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Abstract: Clarifying the water uptake patterns and competition among riparian plants under different
ecological water conveyance conditions is crucial for the stability of the riparian ecosystem in arid
areas. Here, we have utilized the Bayesian isotope mixing model to quantify the plant water sources
for two typical riparian plants (Tamarix ramosissima and Phragmites australis) along the Manas River in
Xinjiang, Northwest China. The water competition relationship between these two typical riparian
plants is evaluated using the proportional similarity index (PSI). Our findings demonstrated the
following: (1) The climate in the study area is dry and strongly evaporative, and the slope and
intercept of the local meteoric water line are smaller than the global meteoric water line. The
interconversion between surface water and groundwater occurred mainly in the upper reaches of the
river. (2) At the sample site with the long-term ecological water conveyance, the water uptake pattern
for typical riparian plants is predominantly shallow soil water or the uniform use of potential water
sources. Among them, the utilization rate of shallow soil water reached 30.7 ± 12.6%. At sample sites
with intermittent ecological water conveyance and the non-ecological water conveyance sample site,
the growth of T. ramosissima and P. australis primarily uses deep soil water and groundwater, with
mean values of 34.5 ± 5.1% and 32.2 ± 1.9%, respectively. (3) The water competition between plants
at the intermittent ecological water conveyance and non-ecological water conveyance sample sites
was more intense. However, the long-term ecological water conveyance effectively reduced water
competition among plants. Our results will provide basic theoretical support for maintaining the
stability of the Manas River riparian ecosystem and determining environmental flows.

Keywords: riparian plants; water sources; stable isotopes; Bayesian mixing model; the Manas River

1. Introduction

Riparian ecosystems are one of the most fragile ecosystems [1]. Under the influence of
climate change and human activities, many rivers are drying up or becoming intermittent
rivers, groundwater levels in riparian zones are declining, and the soil water content
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is gradually decreasing [2–4]. Riparian plant water sources and use patterns shift due
to these alterations to river ecohydrological processes [5,6]. In recent years, ecological
water conveyance (people regulate water conservancy establishment to divert water from
upstream rivers or reservoirs to downstream rivers) has been widely used to recharge rivers
to maintain environmental flows and improve the stability of riparian ecosystems [7–9].
Although there is evidence that river water is not the primary source of water for riparian
vegetation [10], the water source for riparian vegetation must be clarified in order to
determine whether riparian plant water uptake processes respond to ecological water
conveyance.

Hydrogen and oxygen stable isotopes (δ2H and δ18O) in water bodies are widely
used to identify and quantify plant water sources [11–13]. Isotopic fractionation does
not occur in the process of plant roots obtaining water from potential water sources and
then transporting that water to plant organs in the form of liquid flow, except for certain
salt-tolerant plant species [14]. Thus, the isotopic composition of plant xylem water is
the result of the mixing of potential water sources [15], and the differences in isotopic
composition between plant xylem water and potential water sources are compared to
identify plant water sources [16]. Water sources for riparian plants include soil water,
groundwater, surface runoff, and precipitation [17,18]. Some riparian plants have an
ecohydrological separation of water uptake processes, which mainly absorb and utilize
soil water and groundwater [19]. Meanwhile, the proportions of different water sources
used by riparian plants have spatial and temporal variations, which are closely related to
factors such as water table depth [20,21], wet and dry period transitions [22,23], and plant
root characteristics [23,24]. During wet periods, riparian plants mostly use shallow soil
water, whereas during dry periods, deep soil water and groundwater are the primary water
sources for riparian plants [25,26]. Shallow-rooted plants mainly use shallow soil water,
while medium- and deep-rooted plants mostly use deep soil water or groundwater [13,27].
The above studies focused on exploring the water sources of riparian plants in natural
rivers [28]. However, less research has been undertaken on the water sources of riparian
plants under different ecological water conveyance conditions in arid zones.

