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Abstract: Desert riparian vegetation forms an ecological corridor in extremely arid environments,
and ecological water conveyance is an important measure of vegetation restoration and biodiversity
conservation in desert riparian zones. Studying the responses of vegetation to ecological water
conveyance and changes in this process in arid desert riparian zones and assessing the comprehen-
sive benefits of ecological water conveyance are highly significant for ecological conservation and
restoration in addition to the formulation of water transfer policies. Previous studies mainly used a
single indicator to evaluate the ecological restoration of the mainstream Tarim River in Northwest
China; thus, systematic and comprehensive assessments based on multiple indicators have not been
conducted. In the present study, remote sensing data and field surveys were used to analyze the
ecological restoration status of the Tarim River during 2015–2021 in terms of hydrological responses,
vegetation responses, and ecological water conveyance benefits. The results showed that groundwa-
ter levels and soil moisture in the mainstream area of the Tarim River increased significantly from
2015 to 2021. The amount of groundwater storage also increased. Ecological water conveyance has
created good hydrological conditions for groundwater recharge and ecological restoration on both
sides of the mainstream area of the Tarim River. Desert forest ecosystems, mainly comprising Populus
euphratica and Tamarix ramosissima, have been saved and rejuvenated in water conveyance areas.
After ecological water conveyance, the Simpson and Shannon–Wiener indices increased significantly,
but the diversity level began to decline and then stabilize with the increase in water conveyance
frequency. The overall habitat status improved and the quality of the ecological environment below
the Wusiman section of the middle reaches of the Tarim River improved significantly.

Keywords: benefit evaluation of ecological water conveyance; desert riparian vegetation; ecological
water conveyance; ecological restoration

1. Introduction

Drought has become one of the most severe natural disasters under global warming.
Extreme drought has huge and even irreversible impacts on the structure and function
of ecosystems, and the frequency or intensity of extreme drought events may increase
in the future in some regions of the world [1–4]. Due to the combined effects of human
activities and climatic factors, the maintenance and restoration of desert riparian vegetation
in arid areas has become highly challenging. In particular, Lop Nur in northwestern
China, the Aral Sea in Central Asia, and Urmia Lake in Iran have shrunk or even dried up.
Ecological water transfer is an important measure for preventing the degradation of natural
vegetation and ecological restoration [5–8]. Developing suitable methods for scientifically
evaluating the degree of ecological environment restoration and the comprehensive benefits
of ecological water transfer is the focus of many ecologists, hydrologists, and geologists
around the world [9,10].

In 2001, the Chinese government invested CNY 10.7 billion to implement a comprehen-
sive management system for the Tarim River basin to fundamentally restore the ecosystem.
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Many studies have aimed to understand the ecological changes in desert riparian vegeta-
tion in the context of artificial ecological water conveyance in this river basin system. The
climate in the Tarim River basin is hot and dry, with scarce precipitation. The groundwater
level is the key factor that limits the growth of vegetation in the Tarim River basin. The
suitable groundwater depth in different regions for plants varies significantly due to factors
such as the climate, topography, soil, and vegetation conditions [11,12]. Ecological water
conveyance projects can provide suitable groundwater depths for different plants, and they
are important for maintaining ecosystem stability and biodiversity [13,14]. Ecological water
conveyance is applied using traditional flooding irrigation. Compared with drip irrigation
and sprinkler irrigation, ecological water conveyance is advantageous for greatly replenish-
ing the groundwater and reducing soil salinization [15–17]. Ecological water conveyance
has been applied 22 times to enhance the degree of ecological environment restoration
and the comprehensive benefits of ecological water conveyance in Tarim River. Studies
have investigated the relationships between vegetation restoration and ecological water
conveyance in terms of temporal changes in the vegetation area, growth, and vegetation
coverage before and after ecological water conveyance application, as well as by studying
the radial growth of Populus euphratica tree trunks and changes in aboveground biomass
and carbon storage [18–20]. Relationships between vegetation restoration and groundwater
have also been investigated in terms of temporal and spatial changes in groundwater depth,
horizontal and vertical groundwater changes, and the dynamic responses of vegetation to
the groundwater levels in arid desert regions [21,22].

Previous studies have determined the extent of ecological environment restoration
and the comprehensive benefits of ecological water conveyance based on the physiological
growth of Populus euphratica, remote sensing of vegetation, and groundwater monitoring,
which are of great scientific significance. However, the ecological status of the Tarim River
was mainly evaluated using a single indicator; thus, systematic and comprehensive evalua-
tions of the Tarim River have not been conducted based on multiple indicators. Therefore,
in the present study, we used remote sensing and field survey data to construct a multi-
index system for evaluating the effects of ecological water conveyance on the mainstream of
the Tarim River. We analyzed spatiotemporal changes in the ecological environment in the
mainstream of the Tarim River from 2015 to 2021 in terms hydrological responses [23,24],
vegetation responses [25,26], and ecological water conveyance benefits [27,28]. The results
obtained in this study may facilitate decision making regarding ecological conservation
and the sustainable development of this inland river basin in an arid area.

