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Abstract: The improvement of water usage efficiency and productivity, as well as the development
of effective water management plans, necessitates a comprehensive understanding of how water
utilization patterns in different soil layers within arid and semi‑arid climates impact the capacity
of plant roots to absorb water. However, there is currently no knowledge regarding the water use
strategies employed by artificial yellow willow. So, we conducted a study on the hydrogen and
oxygen isotopic composition of rainfall in yellow willow (Salix gordejevii) from the semi‑arid region
located at the southern edge of the Hunshandak Sandland in China. This study utilized measured
data on xylem water, groundwater, soil moisture, and rainfall. By employing a combination of the
direct comparison method and the MixSIAR model, we investigated the water uptake strategies em‑
ployed by yellow willow throughout its growing season. The findings revealed that the mean δ

D was highest in precipitation and lowest in groundwater, whereas the mean δ18O was highest in
stem water and lowest in groundwater. The δ D and δ18O fluctuated significantly in precipitation
but were steady in groundwater. Because precipitation was significantly less than evaporation, the
slope and intercept were lower for the local than global atmospheric precipitation line. Water avail‑
ability steadily declined with increasing depth. Lower δ18O values were caused by precipitation
diluting the soil water. The MixSIAR results indicated that the primary source in May, September,
and October was utilized at 19%, 18%, and 18%, respectively. In contrast, the utilization rate of each
source varied considerably in June, July, and August (the primary source was utilized at 19%, 18%,
and 18%, respectively). Comparatively high rates of water absorption and utilization were observed
in June (19% of the total water source), July (18%), and August (23%). Therefore, the vertical distri‑
bution of the root system and variations in the soil water content regulate water usage for the yellow
willow. To prevent excessive water usage and promote ecosystem restoration with artificial yellow
willow plantations in water‑limited desert settings, policy makers should consider the patterns of
plant water use and soil water availability. By selecting drought‑adapted plant species and opti‑
mizing irrigation management, it is possible to reduce water wastage and ensure that water is used
efficiently for revegetation and ecosystem restoration, avoiding overuse of water and maintaining
the sustainability of revegetation in water‑stressed desert areas.

Keywords: Hunshandak Sandland; isotope; leveraging strategy; yellow willow

1. Introduction
The study of water use characteristics and spatial use strategies of water resources in

yellow willow has important ecological significance and practical value, which can pro‑
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vide a scientific basis for ecosystemmanagement and protection, and promote the sustain‑
able use of land resources and improvement of the ecological environment. Because of
human activity and global climate change, arid and semi‑arid ecosystems are expanding
worldwide [1,2]. The sustainability of artificially restored ecosystems is impacted by soil
water deficits in dry and semi‑arid regions [3,4]. Soil desertification is increasing and wa‑
ter resources are steadily declining [5,6]. Restoring vegetation and using water resources
sensibly in dry and semi‑arid areas are essential for maintaining ecosystem integrity. To
uncover the recharge relationship between water sources in planted forests and provide
a theoretical framework for water management and ecohydrological research in arid and
semi‑arid ecosystems under the effects of climate change, a deeper understanding of the
water use characteristics of planted vegetation is necessary [7].

Water use features in dry and semi‑arid locations are determined by both plant and
environmental traits, such as soil moisture capacity [8], root distribution [9], topography,
soil texture [10,11], and water demand related to plant age [12]. A wide variety of plants
maymodify themain depth atwhich they absorbwater depending on their root dispersion
and soil water content [13,14]. When shallow soil water is in short supply during the dry
season, Juniperus communis, for instance, can flexibly collect both groundwater and deep
soil water [15]. The traits and behavior of the plant root system determine its capacity to
transform primary water sources [16], particularly in dry spells when deep‑rooted plants
are better equipped to reach deeper water sources than shallow‑rooted ones.

Due to differences in plant water demand and consumption, plants at different devel‑
opmental stages display distinct water usage strategies [14,17,18]. Soil water usage can be
influenced by changes in root dispersion, soil water availability, and transpiration rates.
Many plants can change their main source of water according to season or life stage to
lessen the effects of drought stress. However, little is known of the soil water–plant re‑
lationships and ecological adaptations of artificially planted plants in dry and semi‑arid
locations, or how these affect their water usage at different ages.