The Manas River is an inland river of ecological importance in Xinjiang, Northwest
China. Moreover, it is the largest river on the northern slopes of the Tianshan Mountains,
with an annual runoff of 1.34 × 109 m3 [29]. However, the more than 96% surface water
utilization rate in the Manas River basin has led to the deterioration of water source
conditions in the riparian habitat of the Manas River and the gradual degradation of
riparian vegetation [30,31]. Studies of riparian plants of the Manas River primarily focus
on species surveys and plant community differences under varying river-groundwater
types [32,33]. There is still a lack of studies on the differences in plant water uptake
patterns under different ecological water conveyance conditions. Therefore, it is necessary
to clarify the water sources of riparian plants to protect and restore the riparian vegetation
of the Manas River. In this study, we collected samples of riparian vegetation from highly
regulated rivers and different water bodies, using stable isotopes (δ2H, δ18O), the MixSIAR
model, and the proportional similarity index (PSI) to achieve the following objectives: (1) to
quantify the water sources of riparian vegetation under different ecological water transfer
patterns and (2) to clarify the water competition between riparian plants.

2. Materials and Methods
2.1. Study Area

The Manas River Basin is a drainage basin that belongs to part of the mountain-basin
system. The basin is located in the middle of the northern foot of the Tianshan Mountains
and the southern edge of the Junggar Basin (Figure 1). It is a typical temperate continental
arid climate, with scarce precipitation and intense evaporation in the basin. The average
annual temperature is 5.9 ◦C, the average annual precipitation is 338.2 mm, and the po-
tential evaporation is 1550.2 mm [34,35]. The Manas River originates from glacier No. 43
of the Eren Habirga Mountains in the middle of the northern Tianshan Mountains. It is
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the largest river in the Manas River Basin, with a total length of 504.3 km and an aver-
age annual runoff of 1.34 × 109 m3. The riparian vegetation is mainly dominated by the
families Tamarixaceae, Gramineae, Quinoa, and Leguminosae, including Tamarix ramosissima,
Phragmites australis, Calamagrostis pseudophragmites, Suaeda glauca, Kalidium foliatum,
Sophora alopecuroides, Kochia prostrata, Glycyrrhiza uralensi, and other plants [36].
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Figure 1. Locations of the sampling sites in the Manas River Basin.

2.2. Sample Collection and Analysis
2.2.1. Sample Collection

Through the local water resources management department, we learned that the
ecological water conveyance flow for site S1 is 179 million m3/a. The intermittent ecological
water conveyance flow at sites S2 and S3 is 83 million m3/a, but the river will dry up
when there is no ecological water conveyance; the river has been dry for a long time at
site S4. According to the continuity and flow difference of ecological water transfer in
different reaches, there are three types of ecological water conveyance, including long-term
ecological water conveyance, intermittent ecological water transfer, and non-ecological
water conveyance reaches. Therefore, a total of four sample sites were deployed along
the Manas River, including a sample site with long-term ecological water conveyance
riparian (S1), two sample sites (S2 and S3) with intermittent ecological water conveyance
riparian, and a sample site (S4) with non-ecological water conveyance riparian. In addition,
precipitation monitoring stations were established near these four sample sites. Typical
plant, soil, groundwater, and surface water samples were collected during the first week of
June and July 2022, and precipitation samples were obtained from April to July 2022.

Plant samples were collected between 0900 and 1100 CST to minimize the impact of
variations in light, temperature, and humidity. We collected multiple 3–5 cm samples of
T. ramosissima branches and P. australis roots and stripped them of their bast and green
leaves, then quickly packed them into 12 mL screw-top glass bottles, which we sealed with
parafilm, and stored them in a −20 ◦C refrigerator until time of analysis.

Soil samples were obtained from 0–150 cm near the plants using a soil auger. The
shallow soil water isotopes are easily influenced by processes such as precipitation and
evaporation, whereas stable isotopes in soil water tend to stabilize as sample depth in-
creases. Thus, soil samples were collected every 10 cm from 0–40 cm, every 20 cm from
40–100 cm, and every 25 cm from 100–150 cm. The soil layer below 100 cm in sample site
S1 contains many pebbles, so only 0–100 cm soil samples were collected at S1. Soil samples
were packed in 12 mL screw-top glass bottles, sealed with parafilm, and refrigerated until
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isotopic analysis. The soil water content (SWC) was measured using a standard loss-on-
drying method at 105 ◦C for 24 h, and the gravimetric SWC was reported as percentage (%).

