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Abstract: Understanding the water use characteristics of vegetation is crucial for guiding the rational
allocation of water resources and the restoration of sustainable vegetation in natural oases in arid
desert areas. To analyze the water use characteristics of Populus euphratica Oliv. and Tamarix chinensis
Lour. at different stages of growth in the Daliyabuyi natural pristine oasis in northwestern China, the
δ18O values of plant xylem of 15 sample trees with different sizes per species, potential water sources
(i.e., river water, soil water, and groundwater), and the δ13C values of plant leaves of sample trees
were measured in August 2019 and June 2020. The results show that the δ18O values of the xylem
water of P. euphratica at different growth stages were similar, but water uptake proportions from deep
soil water changed in P. euphratica trees at different growth stages between years with (2019) and
without (2020) river water. In contrast, the main water source of young T. chinensis shrubs was deep
soil water, and those of mature and overmature shrubs were deep soil water and groundwater in
2020. However, the plant leaf water use efficiency (WUE) of the P. euphratica and T. chinensis were
higher without river water. Overall, the water uptake proportion from groundwater and the WUE
for T. chinensis were higher than those for P. euphratica, and thus, T. chinensis was more dependent
on groundwater. This means that vegetation types and growth stages are the essential factors to be
considered in ecological restoration management, which can enhance the effectiveness of vegetation
restoration strategies.

Keywords: stable isotopes; plant water uptake; water use efficiency; groundwater; river water

1. Introduction

Desert vegetation resources are an important component of the ecosystem in arid
desert areas, and they are highly significant in maintaining the stability of ecosystems
and preventing desertification [1,2]. Owing to the shortage of water resources, the growth
and distribution of desert vegetation are severely restricted [3–5]. Accurate information
about the water use of desert vegetation is a basic prerequisite for the use of limited water
resources to maintain the survival of desert vegetation [6,7]. Therefore, understanding
the characteristics of plant water use will help to guide the practice of water resource
management and vegetation restoration in arid desert areas.

Plant water use patterns and water use efficiency (WUE) are the two crucial metrics
that reflect the characteristics of plant water [8]. Stable hydrogen and oxygen isotope
techniques provide a powerful, reliable, and nondestructive method to study plant water
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use patterns [9]. Typically, no fractionation occurs during water transport between the root
and shoot except for hydrogen fractionation in some halophytic plants [10,11]. Thus, the
stable isotopic composition of plant water represents the integrated response of root systems
to water sources with different isotopic signatures and can help to determine the soil depth
at which plants obtain water or the source of plant water [9,12]. Many studies have been
conducted on plant water use patterns using stable isotope techniques that primarily focus
on plant water use patterns in different vegetation types, growth seasons, and growing
stages [13–16]. In general, plant water use patterns are influenced by many physiological
and physical characteristics [17], such as the distribution and functioning of fine roots [13],
the availability of soil water [14,15], and the water demands of trees [16]. However, most
of these studies have focused on plant water use patterns in pure forests, and insufficient
research has been conducted on the water use patterns of different vegetation types and
stages of plant growth in desert riparian forests. Furthermore, the differences in plant water
use patterns during periods of the presence or absence of river water in arid regions remain
unclear.

Plant WUE can be researched at multiple scales, such as leaf, individual, population,
or ecosystem. Each research scale has different research methods, the results of which can
reveal the intrinsic water consumption mechanism of plants, with practical significance
for understanding specific plant water use [18]. Gas exchange and stable carbon isotope
methods are the main methods used to determine plant water use efficiency at the leaf
level [19]. The water use efficiency determined by the gas exchange method is transient,
only representative of the physiological activity of plant leaves at a particular point in
time, and subject to environmental fluctuations [20]. The research of WUE using the stable
carbon isotope method overcomes the drawbacks of the traditional method, which can
only perform short-term and transient studies. Carbon isotope composition can accurately
reflect the water status of plants, and it has been used as a standard method to directly
study the plant WUE [21,22]. It plays an irreplaceable role in revealing the response and
adaptation characteristics of plants to environmental changes [23–26].