2. Overview and Research Methods
2.1. Overview of the Study Area

The Tarim River is the longest inland river in China with a total length of 1321 km.
The Tarim River basin is formed of rivers such as the Aksu River, Hotan River, and Yarkand
River, where it starts at Xiaojiake and finally flows into Taitema Lake (Figure 1). The study
area has a hot, dry climate, and water resources are scarce. The climate is classified as
warm temperate extreme arid. The annual average precipitation is less than 50 mm and the
annual average evaporation is more than 2500 mm. The Tarim River basin is one of the most
fragile regions in China and even the world [29,30]. The mainstream of the Tarim River
is divided into three sections comprising the upper reaches from Xiaojiake to Yingbaza,
the middle reaches from Yingbaza to Qiala, and the lower reaches from Qiala to Taitema
Lake. Arbor–shrub–grass vegetation belts mainly comprising Populus euphratica, Tamarix
ramosissima, Lycium ruthenicum, Phragmites communis, and Apocynum venetum are present on
both sides of the river. Since the 1960s, due to the large-scale development and utilization of
water and soil resources in the Tarim River basin, the inflow of mainstream water decreased
sharply, and the groundwater level dropped. The structure of the desert forest ecosystem
with Populus euphratica as the main component species changed with severe damage. In
particular, after the completion of the Daxihaizi Reservoir in 1972, the water from the
middle and upper reaches was fully intercepted, thereby resulting in the complete closure
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of the lower reaches of the Tarim River and the drying up of the Taitema Lake. Large areas
of natural vegetation have been degraded and groundwater levels decreased; thus, the
ecological environment has been severely damaged. In order to save the ecosystem in
the lower reaches from the verge of collapse, the Tarim River Basin Administration was
established in 1990 to implement ecological protection and improve the ecological water
supply to the Tarim River. In 2001, the Chinese government invested CNY 10.7 billion to
implement the comprehensive management of the Tarim River basin with the fundamental
aim of restoring downstream ecosystems. In order to further enhance ecological water use
in the Tarim River, the four streams were assigned to the Tarim River Basin Authority for
unified management in 2011, and water resource management increasingly enhanced. In
order to further improve the effectiveness of the comprehensive management system, the
autonomous regional government launched a special action for the ecological protection
of the Populus euphratica forest in the Tarim River basin in 2016 by focusing on work for
“returning land, increasing water, management and protection, and the rule of law,” and
by comprehensively implementing ecological restoration measures in multiple Populus
euphratica forest areas with “four sources and one stem” [31].

The lower reaches of the Tarim River have undergone ecological water conveyance
application measures 22 times with a cumulative ecological water conveyance of 8.793
billion m3 and average annual water conveyance of 400 million m3. The degradation of the
ecological environment in the Tarim River basin has been effectively halted. The ground-
water level of the basin has risen significantly and the water flow has reached Taitema
Lake. The long-term disconnection of the downstream river improved, and the green
vegetation in the riparian zone is characterized by positive physiological and ecological
responses (Figure 1a,b). Therefore, the Tarim River is no longer the most severe area for
ecological environmental damage caused by artificial interference, and it is also considered
the most successful example of the effects of human intervention on promoting ecological
restoration.
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Figure 1. Overview of the study area. (a) is the ecological water conveyance in the Populus euphratica
forest area, and (b) is the ecological water conveyance in the sparse vegetation area.

2.2. Research Program

Remote sensing and field surveys were used to analyze the temporal and spatial
variations in the Tarim River from 2015 to 2021 in terms of the hydrological response,
vegetation response, and ecological water conveyance benefits (Figure 2).
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Figure 2. Technical roadmap.

The hydrological status was assessed after ecological water conveyance by quantify-
ing changes in groundwater storage, temperature vegetation dryness index (TVDI), and
groundwater depth in the mainstream of the Tarim River basin. Vegetation restoration was
evaluated by comparing changes in vegetation coverage and species diversity in the Tarim
River basin after ecological water conveyance. Finally, from a regional perspective, a remote
sensing-based ecological index (RSEI) model was constructed for the mainstream area of
the Tarim River basin from 2015 to 2021 in order to comprehensively evaluate the effects of
ecological water conveyance on the mainstream of the Tarim River and to monitor changes
in the quality of the ecological environment in the ecological water conveyance area.

2.3. Data Sources

Table 1 shows the data sets used in our study. The Gravity Recovery and Climate
Experiment (GRACE) Mascon data released by the Center for Space Research and the
Global Land Data Assimilation System (GLDAS) of NASA’s Gotha Space Flight Center
were used to produce the monthly groundwater storage data set.

Table 1. Data and sources used by the Institute.