Precipitation monitoring stations were established near Shihezi City to collect daily
precipitation. The precipitation samples were collected after each rain event, sealed in
pre-cleaned bottles with no headspace, and refrigerated until isotopic analysis.

Groundwater was collected from irrigation wells near the plant sample sites, and the
wells were pumped for 10 min before sampling to avoid collecting stagnant water. During
the collection period, the river water was present at sample site S1 and absent at sites S2,
S3, and S4, yet there were indications of ecological water conveyance recharge at sites
S2 and S3 (puddles in low areas and wet river channels). In addition, we collected river
water at the Kensiwate hydrological station and reservoir water at the Jiahezi reservoir.
Groundwater and surface water samples were collected in pre-cleaned bottles, sealed with
parafilm, and refrigerated until isotopic analysis.

2.2.2. Isotopic Analysis

The water contained in the xylem and soil samples was collected using an automatic
cryogenic vacuum distillation system (LI-2000, LICA, Beijing, China). No isotopic fraction-
ation occurred during water extraction. All water samples were filtered through 0.22-µm
filters after extraction. The measurements of stable hydrogen and oxygen isotopes (δ2H and
δ18O) were performed using a liquid water isotope analyzer (model DLT-100, Los Gatos
Research, San Jose, CA, USA) at Shihezi University. The measurement precisions for δ2H
and δ18O were ±0.4‰ and ±0.15‰, respectively. The measured 18O and 2H abundances
were expressed in per mil (‰) relative to the standard Vienna standard mean ocean water
(V-SMOW):

δ =
RSA − RST

RST
× 103‰ (1)

where RSA denotes the isotope ratio of the rare to more abundant isotope species in the
measured sample, and RST denotes the isotope ratio in standard V-SMOW.

Due to δ2H fractionation during root water uptake, there are typically large δ2H offsets
between plant water and its potential sources [37]. Li et al. [38] proposed the deviation
of plant xylem with respect to potential water source line (PWL) based on LC-excess and
SW-excess equations, which was described as PW-excess:

PW− excess = δ2H− σδ18O−Λ (2)

where σ and Λ denote the slope and intercept of the PWL (the PWL was proposed by
performing a linear regression on potential water sources isotope data), and δ2H and δ18O
denote the isotopic compositions of plant xylem water. Negative PW-excess indicates that
plant xylem δ2H is more depleted than potential water. In contrast, the positive value
of PW-excess means that the δ2H in xylem water is more enriched than the PWL. The
δ2H value of xylem water is corrected by subtracting the corresponding PW-excess from
the original value.

2.2.3. MixSIAR Model

In this study, the contribution percentages of potential water sources to plant water
were calculated using the MixSIAR model based on the R language [39]. Compared with
the linear mixed model, the MixSIAR model combines the functions of model random effect
classification variables and residual and process error analysis to further improve accuracy.
The plant xylem original δ18O and corrected δ2H by the PWL (subtracting the PW-excess
from the original δ2H) were utilized in the mixing model. Based on the soil water isotope
composition characteristics, the soil was divided into three layers, with 0–30 cm as shallow
soil, 30–80 cm as middle soil, and 80–150 cm as deep soil. The isotopic compositions of
plant xylem water were set as the mixture data, whereas the isotopic values of soil water
in each layer and groundwater were set as the source data. The model parameters were
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selected as “Process Only” for the error structure and “very long” for the Markov chain
Monte Carlo (MCMC) run length.

2.2.4. Proportional Similarity Index

The proportional similarity index (PSI) was used to assess the water competition
between the two typical riparian plants in this study [40]. The PSI of proportional contribu-
tions (Pi) of different water resources between T. ramosissima and P. australis was calculated
as follows:

PSI = 1− 0.5
n

∑
i=1
| P1i − P2i | (3)

where p1 and p2 are proportions (in %) of water uptake from potential water sources for
T. ramosissima and P. australis, respectively. The closer the PSI converges to 1, the more
intense competition for water resources between the two species.

