River
Basin, remains limited. Wu et al. (2024) utilized the Google Earth
Engine (GEE) platform to investigate the response of surface water
area (SWA) to ecological sluice water delivery and its relationship
with vegetation restoration. This study, using remote sensing
imagery, focuses on analyzing the spatiotemporal evolution of
natural vegetation water consumption within the control range of
the middle reach ecological sluice group, providing a detailed
examination of the irrigation effect of ecological sluices and
filling a research gap in this area. Future studies can build on the
analysis of ecological water demand and irrigation modes to provide
scientific support for ecological scheduling decisions and further
optimize water resource management strategies.

4.1 Determination of water requirements for
ecological restoration

At present, the concept of ecological water demand has not been
unified, and there are different understandings in practical
applications (Zhang L. et al., 2008). The general understanding is
that the water consumption of natural vegetation under standard
conditions where growth or evaporation is not restricted. In actual
situations, due to insufficient water supply, soil restrictions and
other reasons, the normal growth of natural vegetation may be
subject to certain restrictions. The actual evaporation of natural
vegetation is the ecological vegetation water consumption (Zhang
et al,, 2021). Considering that the traditional ecological vegetation
water demand is the growth pattern of vegetation under ideal
conditions, it is difficult to achieve it in the entire region in the
actual situation of arid areas due to restrictions such as water
resources and soil moisture content. Therefore, based on the
study of the evolution characteristics of regional long-series
vegetation water consumption, this paper follows the technical
route of historical scenario analysis and natural landscape
reproduction, and through a combined analysis of typical annual
vegetation water consumption, the water demand for ecological
restoration of desert riverbank vegetation under different scenario
objectives is obtained.
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Taking the vegetation water consumption of five typical years as
reference, it is divided into three restoration goals: maintaining the
current ecological status (2020), reaching the 20-year ecological
average level from 2000 to 2020, and reaching the 20-year ecological
optimal level (2015). The water demand under different ecological
restoration goals (Table 10) shows that the water demand for
maintaining the current ecological status is 1.76 x 10° m’, the
water demand for reaching the 20-year ecological average level is
1.62 x 10° m’, and the water demand for reaching the 20-year
ecological optimal level is 2.01 x 10° m’.

4.2 Water replenishment strategy of
ecological sluices

As an important project to regulate the main stream of the
Tarim River, the ecological sluices and the water dikes on both sides
have changed the previous water supply method. On the basis of
meeting the needs of farmland irrigation water, the ecological sluices
are used for ecological water replenishment, and the ecological water
supply is improved. Ecological areas outside the mainstream rivers
can be provided with water supply on a “point-by-point basis”. On
the premise of ensuring water transfer to the downstream, the
ecological vegetation outside the scope on both sides of the main
stream has been restored to the maximum extent.

4.2.1 Water replenishment range

In order to increase the guaranteed of water transfer from the
main stream to the downstream, the total amount of water resources
in the upper and middle reaches of the ecological sluice is limited. In
the process of ecological restoration, it is necessary to balance the
constraints and competition between agricultural and ecological
water use. Instead of blindly pursuing the expansion of the ecological
area, the ineffective dissipation of water should be avoided as much
as possible, and the protection of vegetation diversity and habitats of
unique species should be achieved by maintaining an appropriate
oasis scale.

4.2.2 Water delivery time

By processing the water diversion data of the ecological sluices
in the study area in the past 10 years (Figure 10), it can be seen that
the planting time in the Tarim River Basin lasts from April to
December, and shows a decreasing trend on both sides with
August as the central axis. The water delivery time and volume
of the ecological sluices are concentrated in August and
September. During other periods, the amount of water flowing
into the ecological area behind the sluices is less or even almost
non-existent.

In recent years, as the flood season of the Tarim River has been
coming earlier and earlier, the multi-period combined ecological
sluices dispatching mode can be adopted for better results. The first
stage is April. During this period, due to the spring flood caused by
the melting of ice and snow in winter, the use of ecological sluices
can use part of the ecological water to meet the needs of the initial
growth of vegetation. The second stage of water transfer time is from
July to September. Summer and autumn are the main flood seasons
of the Tarim River. In addition to the factors of melting ice and
snow, there is also the increase in summer precipitation. On the

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1586277

Feng et al.

TABLE 10 Ecological water demand under different restoration objectives.

Ecological restoration target

10.3389/fenvs.2025.1586277

Ecological water demand (unit: 108m?)

Maintaining the status quo (2020 a) 1.76
Restored to the average level of ecology in 20 years 1.62
Reaching the best ecological level in 20 years (2015 a) 2.01
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FIGURE 10

The annual distribution ratio of the number of vegetation species
planting and the monthly water delivery of the ecological sluices.

premise of meeting agricultural water use and downstream water
transfer rates, a large amount of ecological water can be used to meet
the needs of the mid-term growth of vegetation, achieving the
ecological fit between the water transfer time and the time of
vegetation planting.

5 Conclusion

This paper selected a typical ecological sluices group in the
middle reaches of the Tarim River as the research object, and took
the range of ecological sluices recharge as the research area. From the
perspective of land cover type transfer, fractional vegetation cover,
and vegetation water consumption change, the functions and effects
of ecological sluices were explained, and a reasonable water
requirement for ecological restoration was proposed. The main
research conclusions are as follows:

(1) The P-M method was systematically applied to the middle
reaches of the Tarim River. The water consumption of natural
vegetation was calculated on a 30 m spatial grid. The crop
coefficient K. of various land uses was determined to be
0.85 for woodland, 0.44 for grassland, and 0.21 for desert
vegetation. The water stress coefficient was 0.78 for woodland,
0.54 for grassland, and 0.36 for desert vegetation. This is a
basic achievement in the study of vegetation restoration and
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the evaluation of ecological water transfer effects in the
middle reaches of the Tarim River.

After years of water transfer through the ecological sluices,
the woodland and grassland behind the sluices increased
from 396.32 km? in 2000 (36.53% of the total area) to
507.96 km? (47.02%) in 2020; the woodland and
grassland coverage increased from 82.4% to 11.74% to
86.2% to 16.6% respectively. The water consumption of
natural vegetation increased from 1.35 x 10° m?*/a to
1.76 x 10°m’/a. The changes in land cover types and the
improvement of natural vegetation show good feedback on
the water delivery effect of the ecological sluices, indicating
that the water replenishment effect of the ecological sluices
is significant.

From 2000 to 2020, the average annual natural vegetation
water consumption in the area behind the sluices was
1.62 x 10®m’/a, of which woodland water consumption
was 0.61 x 10°m?/a, grassland water consumption was
0.62 x 10°m’/a, and desert water consumption was 0.39 x
10°m*/a. The spatial water consumption was limited by
the constraints of the existing water transfer method. The
vegetation water consumption was mainly concentrated
along the branch canal and the overflow area. The
overflow range can last until winter, which aggravates
the
and causes a large number of original vegetation to

ineffective evaporation of the water surface
freeze to death. It is necessary to make corresponding
improvements to the ecological water transfer strategy

according to the changes in water consumption methods.
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