Daliyabuyi is located in the hinterland of the Taklimakan Desert in northwestern
China. It is a natural pristine oasis formed by the tail of the Kriya River. Kriya River is
the only supply of water for the oasis, and the amount of water supplied determines the
survival and regeneration of oasis vegetation. The construction of a large reservoir in
the upper reaches of the Kriya River has had serious effects on the distribution of water
resources, affecting the vegetation in time, space, and volume, and the oasis has obviously
degraded [27,28]. Populus euphratica Oliv. is a species of the Salicaceae, and Tamarix chinensis
Lour. is a species of the Tamaricaceae. As typical dominant species in the desert, the two
types of vegetation have typical physiological characteristics, such as tolerance to high
temperatures and salinity and resistance to drought and sand [29]. They serve as a crucial
barrier to protect oases and maintain the stability of oasis ecosystems. Studies on the
water use patterns of P. euphratica and T. chinensis have been conducted in this oasis [30,31].
However, all of them focused on pure forests. In addition, the water use characteristics
of P. euphratica differ during periods with or without river water. It is not clear whether
there are differences in the water use characteristics between P. euphratica and T. chinensis in
mixed forests or how the water use of P. euphratica and T. chinensis changes during periods
with or without river water.

Consequently, we focused on (1) analyzing the water use characteristics of P. euphratica
and T. chinensis at different growth stages; (2) how different water resources affect the water
use characteristics of P. euphratica and T. chinensis. Two specific hypotheses were tested—
(1) the water use characteristics of both species differs at different growth stages; (2) in the
period with an absence of river water, P. euphratica tends to absorb groundwater, and the
water use efficiency of both species increases. To test the above hypotheses, we selected a
mixed forest sampling site consisting of P. euphratica and T. chinensis, and we investigated
the water use characteristics of P. euphratica and T. chinensis at different growth stages
using stable isotope techniques (δ18O and δ13C) in 2019 and 2020. Our work contributes to
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improving the understanding of the characteristics of plant water use and to guiding the
sustainability of vegetation restoration in arid desert areas.

2. Materials and Methods
2.1. Study Area

The Daliyabuyi oasis is located in Yutian County, Xinjiang, China (38◦16′–38◦37′ N,
81◦05′–81◦46′ E) (Figure 1). The core area of the oasis is 324 km2. It belongs to the
typical warm temperate arid desert climate. The annual average precipitation is <10 mm;
the annual mean air temperature is 11.6 ◦C, and the mean evaporation is more than
2000 mm [27,28]. The vegetation in this oasis serves as a typical representative of desert
ecosystems. They have simple structures and types and are sparsely distributed. The
vegetation in this area is dominated by P. euphratica and T. chinensis.

Figure 1. Location of the study sites.

2.2. Experimental Design

In August 2019, a sampling site (38◦24’29” N, 81◦56’8” E, altitude 1170 m) was selected
within 10 m of the river in the Daliyabuyi oasis (Figure 1). The vegetation in the sampling
site consisted of P. euphratica and T. chinensis. The soil that was sampled was sandy soil. In
2019, the sampling site had river water flowing through the river, but it had no river water
in 2020. The groundwater depth was 4.2 m and 4.5 m in 2019 and 2020, respectively.

Different growth stages were determined based on the diameter of breast height
(DBH) parameters combined with leaf characteristics to determine the different growth
stages [32]. P. euphratica was divided into young trees (DBH ≤ 10 cm), mature trees
(10 cm < DBH ≤ 40 cm), and overmature trees (DBH > 40 cm). Five representative healthy
trees were chosen from each growth stage, and 15 trees in total were chosen as sample trees
(Table 1). They were sampled in August 2019 and June 2020.