3. Results and Discussion
3.1. Stable Isotope Compositions of Different Water Bodies

The temporal variations of isotope compositions in precipitation, together with the
observed precipitation amount and temperature in the study area, are shown in Figure 2.
There were a total of 22 rain events during our sampling period. The δ18O and δ2H
of precipitation decreased from −6.4‰ and −46.92‰ to 29.76‰ and 6.33‰, with an
average of −1.68 ± 3.97‰ and −12.00 ± 23.21‰, respectively. Both the temperature and
precipitation amount effects of precipitation isotopes are significant: precipitation δ18O is
positively correlated with temperature (R2 = 0.41, p < 0.01) and negatively correlated with
the precipitation amount (R2 = 0.38, p < 0.01). The linear fit yielded a local meteoric water
line (LMWL) of δ2H = 5.69 δ18O − 3.03 (R2 = 0.91, p < 0.001) in the study area (Figure 3).
The slope and intercept of the local meteoric water line equation in the study area are
smaller than the global meteoric water line because the sub-cloud evaporative process is
particularly evident in the arid Manas River basin [41]. The Manas River basin is located
in the abdomen of the Asia–Europe continent, and the water vapor source is single, with
96% coming from stratospheric water vapor. The secondary evaporation under clouds
occurs during the descent of precipitation due to the low relative humidity and low rainfall
amount in the study area, leading to unbalanced fractionation of the stable hydrogen and
oxygen isotopes in precipitation [42]. In addition, the isotopic values of precipitation in
the arid zone are more enriched in the summer months and depleted in the drier winter,
resulting in the relative enrichment of δ2H and δ18O in our precipitation samples [43].

The surface water point is located between groundwater and precipitation (Figure 3),
with a bias toward groundwater, and surface water is recharged by precipitation and
groundwater. The surface water becomes isotopically enriched during transport under
the influence of evaporation, and the δ2H and δ18O values increased from −69.71‰
and −10.68‰ to −67.59‰ and −9.96‰, and mean values were −69.44 ± 3.95‰ and
−10.51 ± 0.45‰, respectively. The stable isotopes in surface water in July were more
depleted than in June. The stable hydrogen and oxygen isotope values of glacial meltwater
are depleted compared to other water bodies [44,45]. From May to July, when the tem-
perature rises and the rate of snow and ice melt in the mountains accelerates, snow and
ice meltwater become the primary source of recharge for river water in the Manas River,
and the river water is gradually depleted in δ2H and δ18O over time. However, unlike the
results of decreasing stable hydrogen and oxygen isotope abundance along the flow in
some sections of the Yellow River [46], it is possible that there are fewer recharge sources in
the middle and lower reaches of the Manas River or the intense evaporation is greater than
the influence of other water bodies on the river water recharge in the arid zone.
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and plant water samples. The regression lines of soil water (SWLs) and precipitation (LMWLs) and
their relationship with the global meteoric water line (GMWL) are also shown in the plots.

The differences in the spatial distribution of groundwater δ2H and δ18O values were
significant (p < 0.05) using one-way ANOVA, while the differences in the temporal distribu-
tion were not significant (p > 0.05) using Student’s t-test. From sample sites S1 to S4, the
groundwater δ2H and δ18O values decreased from −72.42‰ and −10.93‰ to −85.31‰
and −12.02‰, with an average of −80.01 ± 5.46‰ and −11.60 ± 0.53‰, respectively.
Unlike other water bodies, the temporal variations of stable hydrogen and oxygen isotopes
in the groundwater were small, indicating that the groundwater recharge process was
complicated and the recharge cycle was lengthy [47,48]. Moreover, the difference in ground-
water isotopes between sample sites is great, indicating different aquifers’ existence [49].
The isotope values of the groundwater and river water in the upper reaches of the Manas
River are very close, indicating a recharge exchange relationship between the two water
sources. However, according to the isotope changes of river water along the flow, it can be
inferred that the isotope values of river water in the middle and lower reaches are more
enriched than those of groundwater, indicating that the recharge and discharge relationship
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between the two water bodies in the middle and lower reaches is weaker. Therefore, it can
be inferred that the recharge and discharge processes of groundwater and surface water
mainly occurred in the upper reaches of the Manas River. Wang et al. [50] studied the
characteristics of the groundwater level, water chemistry, and water isotope in the Manas
River basin and found that the groundwater of the basin mainly comes from runoff and
precipitation in the upper reaches of the Manas River.