Ecological Indicators Time Period Time Resolution Spatial Resolution Data Source

Groundwater reserves 2015–2021 1 month 0.25◦ GRACE Level-2
(RL06)/GLDAS

TVDI 2015–2021 16 days/8 days 250 m/1000 m MOD13Q1/MOD11A2
NDVI 2015–2021 16 days 250 m MOD13Q1

Measured groundwater
level

June 2021–September
2021 — — 42 groundwater

monitoring wells

RSEI 2015–2021 8 days/8 days/16 days 500 m/1000 m/500 m MOD09A1/MOD11A2/
MOD13A1
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Images of the normalized difference vegetation index (NDVI) were used to calculate
the fractional vegetation coverage (FVC) and TVDI. Over 100 vegetation indices are cur-
rently available, where the NDVI, ratio vegetation index (RVI), enhanced vegetation index
(EVI), and soil adjusted vegetation index (SAVI) are most widely used. Each vegetation in-
dex has strengths and weaknesses, and the RVI does not perform well when FVC <50% [32];
thus, the RVI is not suitable for quantifying the vegetation in desert ecosystems. The NDVI
is disadvantageous because it saturates when measuring dense vegetation. The SAVI and
EVI are both modified forms of the NDVI with adjustments based on the effects of soil
brightness in the background, with improved sensitivity relative to dense vegetation [33,34].
However, despite the adjustments and improvements of the SAVI and EVI, the NDVI is
still the most widely used index, and it is also generally agreed that NDVI is sensitive in
low to moderately dense vegetation areas, such as arid and semi-arid areas [35–37]. In
addition, high-quality NDVI time series are readily available in the MODIS NDVI, SPOT
NDVI, and GIMMS NDVI data sets. Thus, the NDVI was selected for use in the present
study. Savitzky–Golay filtering was performed for 16-day composited time series of NDVI
images derived from the MODIS MOD13Q1 product to smooth out the noise caused by
poor atmospheric conditions [38]. Maximum-value composite images [39] were used to
obtain the yearly NDVI, thereby further improving the quality of the NDVI images by
reducing the noise due to poor atmospheric conditions [40].

The TVDI was calculated using 16-day composited land surface temperature (LST)
images in the daytime and the NDVI images. The LST image time series were derived from
the MODIS MOD11A2 product. LST images were averaged to obtain yearly LST images.

The groundwater depth data were provided by the Tarim River Basin Administration
Bureau. The data set was assembled from six typical monitoring sections along the main
stream of the Tarim River, i.e., Alar, Xinquman, Yingbaza, Wusiman, Kardayi, and Alagan
(Figure 1).

Quadrat sampling was used to collect data for the number of vegetation species and
plants. Sampling was conducted each year during 2015–2021 at the six typical monitoring
sections mentioned above, with three quadrats measuring 25 m × 25 m in each of the
monitoring transects.

2.4. Calculation Methods
2.4.1. Method for Calculating the Hydrological Response

The changes in the water storage extracted from GRACE represented the overall varia-
tions in water storage comprising changes in total terrestrial water storage [41], including
the soil moisture storage (SMS), snow water equivalent storage (SWES), surface water
reservoir storage (RESS), and groundwater storage [42]. The SMS, SWES, and RESS must
be subtracted in order to obtain the groundwater storage (Formula (1)). The Daxihaizi
Reservoir is the only reservoir located in the study area; thus, most of the inflow in the
upper and middle reaches was discharged to restore the ecological environment in the
lower reaches of the Tarim River. Thus, the Daxihaizi Reservoir was empty all year round
with little water storage, and its effects on the changes in land surface water treatment
were ignored. The SMS and SWES data used in this study were derived from GLDAS [43],
including the SWES during 2015–2021 and moisture in four soil layers (0–10 cm, 10–40
cm, 40–100 cm, and 100–200 cm) with a spatial resolution of 0.25◦ and monthly temporal
resolution. The growth season data were obtained based on the average value.

∆GWS = ∆TWS − ∆SMS − ∆SWES − ∆RESS (1)

The TVDI was used to characterize the soil moisture, and it was calculated based on
the NDVI and LST with the following Formula:

TVDI = (LST − LSTmin)/(LSTmax − LSTmin) (2)

LSTmax = a1 + b1 × NDVI (3)
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LSTmin = a2 + b2 × NDVI (4)

where LST is the surface temperature of any pixel, LSTmin is the minimum surface tem-
perature corresponding to a certain NDVI value, which is called the wet edge, LSTmax is
the maximum surface temperature corresponding to a certain NDVI value, which is called
the dry edge, and a1, a2, b1, and b2 are the coefficients in the dry–wet boundary equation.
The value of TVDI ranges among (0, 1). A pixel is more arid when the value is closer to 1
and more humid when the value is closer to 0. According to previous drought monitoring
studies conducted in Tarim River basin [44,45], the TVDI values were classified as follows:
TVDI < 0.6 representing light drought, 0.6 < TVDI < 0.75 for medium drought, 0.75 < TVDI
< 0.9 for severe drought, and TVDI > 0.9 for severe drought.