T. chinensis was classified based on its canopy width (CW) [33]. The shrubs were
delineated as young (CW ≤ 100 cm), mature (100 cm < CW ≤ 500 cm), or overmature
(CW > 500 cm). Five representative healthy shrubs were chosen from each growth stage,
and 15 shrubs in total were chosen as sample shrubs (Table 1). They were sampled the same
time as P. euphratica. However, the refrigerator that contained the T. chinensis samples was
damaged during transportation in 2019. Thus, the data were abnormal, so the calculations
and analyses for water resources of T. chinensis in 2019 were not conducted.
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Table 1. Basic characteristics of sample trees in August 2019 (mean value ± standard deviation,
n = 5).

Species Growth Stages Average Tree Height (m) Average Diameter at
Breast Height (cm)

Average Canopy
Width (m)

Populus euphratica Oliv.
Young trees 3.84 ± 1.40 8.75 ± 1.83 2.52 ± 0.35
Mature trees 8.64 ± 0.89 32.41 ± 3.66 5.78 ± 1.47

Overmature trees 9.62 ± 1.26 58.76 ± 12.35 9.57 ± 3.52

Tamarix chinensis Lour.
Young shrubs 0.79 ± 0.25 – 0.56 ± 0.28
Mature shrubs 2.01 ± 0.40 – 2.99 ± 2.12

Overmature shrubs 2.85 ± 0.41 – 5.80 ± 3.15

2.3. Sample Collection

Three branches 0.3–0.5 cm in diameter were sampled for their xylem. They were
selected from each sample tree with a north orientation and approximately equal height
from the ground and cut into 3–5 cm pieces. After removing the skin of each branch with a
knife, the samples were placed in a sampling bottle and sealed with Parafilm. The samples
were then immediately placed at 4 ◦C to reduce the evaporation of water and fractionation.
Fully exposed, mature, and healthy leaves from the upper part of the canopy of the trees
were collected in different directions, and 40 to 50 g were taken from each plant. The
leaves were mixed, put into manual paper bags, and brought back to the laboratory for the
determination of leaf δ13C.

Three points were selected near the sample trees to collect soil samples. The soil was
sampled at a depth of 0–300 cm using a soil drill every 20 cm. The soil samples were divided
into two portions. One portion was placed in a sampling bottle, sealed with parafilm, and
immediately placed at 4 ◦C to determine the soil water isotope values in each soil layer,
while the other portion was placed in an aluminum box to determine the soil water content
using an oven-drying method.

The groundwater was sampled from observation wells at the sampling site. Three
replicates of sampling bottles were extended to 40 cm below the water river to prevent the
fractionation of water isotopes on the river surface. The rivers were only sampled in 2019
because there was no water in the river in 2020.

2.4. Isotopic Analysis

The water was extracted from the xylem and soil using a cryogenic vacuum distillation
system (LI-2000; LICA, Beijing, China). The oxygen isotopic compositions of the samples
were determined using an isotope ratio infrared spectroscopy analyzer known as the Liquid
Water Isotope Analyzer (LWIA, DLT-100; Los Gatos Research, San Jose, CA, USA). The
carbon isotopic values of P. euphratica and T. chinensis leaves were determined using a
Thermo Delta V Advantage (DELTA-V; Thermo Fisher Scientific, Waltham, MA, USA) with
analytical precisions of 0.25‰ for δ18O and 0.3‰ for δ13C. The formulae for calculating
the oxygen isotope ratio and the carbon isotope ratio are shown in Equations (1) and (2),
respectively, as follows:

δ18O =

( Rsample

Rstandard
− 1

)
× 1000‰ (1)

δ18C =

( Rsample

Rstandard
− 1

)
× 1000‰ (2)

The isotopic compositions were reported in standard δ-notation, representing ‰ devi-
ations from the Vienna Standard Mean Ocean Water (VSMOW). Rsample is the ratio of heavy
and light element richness in the sample (18Osam/16Osam, 13Csam/12Csam), and Rstadard is
the ratio of heavy and light element richness of the national universal reference material
(18Ostd/16Ostd, 13Cstd/12Cstd). To eliminate the effect of contamination with methanol and
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ethanol, the δ18O values of the xylem water were corrected using a standard curve that
was created by engineers from Los Gatos Research [34]. An IsoSource mixing model was
used to calculate the relative contributions of different water sources [35]. The fractional
increment and mass balance of tolerance were established as 1% and 0.01%, respectively.