The extremely adaptive yellow willow (Salix gordejevii Y. L., Chang and Skvortzov)
is a desert plant that can grow in dry, chilly, and low‑fertility environments [14,19,20]. Con‑
sequently, yellow willow has been widely planted in the Hunshandak Sandland of China
to retard desertification and wind erosion [21]. Yellow willow has become a major desert
shrub thanks to years of active restoration, and has greatly reduced the effects of soil deser‑
tification. Unfortunately, the original yellow willow woods have greatly deteriorated due
to neglect [22], and are threatened by drought [23]. In the Hunshandak region, soil mois‑
ture is a critical environmental factor affecting the survival and development of yellow
willow plantations [24]. Therefore, it is essential to establish sensible water management
plans based on the water usage patterns of artificial plants in revegetated desert environ‑
ments. The term “natural yellow willow” refers to the species of willow that grows in its
native environment, while “artificially planted yellow willow” denotes those cultivated
through artificial planting or cultivation techniques. Natural yellow willow has high wa‑
ter absorption, cold resistance, and adaptability [25]. It is currently unknown how the
artificial yellow willow differs from the natural yellow willow at different developmen‑
tal phases in terms of water usage and main drivers. Therefore, to identify the potential
causes of dieback in old‑growth yellow willow plantations, seasonal variation in water us‑
age patterns at different plant ages and the corresponding drivers need to be investigated.

This study investigated changes in yellowwillowwater usage patterns and the associ‑
ated variables in the Hunshandak Sandland in 2022 using a combination of stable isotope
methods and MixSIAR modeling [25]. This study sought to (1) determine if the water
usage varied with the seasons and (2) describe the spatial strategies of water usage by
yellow willow. Our findings can inform the development of suitable management strate‑
gies for sustainable ecosystem restoration and conservation of the few water resources in
desert regions.
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2. Materials and Methods
2.1. Study Area

The study locale was situated at Yucca Station, Zhenglan Banner, near the southern‑
most point of the Hunshandak Sandland, Xilingol League, Inner Mongolia Province of
China (115◦57′48′′ E and 42◦13′38′′ N, Figure 1). This transitional area between the North
China Plain and Inner Mongolia Plateau forms part of the mid‑temperate zone and has a
semi‑arid continental monsoon climate. The four seasons are distinct, with significant vari‑
ation in day–night temperatures, only a short period without frost, an uneven distribution
of rainfall (60–70% occurs between June and September), and an average precipitation of
~360 mm. The average annual temperature is 1.5 ◦C, and 60% of the annual rainfall occurs
in July and August. The Zhenglan Banner, which covers a considerable amount of area
and has low vegetation cover and plant species diversity, is currently experiencing a seri‑
ous degree of desertification, specifically due to the recent impacts of human activity and
climate change [26].
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2.2. Sample Collection and Treatment
Samples of yellow willow plants were collected from May to October 2022, on May 10,

June 9, July 12,August 8, August 10,August 11,August 12, September 14, andOctober 13, 2022,
respectively. August is the peak of the rainy season, so samples were additionally collected in
August, before the rain (August 8) and after the rain (August 10–12), respectively. Therefore,
collection was performed a total of 9 times: three similar and healthy yellow willow plants
were collected each time, for a total of 27 yellowwillow plant samples. Non‑green leafy stems
with a diameter of 3–5 mm were collected for each yellow willow plant, packed into glass
vials (10 mL) with tightened lids, and the vials were sealed with Parafilm sealing film and
refrigerated to prevent evaporation.