2.4.2. Method for Calculating the Vegetation Response

The vegetation coverage (FVC) is an important indicator for measuring the surface
vegetation coverage in a region, and it has a strong positive correlation with NDVI. Based
on the pixel dichotomy model and NDVI data, the vegetation coverage was calculated
using the inversion model with the following Formula:

FVC =
NDVI − NDVImin

NDVImax − NDVImin
, (5)

where FVC is the vegetation coverage, and NDVImin and NDVImax are the minimum and
maximum NDVI values of all pixels in the area, respectively. NDVImin and NDVImax
were optimized with 5–95% as the confidence interval for the NDVI values. According to
the vegetation distribution characteristics, the vegetation coverage values were classified
as follows: FVC <5% for extremely low vegetation coverage, 5% < FVC < 10% for low
vegetation coverage, 10% < FVC < 20% for medium vegetation coverage, and FVC > 20%
for high vegetation coverage.

In order to analyze the changes in the diversity indices for riparian vegetation in the
mainstream of the Tarim River basin after ecological water conveyance, the Simpson and
Shannon–Wiener indices were calculated for vegetation in the samples as follows:

Simpson Index : D = 1 − ∑s
i=1 P2

i (i = 1, 2, 3, . . . , S) (6)

Shannon–Wiener Index : H = ∑S
i=1(Pi ln Pi), (7)

where Pi is the frequency of occurrence for the i-th species, Pi = Ni/N, N is the total number
of individuals in the quadrat, and Ni is the number of individuals for the i-th species.

2.4.3. Comprehensive Benefit Evaluation

The Google Earth Engine platform can rapidly screen out images with the best quality
by directly accessing the data set and using the cloud mask algorithm, thereby avoiding
the inefficiency of local download, storage, and preprocessing. In this study, based on the
Google Earth Engine platform, MOD09A1, MOD13A1, and MOD11A2 data were used
to calculate the humidity, greenness, dryness, and heat indices for each year. Principal
component analysis was then conducted to construct the remote sensing ecological index.
It should be noted that each index has different units and numerical ranges; thus, the four
indices were normalized with the following Formula [46,47]:

NIi =
Ii − Imin

Imax − Imin
, (8)

where NIi is the index normalization result, Ii is the i-th pixel value, Imin is the minimum
value, and Imax is the maximum value.

Principal component analysis was performed with ENVI software, where the four
normalized index bands were combined into new images to obtain relevant statistical
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results. After positive and negative values for principal component 1 (PC1) were transferred
and normalized, the RSEI was obtained as follows:

RSEI0 = 1 − PC1 (9)

RSEI =
RSEI0 − RSEI0min

RSEI0max − RSEI0min
, (10)

where RSEI is the remote sensing ecological index value, and the ecological quality is
better when the value is closer to 1, and RSEI0min and RSEI0max denote the minimum and
maximum RSEI0 values, respectively. According to the ecological environment quality
status in the study area and the ecological environment classification standard in “Technical
Criterion for Ecosystem Status Evaluation” (HJ192-2015), the RSEI indices were classified
into four habitat conditions as follows: RSEI <0.2 for poor, 0.2 < RSEI < 0.4 for moderate,
0.4 < RSEI < 0.6 for good, and RSEI >0.6 for excellent.

3. Results
3.1. Hydrological Responses
3.1.1. Analysis of Temporal and Spatial Variations in Groundwater Storage

The equivalent water column height was converted based on the average value in
January 2004 to December 2009; i.e., the change in groundwater storage was converted
into the height of the water column in the hypothetical plane (Table 2). Analyses of the
change in the groundwater storage in 2021 showed that the average groundwater volume
in the mainstream of the Tarim River increased by 123.1 mm, where the change in the
middle reaches was between 90 mm and 210 mm, and the highest increase was more than
240 mm mainly near the Populus euphratica Forest Park in Luntai (Figure 3). The average
groundwater storage in the lower reaches of the Tarim River varied from 0 mm to 30 mm,
and the average groundwater storage in the upper reaches varied from 60 mm to 150 mm;
these values were lower than those in the middle reaches of the Tarim River. In general, the
groundwater storage in the mainstream of the Tarim River increased after ecological water
conveyance and the change in groundwater storage was the largest in the middle reaches.

Table 2. Monitoring statistics of groundwater storage changes in the mainstream of Tarim River from
2015 to 2021 (unit: %).