2.5. The Division of Water Sources

Based on the variation in the trend of water content and δ18O values in different soil
profiles, the soil water was divided into shallow soil water and deep soil water. The final
water sources include the following four types:

(1) Shallow soil water (0–140 cm): The δ18O values of soil water in this layer fluctuate
greatly.

(2) Deep soil water (140–300 cm): The δ18O values of this layer were much lower than
those of the shallow soil water, and there was slight variation in the amount of fluctuation.

(3) River water: There was water in the river in 2019.
(4) Groundwater: Groundwater was taken from the observation well in the sample site.

2.6. Data Analysis

There were five replicates for the plant samples and three for the soil and water sam-
ples. Outliers were identified before the data were analyzed using the absolute deviation
around the median to exclude the most unreliable replicates. A one-way analysis of vari-
ance (ANOVA) with Duncan’s post hoc test (p < 0.05) was conducted to test for significant
differences in the values of xylem water δ18O at different growth stages for P. euphratica
and T. chinensis. In addition, any significant differences in the soil water content and δ18O
values of soil water between 2019 and 2020 were identified using a t-test (p < 0.05). All the
variables were checked for the distribution of normality (Shapiro–Wilk test) and homo-
geneity (Levene’s test) before they were analyzed. All the statistical tests and descriptive
statistics were performed using SPSS 22.0 (IBM, Inc., Armonk, NY, USA). All the diagrams
were drawn using Origin 2018 (OriginLab Corp., Northampton, MA, USA).

3. Results

3.1. Variation of the Soil Water Content and δ18O Value

In 2019, the soil water content first fluctuated slightly and then increased rapidly,
ranging from 1.5% to 18.6% (Figure 2A). In 2020, the soil water content increased slightly,
ranging from 0.6% to 7.1% (Figure 2A). The shallow soil water content (0–140 cm) only
changed slightly and was relatively similar during the two years, while the deep soil water
content (140–300 cm) in 2019 was significantly higher than that in 2020. The shallow soil
water content (0–140 cm) did not differ significantly between 2019 and 2020, but the deep
soil water content (140–300 cm) differed significantly (p < 0.05).

The δ18O values exhibited distinct spatial variations, with the average progressively
decreasing as the soil depth increased (Figure 2B). The δ18O values in the shallow soil layers
(0–140 cm) changed rapidly, while the δ18O values in the deeper soil layers (140–300 cm)
changed slowly in 2019 and 2020. There was no significant difference between the oxygen
isotope values of the shallow soil water (0–140 cm) and the deep soil water (140–300 cm)
between 2019 and 2020.

3.2. Isotopic Composition of Potential Water Sources and Xylem Water

In 2019, the δ18O values of the river water, shallow soil water, deep soil water, and
groundwater were −7.43‰, −1.29‰, −5.92‰, and −5.72‰, respectively. However, the
river water was no longer a potential water source in 2020, and the δ18O values of the
shallow soil water, deep soil water, and groundwater were−2.39‰,−7.06‰, and−6.26‰,
respectively. The δ18O value of the shallow soil water was the highest, followed by the
groundwater and deep soil water, and the δ18O values of the river water were the lowest
(Table 2).
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Figure 2. Variations in the vertical profiles of soil water content (A) and δ18O values (B) at the
0–300 cm soil layers in 2019 and 2020 (mean ± SD, n = 3).

Table 2. Characteristics of the variations of δ18O in potential water sources during the study period
(mean value ± standard deviation).