Samples of soils were also collected from May to October 2022, for which the collection
times were the same as those of the yellow willow samples. Soil at the yellow willow stem
base, next to the sunny side of the plant and next the shaded side of the plant, were collected
at intervals of 1 m each (Figure 2). The sampling points (L1, L2, and L3) were selected based
on the location of the three yellow willows relative to sunlight [27]. The sample points in the
sun were named L1N1, L1N2, L2N1, L2N2, L3N1, and L3N2, while those in the shade were
named L1B1, L1B2, L2B1, L2B2, L3B1, and LB2. Sampling sites on the sunny sidewere named
L1N1, L1N2, L2N1, L2N2, L3N1, and L3N2, while those on the shady side were named L1B1,
L1B2, L2B1, L2B2, L3B1, and L3B2 (Figure 2). The parallel sample points of the three yellow
willows were averaged and the sampling collations were named LN2, LN1, L, LB1, and LB2,
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Using a soil‑sampling auger, a 200 cm soil profile was drilled at L1, L2, and L3. In addition, a
100 cm soil profile (i.e., 0–10, 10–20, 20–40, 40–60, 60–80 cm, and 80–100 cm) was drilled at the
sunny side (i.e., L1N1, L1N2, L2N1, L2N2, L3N1, and L3N2) and the shady side (i.e., L1N1,
L1N2, L2N1, L2N2, L3N1, and L3N2), respectively.
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Figure 2. Design schematic of sample sites.

The soil was collected using stratification. The soil sample layers (20–40, 40–60, 60–80,
80–120, 120–160, and 160–200 cm) were divided into two parts: one part measured the soil
water isotope, and the other part of the soil sample was placed in a 50 mL plastic test tube,
immediately sealed with Parafilm, and refrigerated; the remaining portion was used for wa‑
ter content analysis after being placed within an aluminum box. For soil water isotope mea‑
surements, samples of the three yellow willow trees were taken from each sunny and shady
sampling point on a 100 cm soil profile in layers (10–20, 20–40, 40–60, 60–80, and 80–100) in
50 cm plastic test tubes. The tubes were immediately sealed with Parafilm and refrigerated.

Precipitation samples were collected at Yucca Station using two iron buckets covered
with plastic funnels containing a ping‑pong ball (to prevent water evaporation and fraction‑
ation) and then placed in 50 mL plastic test tubes. From May to October 2022, precipitation
was collected every time it rained, and a total of 66 precipitation samples were collected.

During off‑peak hours, we collected 30–50 mL of groundwater from a well adjacent to
the willow forest using sampling bottles, with the water being pumped out for about 1 min
to ensure that each water sample was representative of the groundwater quality [28]. All of
the water samples were promptly sealed with Parafilm to prevent evaporation andwater loss,
and then promptly frozen in a refrigerator.

Moisture content was ascertained by weighing the portion of the soil samples gathered in
the aluminum box [29]. After weighing the wet soil in the laboratory, the aluminum box was
heated at 105 ◦C for 12 h, the sampleswereweighed again, and thewater contentwas calculated.

An LI‑2000 vacuum extraction device was first used to remove moisture from the soil
and stems. Wemeasured the δD and δ18Ovalues for the precipitation, plant water, soil water,
and groundwater using a liquid water isotope analyzer (DLT‑100, Los Gatos Resear, USA).
The precision was within ±0.3‰ and ±0.1‰, respectively, which meets the requirements of
measurement accuracy. Analyses were performed at room temperature to promote accuracy
in the hydrogen–oxygen isotope ratios. The Vienna standard mean ocean water (V‑SMOW)
index was calculated to determine the 1000th variation of the stable isotope composition of
hydrogen and oxygen, as follows:

δ = (Rsample/Rstandard− 1)× 1000‰ (1)
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where the ratios of heavy to light isotopes in the water sample and V‑SMOW are denoted by
Rsample and Rstandard, respectively. If δ < 0, the heavy isotope is depleted in comparison to
the standard value; if δ > 0, the heavy isotope is enriched in the sample.

MixSIAR (version R‑4.1.3 RStudio) is a software package for isotopic mixing modeling,
specifically for estimating the proportionate contribution of each component in a mixture
from stable isotope data. The contribution of various sources to the mixture was calculated
using the Bayesian mixture model MixSIAR (version 3.1.13) [30] and Bayesian model identi‑
fication [31]. MixSIAR accounts for uncertainties related to different isotopic compositions,
numerous sources, and identification variables, as follows:

Ｘij = ∑ k
k=1Pk

(
Sjk + Cjk

)
+ εij, (2)

Sjk ∼ N
(
µjk,ω2

jk

)
, (3)

Sjk ∼ N
(
λjk, τ2

jk

)
, and (4)

εij ∼ N
(

0,σ2
j

)
, (5)

where Xij represents the isotope value of mixture i (i = 1, 2, 3,…, N; j = 1, 2, 3,…, j); Pk is
the contribution ratio of source k’s contribution; Sjk is the j‑isotope value of source k (k = 1,
2, 3,…, k); µjk is the mean and ω2

jk is the variance in normally distributed data; Cjk sources a
fractionation factor in j‑isotopes; λjk is themean and τ2

jk is the standard deviation; and εij is the
residual error of the additional non‑quantified variance of individual components, expressed
as mean 0 and standard deviation σ2

j .