Changes in Groundwater Reserves
2015 2016 2017 2018 2019 2020 2021

mm

<−60
−60~−30 3
−30~0 3.1 3.1 17.2 7.8 4.7
0~30 7.8 3.1 12.5 4.7 23.4 14.1
30~60 39.1 3.1 7.8 28.1 3.1
60~90 42.2 18.8 15.6 51.6 17.2 17.2 4.7

90~120 4.7 45.3 39.1 21.9 26.6 6.3 10.9
120~150 29.7 29.7 15.6 28.1
150~180 9.4 23.4 34.4
180~210
210~240

>240 3.1 3.1 3.1 3.1 3.1 3.1 3.1
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Figure 3. Overview of the study area spatial distribution of groundwater reserves in the mainstream
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Analyses of the changes in the annual groundwater storage from 2015 to 2021 showed
that the annual groundwater storage in the mainstream of the Tarim River increased initially,
before then decreasing and increasing. The groundwater storage tended to increase by
26.89 mm/year from 2015 to 2017, whereas it decreased by 29.98 mm/year from 2017
to 2019. The groundwater storage increased by 33.01 mm/year from 2019 to 2021. The
groundwater storage increased by more than 90 mm in the mainstream of the Tarim River
during 2015 to 2021, with an increase of only 4.7% in 2015 but 73.4% in 2021, and the highest
increase of 78.2% occurred in 2017. The increases were mainly concentrated in the middle
reaches of the mainstream area of the Tarim River. In general, annual variations in the
groundwater storage fluctuated, in which the change in the groundwater volume was the
largest in the middle reaches with an increase of more than 90 mm.

3.1.2. Spatial and Temporal Variations in TVDI

The spatial distribution of the TVDI in 2021 was used to analyze the drought status
(Table 2). In 2021, the average TVDI in the study area was 0.78, which was at a severe
drought level. Light drought (TVDI <0.6) was present in 11.0% of the study area and
mainly in the upper reaches of the Tarim River from Alar to Xinquman. Moderate drought
(0.6 < TVDI < 0.75) was present in 22.3% of the area and mainly in the upstream reaches
of the Tarim River from Xinquman to Yingbaza. Severe drought (0.75 < TVDI < 0.9) was
present in 54.9% of the study area and mainly in the middle reaches of the Tarim River
from Shajilik to Qiala. Extreme drought (TVDI >0.9) was present in 11.0% of the area and
mainly in the lower reaches of the Tarim River from Daxihaizi to Taitema Lake. Overall,
the extent of the drought conditions increased from the upstream to downstream reaches
in the mainstream of the Tarim River (Figure 4).
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The TVDI results showed (Figure 4, Table 3) that in the mainstream of the Tarim River
from 2015 to 2021, severe drought was present in most areas, i.e., more than 50%, followed
by moderate drought in 20–30%, and light drought and extreme drought in about 10%.
Thus, the mainstream of the Tarim River was characterized by extreme drought.

Table 3. Drought monitoring statistics of the mainstream of the Tarim River from 2015 to 2021
(unit: %).

Date Light Drought Moderate
Drought Severe Drought Extreme

Drought

2015 10.4 21.4 57 11.2
2016 12.3 26.7 50.8 10.3
2017 13.9 22.9 55.4 7.8
2018 12.7 29.7 52.6 5.1
2019 10.3 29 50.1 10.6
2020 5.3 28.8 58.5 7.4
2021 11.8 22.3 54.9 11

The average TVDI values in the mainstream of the Tarim River tended to decrease
from 2015 to 2021, with 0.78 in 2015 and 0.75 in 2021. Figure 5 shows that after ecological
water conveyance, the area from Shajilike to Aqike in the middle reaches of the Tarim
River and from Daxihaizi Reservoir to Kurgan in the lower reaches of the Tarim River
accounted for most areas where the drought was relieved, and there was a trend toward
humidification. In the entire study area, the proportion with extreme drought (TVDI >0.9)
decreased from 11.2% in 2015 to 11.0% in 2021, and the proportion of the area with extreme
drought was the lowest in 2018, at only 5.1%. The proportion with light drought increased
from 10.4% in 2015 to 13.9% in 2017, and the proportion with moderate drought increased
from 21.4% in 2015 to 29.7% in 2018. The areas affected by extreme drought gradually
transformed into areas with light drought and moderate drought.
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According to the data obtained from six groundwater dynamic monitoring sections
to determine the main environmental geographical characteristics and importance of the
mainstream of the Tarim River (Figure 6), the groundwater depth in the Alar groundwater
monitoring section increased rapidly after ecological water conveyance from the monthly
average value of −3.33 m in July to −1.07 m. At the full groundwater monitoring section
in Xinquman, the groundwater depth increased rapidly from the monthly average of
−2.78 m in July to −2.01 m after ecological water conveyance, and groundwater depths in
the groundwater monitoring sections in Yingbaza and Wusiman also increased by 1–2 m.
Groundwater depths in the monitoring sections in Alagan and Kaerdayi increased slightly
until the beginning of September. Thus, ecological water conveyance greatly affected the
groundwater recharge and ecological restoration on both sides of the Tarim River and
created favorable hydrological conditions for vegetation growth.
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3.2. Vegetation Response
3.2.1. Temporal and Spatial Variations in Vegetation Coverage

The spatial distribution of the vegetation coverage in 2021 was analyzed to assess the
vegetation status (Table 4). Most of the area had high vegetation coverage (>20%) with
38.2%, mainly in the upper reaches of the Tarim River from Alar to Yingbaza (Figure 7),
whereas 19.8% had medium vegetation coverage (10% < FVC < 20%), mainly in Xinquman
to Aqik. Low vegetation coverage (5% < FVC < 10%) and extreme low vegetation coverage
(FVC <5%) were found in 15.4% and 26.7% of the area, respectively, mainly in the middle
reaches of the Tarim River to Taitema Lake. In general, the vegetation coverage in the Tarim
River Basin decreased from the upstream to downstream reaches.