δ18O 2019 2020

River water −7.43 ± 0.65‰ –
Shallow soil water (0–140 cm) −1.29 ± 3.22‰ −2.39 ± 4.65‰
Deep soil water (140–300 cm) −5.92 ± 0.50‰ −7.06 ± 0.86‰

Groundwater −5.72 ± 0.07‰ −6.26 ± 0.18‰

The δ18O values of xylem water of P. euphratica at different growth stages did not differ
significantly. The δ18O values of xylem water of young, mature, and overmature trees were
−5.75‰, −5.83‰, and −6.00‰ in 2019, respectively, with an average value of −5.86‰.
The corresponding δ18O values were −6.50‰, −6.52‰, and −6.58‰ in 2020, respectively,
with an average value of −6.53‰. The δ18O values at different growth stages were higher
in 2019 than those in 2020 (Figure 3A,B).

The δ18O values of xylem water in mature and overmature T. chinensis shrubs were
significantly higher than those in the young shrubs (p < 0.05). The δ18O values of xylem
water in young, mature, and overmature shrubs were −6.68‰, −6.38‰, and −6.31‰ in
2020, respectively, with an average value of −6.46‰ (Figure 3C).

3.3. IsoSource Estimation of Feasible Potential Water Source Contributions

The sources of water uptake by P. euphratica at different growth stages were similar
and did not differ significantly (Figure 4A,B). In 2019, the average rates of water uptake
of P. euphratica at different growth stages were 24.2% for the river water, 10.8% for the
shallow soil water, 32.8% for the deep soil water, and 32.2% for the groundwater. In 2020,
the average uptake rates of P. euphratica at the different growth stages were 7.2% for the
shallow soil water, 60.1% for the deep soil water, and 32.7% for the groundwater. The rate
of uptake of the deep soil water by P. euphratica was evidently higher in 2020 than that
in 2019, while the proportions of uptake of the shallow soil water and groundwater were
similar during the two-year period.
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Figure 3. The δ18O values of xylem water for Populus euphratica Oliv. (A,B) and Tamarix chinensis
Lour. (C) in 2019 and 2020. The different lowercase letters indicate significant differences at the
different growth stages for a given species (p < 0.05), n = 5.

Figure 4. Variation in the percentage contribution of potential water sources for P. euphratica (A,B) and
T. chinensis (C) at different growth stages in 2019 and 2020.

The sources of water uptake of T. chinensis at different growth stages differed in 2020
(Figure 4C). The main water source of the young shrubs was deep soil water, with an
average uptake rate of 70.8%. However, the main water sources for mature and overmature
shrubs were deep soil water and groundwater. The average uptake rates of mature and
overmature trees from the deep soil water were 44.7% and 49.3%, respectively, and the
corresponding values for groundwater were 47.3% and 43.6%, respectively. The lowest
proportions of uptake by T. chinensis at different growth stages were of shallow soil water,
with a rate of 4% for young trees, 8% for mature trees, and 7.1% for overmature trees.
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3.4. Variations in the δ13C Values of Plant Leaves

The leaf δ13C values of P. euphratica increased in parallel with the tree size (Figure 5A).
In 2019, the δ13C values of leaves from young, mature, and overmature trees were−29.46‰,
−29.11‰, and −29.16‰, respectively. In 2020, the corresponding values were −28.67‰,
−28.67‰, and−28.30‰, respectively. The average values of leaf δ13C for P. euphratica were
−29.24‰ and −28.55‰ in 2019 and 2020, respectively, and the average value was lower in
2019 than in 2020.

Figure 5. Variation in leaf δ13C values of P. euphratica (A) and T. chinensis (B) at different growth
stages in 2019 and 2020.

The leaf δ13C values of T. chinensis also increased in parallel with the tree size (Figure 5B).
In 2019, the δ13C values of leaves from young, mature, and overmature shrubs were
−27.80‰, −27.78‰, and −27.50‰, respectively. In 2020, the δ13C values of young, ma-
ture, and overmature shrubs were −27.55‰, −27.38‰, and −27.04‰, respectively. The
average values of leaf δ13C for T. chinensis were −27.69‰ and −27.32‰ in 2019 and 2020,
respectively, and the values were higher than those of P. euphratica in the same period.