2.3. Statistical Analysis
ArcGIS 10.8 was used to process DEM images of the study locale (https://www.gscloud.

cn/, website archived on 10 June 2023). Data normality was tested at a 95% confidence level
using SPSS 26 software [32]. δ D and δ18O estimate, rainfall, xylem moisture, and soil mois‑
ture fluctuations were assessed using a one‑way analysis of variance (ANOVA). Spatiotem‑
poral (depth) fluctuations in δ D and δ18Owere assessed using the ANOVA. The association
between δ D and δ18O estimates in each water source was investigated using Pearson’s cor‑
relation analysis. Data were processed using Excel software (2016); graphics were computed
using ArcMap 10.8 and Origin 2019 software.

3. Results
3.1. Isotopic Characteristics of Different Water Sources

According to the estimated isotope values in different water sources from May to Octo‑
ber 2022 (Table 1), the average δDvalues were, in order, in the groundwater < soil water < stem
water < precipitation, whereas the average δ18Ovalues were in the groundwater < precipitation
< soil water < stemwater. Themost stable and least variablewere the groundwater estimates, as
evidenced by the standard deviations of δD and δ18O being in the orders groundwater < stem
water < soil water < precipitation and groundwater < soil water < stemwater < precipitation, re‑
spectively. The δ D and δ18O of the groundwater were the most stable and the variability was
small. The precipitation exhibited a lack of stability and large variability.

https://www.gscloud.cn/
https://www.gscloud.cn/
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Table 1. Isotope estimates in different water sources (May to October 2022).

Isotope Eigenvalue Precipitation Soil Water StemWater Groundwater

δ D (‰) MAX −12.16 −65.4 −57.12 −77.98
MIN −134.26 −91.33 −78.02 −83.43
AVG −65.06 −76.35 −66.86 −80.21
SD 27 9.35 8.75 1.83

δ18O (‰) MAX −0.93 2.51 8.42 −10.68
MIN −17.86 −11.84 −7.55 −11.64
AVG −9.31 −8.59 −1.4 −10.98
SD 3.45 2.14 3.05 0.28

3.2. Local Atmospheric Precipitation Characteristics
InMay toOctober 2022, theatmosphericprecipitationδDestimate ranged from−119.69‰

to−17.66‰ (mean =−59.51‰), while the δ18Ovalues varied between−13.01‰and –3.42‰
(mean = −8.51‰) (Table 1). Based on the global atmospheric waterline equation proposed by
Craig [33], the precipitation line (LMWL) equation in our study area was δD = 7.50δ18O + 4.31
(Figure 3), for which the slope and intercept were smaller than the global atmospheric precip‑
itation line, which is comparable to the northwest of the Hunshandak Sandland atmospheric
precipitation line. This indicates strong evaporation and arid conditions in the western region.
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3.3. Variation in Soil Water Content between Seasons
Soil moisture is crucial in the hydrological cycle and may be used to monitor droughts

in the study locale. Changes in soil moisture are impacted by evapotranspiration [34].
The soil water content increased from 5.26% to 16.69% with depth (Table 2). The topsoil

layer, which is most impacted by precipitation, had more water in the 20–40 cm layer than
in the 0–20 cm layer. July and August recorded more water in the 0–40 cm layer than the
other months; May had the lowest percentage (5.34%), while July had the highest percentage
(10.70%). The monthly pattern was constant at 0–40 cm. The monthly variation in water con‑
tentwas especially evident at 40–80 cm,while the content ofwater only varied between 10.30%
and 12.64% in the 80–120 cm layer, and between 11.55% and 16.69% in the 160–200 cm layer.
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Table 2. Soil moisture content across different soil depths and seasons (May to October 2022).