Riparian habitats are unique habitats where multiple water bodies exchange with
each other [51]. Factors such as the lateral recharge of river water, groundwater recharge,
infiltration of precipitation, and evaporation cause spatial and temporal heterogeneity in
soil water isotopic compositions and SWC. Soil water δ2H and δ18O values became more
negative as the soil depth increased, and the SWC gradually increased. The stable isotope
compositions of soil water were gradually enriched from S1 to S4 (Figure 4), as the SWC
gradually decreased from S1 to S4 (Table 1). The mean values of δ18O and δ2H of soil
samples were −7.39 ± 4.54‰ and −64.99 ± 20.33‰, with the variation of δ18O ranging
from −13.30‰ to 6.64‰, and the variation of δ2H ranging from −93.23‰ to −4.01‰. Soil
water δ2H and δ18O values were higher in July than in June, which might be affected by the
isotope compositions in river water and precipitation. The regional soil water line (SWL)
was δ2H = 3.89 δ18O − 36.22 (R2 = 0.76, N = 68) (Figure 3), and the slope and intercept
were smaller than the LMWL, indicating that soil water was subject to intense evaporation.
Precipitation is an essential input to hydrological processes and impacts the formation
of regional water resources and stable hydrogen and oxygen isotope fractions in water
bodies [52]. Precipitation recharges only shallow soils in arid and semi-arid regions [53].
During the sampling period, precipitation is more enriched in δ2H and δ18O than in other
water bodies, and groundwater is more depleted than in other water bodies. Precipitation
infiltration recharges shallow soil water, groundwater recharges medium and deep soil
water through soil intergranular capillaries, and river water laterally recharges all layers of
soil water. Under the influence of various water bodies on soil water, the δ2H and δ18O of
soil water becomes gradually depleted with the increase of soil depth [54,55]. The use of
water isotopes alone to demonstrate the transformation process between water bodies still
has limitations. Therefore, additional tracers need to be included in subsequent studies to
accurately describe the process.
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Table 1. The soil water content of sample sites at different periods.

Sample Site
Shallow Soil Middle Soil Deep Soil

June July June July June July

S1 6.50% 10.94% 7.84% 19.56% 7.91% 21.58%
S2 5.65% 3.94% 3.85% 5.07% 12.99% 7.14%
S3 6.25% 4.29% 7.91% 6.03% 11.95% 7.70%
S4 4.26% 2.30% 5.16% 2.55% 6.77% 2.90%

3.2. Stable Isotope Compositions of Plant Water

The isotopic compositions of plant water reflect the mixing of various water sources with
different isotopic signatures. The mean values of δ18O and δ2H in xylems of
T. ramosissima in June are −11.11 ± 0.56‰ and −90.08 ± 3.89‰, and those of P. australis
are−9.74 ± 0.98‰ and −78.41 ± 4.75‰, and the isotope values of all T. ramosissima samples
are lower than those of P. australis. The mean values of δ18O and δ2H are −10.16 ± 1.08‰
and −83.01 ± 5.91‰ for T. ramosissima, and −10.62 ± 0.60‰ and −84.95 ± 4.28‰ for
P. australis in July. The hydrogen and oxygen isotope values of P. australis from S2 to S4
in July are higher than those in June, but the opposite results are found for T. ramosissima.
The S4 sample site was located in the river’s lower reaches and was not charged by the river
during the sampling period. The isotopic compositions of T. ramosissima and P. australis were
close to the groundwater and deep soil water, and the stable isotopic values of hydrogen
and oxygen of T. ramosissima were consistently lower than those of P. australis, indicating that
T. ramosissima mainly used groundwater.