4. Discussion
4.1. Water Uptake Patterns of P. euphratica and T. chinensis at Different Growth Stages

In this study, the water use patterns of P. euphratica at different growth stages were
similar during the same period. This is consistent with the research results of Wang et al. on
water sources of P. euphratica at different ages in the lower reaches of the Tarim River [36].
However, Liu et al. studied the water use pattern of P. euphratica and found that young trees
primarily depended on shallow soil water, while the mature trees primarily depended on
deep soil water and groundwater [37]. This difference could be caused by the distribution of
plant roots [38,39]. Since the depth of groundwater at the sampling site was between 4 and
4.5 m, the higher amount of water that P. euphratica requires to propagate seedlings through
seed germination increases the difficulty of propagating by seed. Therefore, P. euphratica
primarily reproduces through asexual root tillers as an alternative to seed reproduction,
young trees are connected to the root system of mature trees at some point, and water is
primarily acquired from mature trees [40,41]. Therefore, there is no significant difference in
the source of water among the growth stages of P. euphratica, which is inconsistent with the
first hypothesis regarding the water use characteristics of P. euphratica.

In this study, the main sources of water for P. euphratica in 2019 and 2020 differed
significantly. Since there was water in the river in 2019, river water, deep soil water, and
groundwater were the main water sources of P. euphratica. However, the lack of river water
in 2020 increased the proportion of deep soil water taken up by P. euphratica, while its
use of groundwater did not increase significantly. This is not consistent with the second
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hypothesis. Whether desert riparian forests use river water depends on their proximity to
the river and the presence or absence of river water flowing through the river [42]. This
study selected P. euphratica trees that were all close to river channels. The river channel
section had many exposed fine roots that extended to the bottom of the river. Thus, the
P. euphratica roots were able to absorb river water.

The water use pattern of T. chinensis at different growth stages differed. The main
water source for the young shrubs was deep soil water. In contrast, the main water
sources for mature and overmature shrubs were deep soil water and groundwater. These
results are consistent with the first hypothesis regarding the water use characteristics of
T. chinensis. Research had shown that the main water source for young T. chinensis was
shallow soil water, while the main water source for mature shrubs was deep soil water and
groundwater [43]. Compared to the results of this study, there were differences in the main
water sources of young T. chinensis. The reason for the difference could be owing to the soil
moisture conditions of the environment in which the plants are located. It has been found
that when the soil moisture conditions are reduced, young T. chinensis shrubs will elongate
their root system to absorb deeper soil water in response to water limitation [31]. Our
selected plant sampling site had a relatively deep depth of groundwater and low shallow
soil water (Figure 2). Thus, young T. chinensis shrubs absorbed deep soil water by extending
their root system to meet the demand for water for growth. The main water sources for
mature and overmature T. chinensis shrubs were deep soil water and groundwater, which
is consistent with the research by Wang et al. [43].

Since P. euphratica and T. chinensis are typical wind-proof and sand-fixing species in
desert areas, they both have physiological and ecological characteristics that are adapted to
arid environments. This study found that P. euphratica and T. chinensis use deep soil water
and groundwater. This suggests that both species possess deep root systems that enable
them to reach available water sources. Deep roots could be considered as insurance against
the potential consequences of drought under less favorable conditions [44]. Many plants in
water-limited environments utilize deep rooting strategies to avoid the water deficiency
that occurs in the upper soil layers and, therefore, survive longer [45,46]. Although the two
species in this study possess similar root patterns, they exhibited significant differences
in the extraction of water sources in 2020. P. euphratica focused more on the uptake of
deep soil water, with an average uptake rate between 58.0% and 63.4%. The uptake by
T. chinensis used more groundwater than P. euphratica (except for young trees). This indicates
that T. chinensis is more dependent on groundwater than P. euphratica, and decreases in
groundwater would have a greater impact on T. chinensis in arid desert areas.