Soil Depth (cm) May June July August September October

0–20 5.41 7.52 10.70 9.04 8.86 7.70
20–40 5.34 5.50 7.85 7.68 7.37 6.98
40–60 5.26 6.03 6.16 7.58 7.12 6.19
60–80 9.43 10.19 8.48 8.93 9.21 9.57
80–120 9.64 10.30 9.07 10.65 13.43 10.93
120–160 14.79 16.04 13.12 15.45 16.17 15.78
160–200 13.82 14.31 15.30 16.69 14.15 11.55

Soil water samples were collected before and after a large rainfall event in July to assess
the impact of rainfall on the soil water content (Figure 4). There was less water in all soil strata
before the rain compared to after the rain. The soil water content at 0–40 cm did not change
significantly on the second day following the rain. On the third day, the soil water content at
the 40 to 120 cm depth increased significantly, while it was constant at the depth from 120 to
160 cm and higher below the 160 cm depth.
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3.4. Effects of Precipitation on Soil Hydrogen and Oxygen Isotopes
Precipitation, the primary source of soil water recharge, affects the δ D and δ18O val‑

ues of soil water at varying depths, which reflects the links between recharge and conversion
amongst various water sources. Rainfall affected soil isotopes at all levels (Figure 5). After
rainfall, soil water isotopes varied greatly in the shallow layers (from −8.20 to −7.01), while
little changes were observed in the middle and deep layers (from −9.20 to −8.31 and −11.70
to −10.27, respectively); this suggests that precipitation is more likely to infiltrate shallow
soils, leading to greater changes in the isotopic values of these soils. The shallow soil trough
surfaced on the first day following the rain, with a δ18O value 1.2‰ lower than before the
rain; this is due to the significant effect of precipitation on shallow soil water. On the second
day following the rain, the trough returned to its pre‑rain level. The δ18O value in the deep
layer remained constant, while the trough in the middle layer emerged on the second day;
this suggests a slight delay in replenishing the mesic soil, resulting in relatively late changes
in isotopic values. There was also a slight delay in the recharge of the middle layer. The δ18O
values were more sensitive to rainfall in the shallow and middle layers, which were typically
in the following order: before rain > first day after rain > second day after rain > third day after
rain. This suggests that shallow and mesopelagic δ18O values are more sensitive to precipi‑
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tation. The infiltrated precipitation mixed with the initial soil water and moved downhill to
replenish the 0–120 cm layer, and the isotopic composition of the soil water below the meso‑
cosm is more stable, suggesting that this soil receives less rainfall. Soil below the middle layer
showed less fluctuation in δ18O than the shallow soil, reflecting the recharge behavior of the
soil. On the first day following the rain, the δ18O values decreased in the shallow soil water.
The δ18O values in the middle soil layer decreased the day after the rain. The δ18O values
of the deep soil layer remained relatively unchanged after precipitation, especially with mild
precipitation, which tends to not reach deeper soils.
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3.5. Determining the Main Water Sources in Artificially Planted Yellow Willow
The δ18Ovalues in the stemwaterwere comparedwith those of the soil and groundwater

at various depths to determine whether plants source water from soil layers with the same
isotopic composition [35].

3.5.1. Vertical Variation in Soil Water Isotope
Based on the fluctuations in soil water with depth, we designated 0–40 cm as the shallow

soil layer, 40–120 cm as themiddle soil layer, and 120–200 cm as the deep layer. Because of the
link between δD and δ18O,we used δ18O to represent the average value of soil water isotopes
in the vertical profile. We analyzed the vertical distribution of δ18O estimates (Figure 6) and
found that the values generally decreased with depth; the shallow layer had the highest lev‑
els and greatest variation, suggesting that plants tend to use shallowwater sources more than
deep water sources. This helps us to better understand the water use strategies of plants as
well as the water cycle of ecosystems. The deeper layers had lower levels of δ18O, with some
variation. Less variance was seen in the middle‑layer soil samples compared to the shallow‑
layer soil samples. We examined the water intake characteristics of yellow willow based on
the differences in δ18O between water sources. From the intersections of the water lines, it
is known that the yellow willow stems absorbed shallow soil water in May, June, July, and
September, and that the yellow willow also absorbed middle‑layer soil water and indirect
shallow groundwater in May and July. The intersection between the δ18O values of the deep
soil water and groundwater likely represents recharge through the groundwater [36]. Conse‑
quently, the yellow willow plants must have indirectly absorbed groundwater because their
root system was primarily distributed in the 10–30 cm sand layer.
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In August, the stem and soil water δ18O values intersected at 0–40 cm, while the soil
and groundwater δ18O values intersected in the middle (80 cm) and deep soil layers (160 cm).
Basedon this trend, it is possible that the yellowwillowplants used soilwater at deeper depths
(>160 cm) simultaneously with other sources. However, this simple analysis is insufficient to
adequately assess water usage.