Table 4. Monitoring statistics of vegetation coverage in the mainstream area of the Tarim River from
2015 to 2021 (Unit: %).

Date
Extremely Low

Vegetation
Coverage

Low Vegetation
Coverage

Medium
Vegetation
Coverage

High
Vegetation
Coverage

2015 35.8 17.2 17.9 29.2
2016 35.4 18.5 17.1 28.9
2017 35 17.1 15.9 32.1
2018 31.4 15.1 16.7 36.8
2019 30.5 14.8 17.5 37.2
2020 27.6 15.7 19.3 37.4
2021 26.7 15.4 19.8 38.2
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Figure 8 shows that the vegetation coverage increased in the mainstream area of
the Tarim River from 2015 to 2021. In particular, the area with high vegetation coverage
increased from 29.2% in 2015 to 38.2% in 2021, while the area with medium vegetation
coverage increased slightly from 17.9% in 2015 to 19.8% in 2021, the area with low vege-
tation coverage decreased slightly from 17.2% in 2015 to 15.4% in 2021, and the area with
extremely low vegetation coverage decreased to reach a minimum of 26.7% in 2021. The
results showed that the areas with low and extremely low vegetation coverage gradually
transformed into areas with medium and high vegetation coverage. Thus, the vegetation
coverage in the mainstream of the Tarim River tended to improve after ecological water
conveyance.
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Tarim River from 2015 to 2021.

Based on the vegetation coverage images from 2015 to 2021, a transfer map was
prepared using the raster calculator in ArcGIS 10.7. The images were then reclassified
as significantly improved, unchanged, and significantly degraded (Figure 9). The area
with unchanged vegetation coverage comprised up to 76.8% of the total area. The area
with significantly improved vegetation coverage comprised 19.0%, which was mainly
distributed throughout the mainstream area of the Tarim River. The area with significantly
degraded vegetation coverage comprised the lowest proportion with 4.2%. In general,
most of the area had unchanged vegetation coverage, followed by some with significant
improvements, and significant degradation was found in the smallest area.
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3.2.2. Temporal and Spatial Variations in Species Diversity in the Tarim River

According to the monitoring results of the sample plot, average diversity index values
in the vegetation survey plots in each section were used to measure species diversity
(Figure 10). The following results were obtained by analyzing diversity indices for the
six monitoring sections from Alar to Alagan. The Simpson and Shannon–Wiener indices
obtained for the upstream to downstream sections of the Tarim River tended to decrease,
and they reflected a gradual decrease in the groundwater level in the mainstream of
the Tarim River with the extension of the water conveyance channel, and the species
diversity tended to decrease in a corresponding manner. In the upper and middle reaches
of the Tarim River, the Simpson index and Shannon–Wiener index (Shannon index) values
were significantly lower in 2015 than 2017, 2018, and 2021; thus, the riparian vegetation
was gradually restored after ecological water conveyance. It should be noted that the
Simpson index and Shannon–Wiener index values in 2021 were lower compared with
those in 2017 and 2018, thereby indicating that the community’s species diversity increased
significantly after more than two years of water conveyance. However, the diversity began
to decline before and then stabilized as the frequency of water conveyance increased. In the
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lower reaches of the Tarim River, the Simpson and Shannon–Wiener indices did not differ
significantly between years, where the average indices from 2018 to 2021 were 0.34 and
0.58, respectively. The vegetation degradation was particularly severe in the lower reaches
of the Tarim River, but the ecological environment improved under the normalized water
conveyance mode and species diversity tended to stabilize.
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are the middle reaches of the mainstream area of the Tarim River, and (c1,c2) are the lower reaches of
the mainstream area of the Tarim River.

3.3. Evaluation of Comprehensive Effects

The ecological quality status in the study area was analyzed using the RSEI spatial
distribution data for 2021 (Table 5). The habitat’s status was mainly moderate in the
study area, i.e., in 49.8% of the area, and the areas with excellent habitat conditions only
comrpised 2.7% of the total area, mainly in the section from Alar to Xinquman where the
hydrological conditions were good and the vegetation coverage was high compared with
the middle and lower reaches of the Tarim River (Figure 11). The area with medium and
good ecological quality status comprised 47.5% of the total area, mainly in the section
from Xinquman to Wusiman. The habitat conditions were mainly poor and moderate in
the lower reaches of the Tarim River, where the natural vegetation types were relatively
poor and the vegetation coverage was low. After ecological water conveyance, the overall
habitat condition improved but it was still inferior compared with the upper and middle
reaches of the Tarim River.
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Table 5. Proportion of RSEI area at different levels in the mainstream area of the Tarim River from
2015 to 2021 (unit: %).