4.2. Plant Leaf δ13C Values of P. euphratica and T. chinensis at Different Growth Stages

The δ13C value of the leaves of both P. euphratica and T. chinensis increased in parallel
with the growth stages, which is consistent with the first hypothesis. This indicates that
the values of WUE were higher with the growth stages since the δ13C value of plant
leaves positively correlates with the WUE [18,47]. This is consistent with the results of
many researchers [48,49]. Farquhar et al. found that some meteorological factors can
influence the δ13C values of plant leaves by affecting the stomatal conductance (gs) during
photosynthesis [21]. However, in this study, the selected sample trees were all located at the
same sampling site, and we did not consider the differences in climatic factors such as air
temperature and solar radiation. In addition, Browh et al. found that carbon stable isotopes
in C3 plant leaves correlated with the ratio of leaf intercellular CO2 to atmospheric CO2
concentration (Ci/Ca) [50,51]. Zheng et al. studied the physiological characteristics of black
locust (Robinia pseudoacacia) and found that the ratio of intercellular (Ci) to atmospheric (Ca)
CO2 and the carboxylation efficiency differed among stands of different ages, and the WUE
of mature stands was significantly higher than that of young stands [49]. Therefore, in this
study, the differences in the physiological characteristics of P. euphratica and T. chinensis at
different growth stages may cause differences in the WUE.
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The plant leaf δ13C values were affected by water conditions, and there was a signifi-
cant negative correlation between the plant leaf δ13C values and the availability of soil water
in arid regions [52,53]. When water conditions are insufficient, on the one hand, plants
reduce water dissipation by reducing or closing the leaf stomata, leading to a decrease in
stomatal conductance (gs) and transpiration rate. The decrease in the transpiration rate was
greater than that of the net photosynthetic rate, thus improving the WUE [54,55]. On the
other hand, plants reduce CO2 uptake by reducing or closing the leaf stomata. When the
ratio of leaf intercellular Ci concentration to atmospheric Ca concentration (Ci/Ca) is related
to CO2 demand and supply, and when the stomatal opening becomes small, the rate of
CO2 entering leaf intercellular from atmosphere decreases. Photosynthetic enzymes, which
initially preferentially use 12CO2, increase the use of 13CO2, and with the continuation of
time, more 13CO2 is carboxylated [50,51], thus increasing the WUE. In this study, there was
no river water in 2020, and the groundwater and soil moisture were not replenished in time
and were significantly lower than in 2019 (Figure 2). The δ13C values of the P. euphratica
and T. chinensis leaves in 2020 were obviously higher than those in 2019, indicating an
increase in plant WUE due to the lack of water in the river, which is consistent with the
second hypothesis regarding the change of water use efficiency. In addition, Bhusal et al.
found a positive correlation between the plant leaf δ13C and the drought tolerance of plant
root neck diameter [56]. Our study found that the δ13C values of P. euphratica leaves were
lower than those of T. chinensis, which indicates that T. chinensis has a higher WUE. This
is consistent with the results of previous research [57]. Simultaneously, it also echoes the
water use pattern of the two species.

4.3. Implications for Desert Oasis Management

Limited water resources are important factors that limit vegetation restoration in
arid desert areas. The results of this study show that P. euphratica and T. chinensis had
different characteristics of water use at varying growth stages, and there were differences
in the water use characteristics of P. euphratica under different water conditions. Therefore,
the types and growth stages of vegetation should be fully considered when conducting
ecological water transfer for vegetation restoration, which can increase the effectiveness of
vegetation restoration strategies.

5. Conclusions

The water use patterns of P. euphratica were similar at different growth stages, while
T. chinensis showed obvious differences, absorbing deeper water sources as the growth
stage increased. When river water was available, P. euphratica absorbed a certain proportion
of river water, and in the absence of river water, it absorbed more deep soil water, while
T. chinensis tended to absorb more groundwater. It was also found that both vegetation
species could improve the WUE to cope with the decreasing water resources, but the WUE
of T. chinensis was obviously higher than that of P. euphratica. Therefore, when carrying out
ecological water transport, the optimal water resource allocation scheme can be formulated
based on the characteristics of vegetation water use in the community.
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