In October, the stem and soil water δ18O values intersected at 40–60 cm, indicating that
plant growth depends on water in the middle soil layer during the transition from the wet
to the dry season. The yellow willow required little water in its late growth stage; thus, the
water stored in themiddle soil layer during thewet seasonmay sustain normal growth during
the dry season. The soil water and groundwater convert each other for mutual benefit. The
soil and groundwater δ18O values intersected at 190 cm. October had a predominantly dry
climate with very little precipitation, which required the yellow willow plants to supplement
their water from the deep soil layer.

3.5.2. Lateral Variation in Soil Water Isotope
The main and fibrous roots of adult yellow willow can absorb water at depths of up to

2 and 1 m, respectively. We analyzed the changes in isotope levels in the middle and shallow
soil layers at LN1, LN2, L, LB1, and LB2. As in Section 3.5.1, δ18O was used to represent
the average soil water isotopes in the vertical soil profile and analyze the transverse water
absorption pattern (Figure 7).

The intersection of the stem water line and each water line in the figure shows that in
May, the yellowwillow plants absorbed shallow soil water at LN2‑LN1, LN1‑L, and LB1‑LB2,
absorbed intermediate soil water at LN1‑L and LB1‑LB1, and recharged indirectly through
the groundwater. In June, the yellowwillow absorbed shallow soil water at LN2‑LN1, LN1‑L,
and L‑LB1. In July, there was more precipitation, and the yellow willow absorbed shallow
soil water not provided by precipitation at LN1‑L and L‑LB1. In August, the yellow willow
absorbed shallow soil water at LN2‑LN1 and L‑LB1 andmiddle‑layer soil water at LN1‑L and
L‑LB1, indicating that precipitation in August replenished the middle‑ and shallow‑layer soil
water, thus promoting water supply in the middle soil for lateral capillary root uptake. In
September, the yellow willow absorbed shallow soil water at LN1‑L and LB1‑LB2, indicating
that shallowsoilwaterwas absorbed laterally. InOctober, the yellowwillowabsorbed shallow
soil water at LN2‑LN1 and L‑LB1, and the δ18O values of the intermediate soil layer were
comparable to the δ18O values near LN2. This indicates that shallow soil water was absorbed
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laterally between LN2‑LN1 and L‑LB1, and the intermediate soil layer received recharge from
the shallow soil water.
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3.6. Quantitative Analysis of Yellow Willow Moisture Sources
The utilization rate of water from different sources was determined using the Bayesian

mixture model MixSIAR [24], which follows the principle of hydrogen and oxygen isotope
mass conservation. In May, September, and October, the difference in water utilization to ab‑
sorption was relatively small between sources. In June, July, and August, due to the relative
lack of rainfall events, water uptake by the yellowwillow root systemwas more complex and
the differences inwater use and uptake betweenwater sourceswere relatively large (Figure 8).
Therewere notable variations inwater utilization rates in June, July, andAugust. Themonthly
rates of water absorption and utilization were highest along the lateral axis, with the greatest
soil water contribution corresponding to the sunny side and the smallest soil water contribu‑
tion coming from the shady side.

InMay, the points beneath the yellowwillow trees (L), the twopoints facing the sun (LN1
and LN2), and the two points facing the shade (LB1 and LB2) absorbed the greatest amount
of water in the shallow soil layer in the lateral direction, followed by the middle and deep
soil layers. Most water was absorbed from shallow soil near these points, with the middle
layer (L 40–120 cm, and LN and LB 40–100 cm) contributing 8.4% to the L points. This was
consistent with direct soil water uptake. The contribution rates of the LN1, L, and LB1 points
in the shallow soil layer (0–40 cm) were 8.6%, 8.4%, and 8.4%, respectively.