The slope and intercept of the PWL at the four sample sites display little difference
from those of the SWL (Figure 5). The slope and intercept of the PWL of the S1 to S4
gradually decrease, indicating that the downstream sample sites are more susceptible to
the influence of precipitation and evaporation. The PW-excess values of all samples at
different periods were not equal to 0, indicating that plant water in all sample sites showed
hydrogen isotope deviation from the potential water source. Meanwhile, the δ2H values of
the plant xylem were corrected according to the PW-excess. The results showed that the
δ2H values of most plant xylem samples were more depleted than those of the potential
water source, and only P. australis samples from sample site S1 were more enriched than
those of the potential water source (Figure 6).
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2022 (b). The PWL for site S1 was fitted from 8 water sources (7 soil water data and 1 groundwater
data), and the PWL for sites S2 to S4 were fitted from 10 water sources (9 soil water data and
1 groundwaterdata).
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value measured experimentally, and δ2Hm represents the δ2H value corrected by PW-excess.

3.3. Contribution Percentages of Potential Water Sources to Plant Water

In our study, δ18O and corrected δ2H were used to calculate the contribution percent-
ages of potential water sources to plant water. Based on the results of MixSIAR model
calculations, the potential water contributions of sites S1–S4 are shown in Figure 7. The
plants at sample sites S2–S4 mainly used groundwater and deep soil water, with mean
values of 34.5 ± 5.1% and 32.2 ± 1.9% utilization, respectively. However, the least used
was shallow soil water, with a mean value of only 12.4 ± 2.8%. Chen et al. [56] found that
riparian plants under intermittent ecological water conveyance in the Tarim and Black
Rivers hardly absorbed shallow soil water (0-20 cm) and mainly used deep soil water (over
80 cm) and groundwater. In contrast, in riparian habitats with adequate water conditions,
plants mainly used shallow soil water [23]. The plants at sample site S1 used mainly
shallow soil water, with an average utilization rate of 30.7 ± 12.6%.
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In June, T. ramosissima and P. australis in the S1 used the potential water source evenly,
and T. ramosissima and P. australis at sample sites S2–S4 mainly used groundwater and



Water 2023, 15, 927 10 of 14

deep soil water, with mean values of 32.8 ± 4.0% and 31.7 ± 1.3%, respectively. Plants
show different adaptive adjustments of water sources in response to habitat changes,
which reflect the synergistic evolution of plants and their environment [16]. The depth of
groundwater buried within 30 m on both sides of the Manas Riverbank under ecological
water conveyance fluctuates around 3 m, and the maximum depth of the central root
system of T. ramosissima in different habitats ranges from 1.0 to 10.0 m [32,57]; its root
system can absorb and use groundwater and deep soil water to meet the water demand
of T. ramosissima during its growth period. This is consistent with the results of the water
use strategy of riparian T. ramosissima in the lower Tarim River basin [58]. The choice of
water source for P. australis is related to the type of water source, soil water content, and
root distribution [59]. The SWC in the shallow soil at S1 was greater than that of the other
sample sites, so P. australis mainly used the shallow soil water at S1, which met the plant’s
water requirements.

In July, due to the decrease in the soil moisture content in each layer of sample sites
S2–S4, both plants increased the utilization of groundwater and deep soil water, with an
average of 36.2 ± 5.9% and 32.7 ± 2.5%, respectively. At sample site S1 with better water
conditions, T. ramosissima and P. australis changed from uniform use of potential water
sources to mainly shallow soil water, with utilization rates of 45.0% and 36.8%, respectively.
Drought stress may change the rooting pattern of plants and increase the importance of
deep roots to obtain water [60]. T. ramosissima sprouted many lateral roots at all levels
near the water table to meet water requirements for growth and development [61,62],
and T. ramosissima at the sample sites S2 and S4 utilized groundwater more than other
water sources and at a higher rate than in June. However, T. ramosissima at S3 reduced
the utilization of groundwater. In addition, 30 m away from the sample site S3, a large
amount of cotton was planted, and July was the peak of cotton irrigation. A large amount
of irrigation and cotton transpiration formed a local microclimate, which increased the
habitat humidity and decreased the temperature; thus this habitat change may be the main
reason for the change in the water absorption pattern of T. ramosissima [63,64]. The SWC at
S1 under long-term ecological water conveyance recharge was increasing, and the primary
water source utilized by T. ramosissima shifted from deep soil water and groundwater to
shallow soil water. This shift reduced the energy consumed for water uptake and met the
water demand for plant growth [65]. Su et al. [66] also found that the primary water source
of T. ramosissima on the banks of the Yellow River is shallow soil water, but in the hillside
area where there is less water, T. ramosissima mainly uses deep soil water. The change in the
primary water source used by T. ramosissima indicates the adaptability of T. ramosissima to
different water conditions [67]. In July, the SWC in the middle and lower reaches of the
Manas River sample sites (S2–S4) was lower than the SWC in June. As the shallow and
middle soil water could not sustain the normal growth of plants in July, the main water
source used by P. australis at this time might be from groundwater and deep soil water
with a sufficient and stable water supply. Furthermore, the contribution of groundwater
was higher than that of deep soil water. Chen et al. [68] also found that desert riparian
forests mainly uptake groundwater under long-term water stress. Therefore, the main
water sources used by plants at sample sites S2 and S3 were identical to those at sample
site S4, indicating that both plant uptake patterns were less responsive to intermittent
ecological water conveyance.