Date Poor Moderate Good Excellent

2015 33.1 42.6 22.0 2.2
2016 22.6 49.8 23.8 3.8
2017 29.3 41.0 27.0 2.6
2018 22.5 46.7 26.3 4.5
2019 25.0 46.6 25.1 3.3
2020 29.0 44.1 24.5 2.3
2021 23.9 49.8 23.6 2.7
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Analyses based on remote sensing ecological index values for the mainstream of Tarim
River from 2015 to 2021 showed that the average remote sensing ecological index increased
by 6.9% from 0.29 in 2015 to 0.31 in 2021, thereby indicating that the ecological quality of
the study area tended to improve. The results showed (Figure 12, Table 5) that most of the
region had a medium habitat status, with 42.6% of the area in 2015, which increased to
49.8% in 2021. The area with a poor habitat status decreased from 33.1% in 2015 to 23.9% in
2021, and the minimum was 22.5% in 2018. The area with a good habitat status increased
from 22.0% in 2015 to 23.6% in 2021, and the maximum was 27.0% in 2017. Thus, the areas
with poor ecological environments were gradually been replaced by medium and good
ecological environments. Figure 12 shows that the quality of the ecological environment
below Wusiman in the middle reaches of the Tarim River improved to some extent after
ecological water conveyance for nearly 7 years, and the overall habitat condition improved.
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4. Discussion
4.1. Relationship between Changes in Vegetation and Hydrological Status in the Tarim River Basin

The desert forest ecosystem in the Tarim River Basin contains Populus euphratica,
Tamarix chinensis, Alhagi sparsifolia, and Phragmites australis as the main species, with ap-
propriate groundwater depth thresholds of 3.0–4.7 m, 3.5–4.0 m, 3.0–4.0 m, and <2.5 m,
respectively [48,49]. In the Tarim River basin, some of the seeds produced by vegetation
are characterized by dormancy and strong resistance to drought and high temperatures;
thus, they can survive for a long period of time. In addition, most seeds have unique
morphological characteristics that allow them to spread among sites under the action of
wind, water, and other vectors [50,51]. After ecological water conveyance, the ground-
water level and soil water content were higher in the study area, and many seeds with
germination potential were collected in the water conveyance area under the action of the
wind or overflow processes. Due to the long-term continuation of the overflow process,
other new species were brought into the ecological water conveyance area and seeds from
some other areas spread along the water conveyance channel to other areas. Under suitable
environmental conditions, the seeds could grow rapidly and reproduce. The surface runoff
due to ecological water transfer activated the soil’s seed bank, thereby allowing numerous
annual herb and perennial herb seeds to germinate; thus, the number of vegetation species
increased significantly in the ecological water transfer area [52,53]. After ecological water
transfer, the low and extreme vegetation coverage in the mainstream area of the Tarim River
gradually transformed into medium and high vegetation coverage, thereby indicating that
the vegetation coverage improved after ecological water transfer.

The groundwater level is a key factor that limits the growth of vegetation in the Tarim
River basin. The groundwater depth changed from shallow to deep from the upstream to
the downstream reaches of the Tarim River; thus, the water limitation for the vegetation
community also followed a similar gradient [54]. The degree of vegetation degradation
was more severe in the lower reaches of the Tarim River compared with the upper and
middle reaches. Only some perennial herbs and shrubs with deep roots could survive in
this area before the implementation of ecological water conveyance. The overall vegetation
diversity in the Tarim River basin tended to decrease with the degree of degradation.
The number of species and density of the soil seed bank also tended to decrease with a
degree of degradation. After ecological water conveyance, the groundwater level near the
river channel increased significantly and the number of vegetation species in the water
conveyance area also increased significantly; thus, the growth of vegetation and diversity
was restored to some extent. Under the normalized water conveyance mode, ecological
environments improved and species diversity tended to stabilize.

4.2. Strategies for Increasing the Benefits of Ecological Water Conveyance

The ecological water conveyance project ended the 30-year history of river closure in
the lower reaches of the Tarim River, saved endangered desert communities, and effectively
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restored the ecosystem. However, we still need to address the following two questions.
First, the overall ecological quality status is still poor further from the river channel because
the current ecological water supply project has difficulty supplying water to the Populus
euphratica forest located far away from the river channel. The water supply project is mainly
distributed in the upper reaches from Alar to the southern desert and oasis transition zone
in Xinquman, from Xinquman to the southern desert and oasis transition zone in Yingbaza,
and the middle reaches of Yingbaza to the north of Aqike within 20 km of the river and
near Qiala within 20 km of the river. Second, vegetation coverage degraded in areas close
to the river, such as Alar, Xinquman, and Yingbaza in the upper reaches of the Tarim River.
According to field investigations, the Populus euphratica forests in these areas received large
amounts of ecological water conveyance for a long period of time. Excessive ecological
water conveyance can accelerate the accumulation of sodium and chloride ions in the soil
around the root of plants due to the high soil salinity on both sides of the Tarim River,
thereby damaging the effective functioning of the roots in Populus euphratica to endanger
the stability of the Populus euphratica forest community.