In June, the rainfall decreased and the solar insolation intensity increased compared to
those observed in May. The increase in irradiation exacerbated evapotranspiration and water
demand on the sunny side of the plant. In June, the plants absorbed more shallow soil wa‑
ter vertically and more soil water at L and the sunny side of LN horizontally (16% and 17%,
respectively). On average, the sunny side contributed more soil water each month than the
shady side.

The marked increase in precipitation during July and August recharged the shallow soil
water, decreased the intensity of evapotranspiration, and decreased the variation in water ab‑
sorption on the sunny side of the yellow willow. Shallow soil water was primarily absorbed
near L; points LN1, L, and LB1 made the largest contributions in July (all 16%) and August
(20%, 23%, and 16%, respectively).
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In September and October, precipitation was infrequent, middle‑layer soil water contri‑
butions increased, and water was mostly absorbed from the middle and shallow soils. The
sunny side (LN)hadahigher lateral intensity of evaporation than the shaded side (LB), thereby
increasing water demand. The sunny side contributed more soil water than the leeward
shaded side.

4. Discussion
The biggest seasonal fluctuations in δ D and δ18O values were observed in the soil and

xylem water, in that order. The local atmospheric precipitation line had a smaller slope and
intercept than the global atmospheric precipitation line, suggesting that the level of precipi‑
tation was significantly less than the level of evapotranspiration. Falling precipitation is af‑
fected by strong evaporative fractionation, which enriches the precipitation with heavy iso‑
topes [37,38]. In our study, soil water δ18O values decreased with soil depth [39] (Figure 5),
which was caused by varying evaporation intensities between soil layers. The δ18O values
exhibited larger seasonal variations in shallow soil water compared to deep soil water. Due
to evaporation, the mean δ18O value of the shallow soil water was consistently higher in both
wet and dry seasons compared to the peak rainy season. In the lower soil layers, the soil water
content remained constant across months, indicating that precipitation primarily influenced
the surface soil water content. During July and August, the water content of the 0–40 cm
layer notably increased, likely due to precipitation infiltration during the rainy season and
spring permafrost thawing, leading to rapid fluctuations in the 40–80 cm layer [40]. Deeper
soil water, closer to the groundwater level (3–4 m), was refilled by rising capillary water, re‑
sulting in greater fluctuations in soil water content in the 160–200 cm layer compared to the
80–120 cm layer. The soil water content decreased immediately before rainfall and increased
afterward. Specifically, the soil water content at 0–40 cm showed no immediate increase after
rainfall, while significant increases were observed at 40–120 cm on the third day, remaining
unchanged at 120–160 cm. This highlights the time required for rainfall to penetrate deeper
soil layers (Figure 4). During their peak development phase, the plants absorbed shallow soil
water and some deep soil water to support their growth. Finally, groundwater recharge may
have impacted the total soil water content below 160 cm. During the dry and wet periods,
notable changes in δ18O were observed across both different depths and timings. Small vari‑
ations in δ18O values between soil strata in different yellow willow woods can be ascribed
to the distinct durations of water retention in various textured soils: differences in soil water
isotopic composition between stands can be mitigated by shorter water retention durations
in homogenous sandy soils [32]. The δ18O values of stem water were lower in the wet than
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dry season (Figure 5), likely because increasing rainfall enriches light isotope levels in soil wa‑
ter. Although isotopic fractionation in the unsaturated zone or within plant tissues can bias
isotope estimates between the xylem and water source, the isotopic composition of the stem
water effectively reflects that of the water source [28].