3.4. Competition for Water between T. ramosissima and P. australis

Water competition was prevalent among different plants [69]. The PSI values of
all sites were greater than 0.7, and the mean PSI in June was greater than that in July
(Table 2), indicating that there was water competition between T. ramosissima and P. australis.
According to the habitat SWC variations, water competition among plants is weaker when
the water supply is adequate, while drought stress aggravates the competition of plants
for water. Wu et al. [25] concluded that the degree of water competition between acacia
and buckthorn was significantly greater in the dry season than in the wet season in the
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Loess Hills. There were also differences in the PSI between the sample sites, and the
mean PSI at S1 was smaller than that of other sample sites because plants chose different
primary sources of water use under symbiotic conditions. The long-term ecological water
conveyance effectively reduced the water competition between plants. Similarly, the PSI at
S3 in July was lower than that of sites S2 and S4, suggesting that habitat changes influenced
plant water competition. The PSI at S4 without ecological water conveyance was not the
highest, which indicated that plants adapted to the long-term drought and reduced water
competition by adjusting the water source. The long-term ecological water conveyance
alleviates the competition for water among different plants and has a positive effect on
maintaining riparian stability.

Table 2. Proportional similarity index of plants in different periods.

Month
Proportional Similarity Index

S1 S2 S3 S4

June 0.882 0.885 0.940 0.859
July 0.705 0.969 0.879 0.945

Under the long-term ecological water conveyance, the main water sources used by
the riparian plants changed, and the water competition among the plants was relaxed.
Therefore, to protect and restore the riparian ecosystem of the Manas River, it is suggested
the long-term ecological water conveyance method is applied to the whole river. However,
further studies are needed to determine the applicability of these findings to other sites. It is
recommended to investigate the responses of riparian plants to different types of ecological
water conveyance more thoroughly to clarify the water use patterns of riparian plants and
provide data support for determining proper environmental flow.

4. Conclusions

(1) The slope and intercept of the LMWL were smaller compared with the GMWL,
indicating that the climate in the study area is dry and subject to strong evaporation.
The interconversion of surface water and groundwater occurred mainly in the upper
reaches of rivers. Furthermore, the PW-excess values for both T. ramosissima and
P. australis are not equal to 0, indicating that hydrogen isotope fractionation occurs
during plant water uptake.

(2) The water uptake patterns of T. ramosissima and P. australis in long-term ecological
water conveyance samples are to evenly utilize or mainly utilize shallow soil water,
and the utilization rate of shallow soil water reaches 30.7 ± 12.6%. In contrast,
T. ramosissima and P. australis in intermittent ecological water conveyance samples and
non-ecological water conveyance samples mainly absorb and utilize groundwater
and deep soil water, with mean values of 34.5 ± 5.1% and 32.2 ± 1.9%, respectively.
Therefore, plants can adjust their water uptake patterns to different habitats.

(3) The PSI under all three ecological water conveyance conditions is more than 0.7. The
water competition among plants was more intense at sample sites S2–S4, and the
long-term ecological water conveyance effectively reduced the water competition
among plants.
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