To address these problems, the ecological water supply channels and supporting
facilities should be improved to ensure that the ecological water can reach the degraded area.
In addition, the ecological water conveyance in the degraded Populus euphratica forest area
should be applied in an appropriate and moderate manner at the correct time. Excessive
overflow frequencies and long overflow durations are not suitable for restoring plant
diversity, but instead, a moderate flood disturbance is most beneficial for the ecological
restoration of the Tarim River basin [55,56]. Long-term and large volume ecological water
conveyance will lead to the gradual succession of Populus euphratica forest community into
reeds or other herb communities with poor drought resistance and instability; thus, the
species’s diversity will decrease. If the ecological water conveyance cannot be sustained,
the reed community will rapidly disappear, thereby greatly decreasing the effectiveness of
ecological water conveyance. The desert riparian forest community dominated by Populus
euphratica and Tamarix chinensis can stabilize the ecological balance of the desert river zone,
prevent wind damage, and fix sand to adapt to the arid environment in the Tarim River
basin, and these should be used as the main plant community members for vegetation
restoration.

4.3. Uncertainty and Limitations Regarding Variations in Vegetation and Ecological Quality

The coarse spatial resolution of the MODIS images was the major source of uncertainty
in our analysis of the variations in vegetation and ecological quality. Vegetation was sparse
in the mainstream of the Tarim River, but spatial variations in the vegetation density were
obvious. The vegetation density decreased gradually with the distance from the river,
and the areas with higher vegetation density were mainly distributed in the range located
1–2 km on both sides of the river or even narrower. However, each pixel in a MODIS
image covers an area up to 250 m × 250 m, and the value for each pixel represent the
mixed vegetation information value within the area covered by each pixel. Therefore, the
spatial differentiation of vegetation could not be expressed in detail, especially at the end
of the lower reaches of the Tarim River far from the source of ecological water conveyance
with a lower water supply. The width of the area with obvious vegetation restoration was
clearly narrow and mostly <1 km after the implementation of ecological water conveyance.
Therefore, the results obtained based on the MODIS images indicated low vegetation
coverage and poor ecological quality because of the coarse spatial resolution of the MODIS
images; thus, the effectiveness of ecological water conveyance was underestimated. Using
Landsat, SPOT, or Sentinel images might improve the precision and provide more detail,
but it would be difficult to collect sufficient qualified (with low cloud cover) Landsat, SPOT,
or Sentinel images. However, the results obtained based on MODIS images still captured
the spatial variability in the vegetation and ecological quality for the entire mainstream
area of the Tarim River despite the lack of details.
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5. Conclusions

In this study, field survey and remote sensing data were used to analyze the ecological
restoration status of the Tarim River from 2015 to 2021 in terms of hydrological responses,
vegetation responses, and ecological water conveyance benefits. Our main conclusions are
as follows:

(1) After ecological water conveyance, the groundwater storage in the mainstream of the
Tarim River tended to increase, where the greatest change in the groundwater storage
occurred in the middle reaches of the Tarim River from 2015 to 2021, i.e., between 90
and 210 mm. Normalized ecological water conveyance humidified the soil, where
the relief was greatest in the middle reaches of the river, and the extreme drought
area gradually transformed into a light and moderate drought area. Ecological water
conveyance created good hydrological conditions for groundwater recharge and
ecological restoration on both sides of the Tarim River.

(2) Ecological water conveyance improved the hydrological conditions in the study
area. The desert forest ecosystem mainly comprising Populus euphratica and Tamarix
chinensis was rescued and restored in the areas with suitable groundwater depths in
the water conveyance area. The Simpson index and Shannon–Wiener index increased
significantly initially and then decreased slightly from 2015 to 2021, thereby indicating
that as the frequency of water conveyance increased, the diversity decreased and then
stabilized. The proportion of the area with high vegetation coverage increased from
29.2% in 2015 to 38.2% in 2021, and the proportion with extremely low vegetation
coverage decreased, with a minimum of 26.7% in 2021. Vegetation coverage tended to
improve.

(3) From 2015 to 2021, the average RSEI value increased by 6.9% and the tendency toward
ecological environment degradation halted. The proportion of the area with medium
habitat status was the highest at 42.6% in 2015 and it increased to 49.8% in 2021. The
proportion of the area with a poor grade habitat status decreased from 33.1% in 2015 to
23.9% in 2021. After nearly seven years of ecological water conveyance, the ecological
environment quality improved to some extent below Wusiman in the middle reaches
of the Tarim River, and the overall habitat conditions improved.
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