Our vertical qualitative and quantitative analyses showed that soil water δ18O values
generally decreased with depth, consistent with previous findings [27]. δ18O values and
their variation were highest in the shallow layer. The deeper strata had the lowest water
content and were more stable over time, while the estimates for the middle soil layer fell be‑
tween these. Isotope enrichment occurs as a result of strong kinetic fractionation in shallow
soil, where lighter water molecules (1H2

16O) evaporate and leave heavier water molecules
(2H2

18O) [41,42]. As the depth increases, kinetic fractionation gradually decreases, the change
in soil water content tends to stabilize, and the isotopic composition of soil water also sta‑
bilizes. Apart from the infiltration‑related kinetic fractionation effect, it is also associated
with the recharging of soil water through the downward migration of precipitation, which
diminishes progressively as soil depth increases [43,44]. It was previously reported that the
IsoSourcemodel [45] can be used to quantitatively assess thewater contribution rates between
soil layers. The findings indicated that the utilization rate of shallow soil water in the range of
5 to 10 was mostly based on vertical shallow groundwater; however, this analysis did not ac‑
count for the features of the lateral fibrous roots and main root system. In contrast, MixSIAR
represents an optimized model that considers lateral water intake by yellow willow fibrous
roots, which addresses the uncertainty and unpredictability in the isotopic composition of the
source and plant water. We found that yellow willows used every water source more evenly
and consistently in May, September, and October than in the other months. In contrast, June,
July, and August saw significant variation in the amount of water absorbed and used from
each water source. The temporal variation in water usage is associated with the seasonal
changes in temperature, humidity, wind direction, sun radiation, and evaporation intensity.
Evapotranspiration intensity had the greatest impact on yellow willow water intake and uti‑
lization. As expected, the evapotranspiration intensity was higher on the sunny side (LN)
than on the leeward side (LB) of the yellow willows, while the sunny side contributed more
soil moisture. Under the assumption that temperature, humidity, and wind speed are all
equal, solar radiation increased the evaporation intensity. The increased evapotranspiration
intensity and the lower water content of the soil increased the water uptake initiative of the
yellowwillow on the sunny side and exacerbatedwater demand on the sunny side [37,46–48].

This study has some limitations. The lack of isotope data with high temporal resolution
along the soil–plant–atmosphere axis and the effects of isotope fractionation complicated our
analysis of yellow willow water sources. To increase the accuracy of water source identifi‑
cation, future studies should examine the isotope fractionation mechanisms in yellow wil‑
low water sources [49], specifically the differences between various plant tissues and soil
layers [50–53], and consider other models and/or data correction factors. To more precisely
record short‑term changes in the isotopic compositions of soil, plants, and atmospheric water,
high‑precision isotope analyzers should be employed with a higher sample frequency. Iso‑
topic tests at various ages could elucidate the water usage dynamics throughout the plant’s
lifetime. Isotopic tests could also identify the interactions between soil, plants, and the atmo‑
sphere and indicate howvarious plant organs participate in the absorption and transportation
of water [54]. In particular, long‑term monitoring is needed to describe the seasonal fluctua‑
tions in the water sources of yellow willow forests and inform the development of adaptive
conservation policies in the Hunshandak Sandland.

5. Conclusions
We used the stable isotope method and MixSIAR model to qualitatively and quantita‑

tively investigate the water use strategies of yellow willow trees along the southern margin
of the Hunshandak Sandland. The following conclusions were made:

(1) The δD estimates were in the following order: precipitation < stemwater < soil water
< groundwater. The order of the average δ18O values was as follows: precipitation < ground‑
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water < soil water < stemwater. Deep groundwater δD and δ18O values were the most stable
and least variable.

(2) Strong evaporative fractionation produced the precipitation line (LMWL) equation δ

D = 7.50δ18O + 4.31. The slope and intercept of the local atmospheric precipitation line were
less than those of the global atmospheric precipitation line.

(3) δ18O values decreased because of precipitation recharge into shallow soil, with the
general trend being pre‑rainfall > first day after rainfall > second day after rainfall > third day
after rainfall. The shallow layer had the highest isotope levels, while the deep layer had the
lowest levels.

(4) Qualitative analysis of the sources ofwater uptake by the yellowwillow in the vertical
direction showed that the yellowwillowabsorbed surface soilwater inMay, June, July,August
and September, andmid‑soil water in October, while the δ18Ovalues in the deeper part of the
soil in May to October overlapped with groundwater, which was indirectly absorbed by the
yellow willow.

(5) The MixSAIR model demonstrated that water usage was evenly distributed across
May, September, and October (19%, 18%, and 18%, respectively). In contrast, water usage
varied more clearly in June, July, and August (19%, 18%, and 23%, respectively).
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