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Different strategies of water uptake by roots in a semi-arid desert are one way that plants adapt to the water-limited environment. In this study, stable isotopes of δ18O were used to analyze the variability in water sources of the native species Artemisia ordosica during the growing season in an alpine semi-arid desert on the Qinghai–Tibet Plateau, China. A. ordosica depended primarily on water from upper soil layers in the early growing season, except for those windward, which obtained water from three soil layers and groundwater from 0.19 to 0.28. In the summer, A. ordosica switched sources, and those individuals at the top of the dune used 0.85 of water from middle soil layers, whereas those on windward (0.27–0.33) and leeward slopes (0.31–0.37) absorbed water from three soil layers. Shallow soil water was the main water source at all sites at the end of the growing season. The water uptake pattern of A. ordosica was consistent with the root distribution in positions with different dune geomorphology. The results suggest that the micro-landforms of sand dunes affect vegetation growth not only through aeolian activities and soil properties but also through plant water use.
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INTRODUCTION
The ability of plants to obtain water is a key factor that determines whether plants can adapt to the environment. Water availability varies according to geomorphic position, and therefore, the water utilization strategy of plants is adaptively adjusted, resulting in separate niches of plants based on geomorphology (Li et al., 2004). In arid and semi-arid areas, plants may change their source of water as the season changes, and some plants may use deep soil water or groundwater during drought. Plant roots are highly plastic and adaptable in order to maintain water absorption. To access the necessary soil water volume, plants can modify their root zones by lateral or vertical growth (Fan et al., 2017). In most ecosystems, water availability limits rooting depth rather than other resources (Yu et al., 2016). Plant roots were revealed as key drivers for water flow processes and different components of the water balance (Yu et al., 2016). In addition, root morphology and distribution also determine the areas from which plants absorb water (Xu and Li, 2009; Xu et al., 2011). When water is available in shallow soils, plants mainly rely on shallow roots to obtain near-surface water and rely less on deep soil water (Dai et al., 2014). However, soil moisture availability is very heterogeneous in arid and semi-arid areas. In these areas, plants no longer rely only on shallow soil water but use deep roots to respond to changes in soil moisture (Ehleringer et al., 1991). Topography is a good indicator of vegetation cover, rooting depth, root zone evaporation and transpiration deficits, soil properties, and even geology (Gao et al., 2018). Thus, the sources of water used by plants are clearly affected by topography (Song et al., 2014).
Stable isotopes are a powerful tool to identify water sources and determine water use patterns of woody species in arid and semi-arid regions (Zhang et al., 2017; Wu et al., 2019a), especially in soils with a high portion of sand (Beyer et al., 2020). Plant water sources can be determined by comparing the stable hydrogen and oxygen isotopes of all potential water sources with those extracted from xylem water (Ehleringer and Dawson, 1992; Song et al., 2014). Plants in semi-arid and arid ecosystems not only absorb most of their water from shallow soil layers under wet conditions but also obtain additional water from deep water pools (such as groundwater) under dry conditions (Dawson and Pate, 1996; McCole and Stern, 2007; Song et al., 2016; Wang-Erlandsson et al., 2016; Zhou et al., 2017). Shifts in the water sources used among different soil layers, depending on water availability, are an important strategy by which deciduous plants cope with drought in water-limited ecosystems (Hasselquist et al., 2010). The ability to extract water from different soil layers is closely related to root morphology and architecture (Xu and Li, 2006). Different species within the same habitat also exhibit considerable differentiation in the water sources used in order to minimize competition for water. Such differentiation is likely a potential mechanism that allows species to coexist, explaining the high diversity and high resilience of plant communities to drought in arid and semi-arid regions (Wu et al., 2014; Yang et al., 2015). In the Mu Us Desert, Artemisia ordosica (Ao) uses shallow groundwater with roots that reach a depth of 200 cm, but fine roots are mainly distributed in the upper 40 cm (Zhang et al., 2012). Deciduous species in seasonally arid ecosystems use different strategies to respond to drought stress. Species that can shift water sources can maximize their soil water use and avoid interspecific competition with other plants in the community, which may be an important survival mechanism in water-limited ecosystems (Ehleringer and Dawson, 1992).
Oxygen isotopes of water molecules are useful tools to reconstruct hydro-climatic variations, analyze hydrological processes and pathways, and better understand current metabolic pathways in plants (Szymczak et al., 2020). Stem water reflects the isotope value of the source water, because no oxygen isotopic fractionation of source water occurs during water uptake by roots (Dawson and Ehleringer, 1991), except in certain plants in extreme environments. Hence, the isotope value in stem water corresponds to that in the source water. However, the isotope signature of source water itself may change depending on soil properties, precipitation amount, season, and influence of groundwater or evaporative enrichment of soil water (Ehleringer and Dawson, 1992). Therefore, stem water δ18O can directly reflect source water δ18O in alpine semi-arid and arid zones (Jia et al., 2012; Wu et al., 2016a; Wu et al., 2016b; Wu et al., 2018).
Desertification is an extreme manifestation of degradation issue in the northern Tibet–Qinghai Plateau (Sun et al., 2019; Zong and Fu, 2021). Qinghai Lake is in the northeast of the Qinghai‒Tibet Plateau in a semi-arid ecologically fragile alpine district and a global climate change-sensitive area, which also be threatened by desertification around the lakeside. Previous studies in this area focused primarily on wind protection mechanisms and ecological functions of sand-fixing plants (Tian et al., 2019; Wu et al., 2019c; Tian et al., 2020). The water sources of revegetation species have received less attention (Wu et al., 2016b), especially those of native species under different conditions of water availability in different micro-landforms.
The aim of this study was to evaluate the water use of a native species on an alpine semi-arid dune, and three questions were addressed: 1) what are the seasonal water sources used by a native plant? 2) What are the key controls on differences in water use of plants at different topographical positions on a sand dune? 3) What are the effects of root distribution and environmental conditions on the water use patterns of a native species? The hypotheses were the following: 1) plants at different topographical positions on a dune would use different water use strategies at different times in the growing season, and 2) plants would tend to use deep soil water or groundwater in water-limited conditions. The results of this study will help guide plantings in alpine deserts to ensure ecological adaptation and structural optimization.
MATERIALS AND METHODS
Study Site
The study was conducted in the Ketu Wind Prevention and Sand Fixation Experimental Range (WPSER; 36°40′N, 100°45′E; 3,224 m a.s.l.) in the southeast corner of Haiyan Bay of Qinghai Lake, China (for details, see Tian et al., 2019). The Ketu Sandy Land covers approximately 753 km2 and is the largest area on the eastern shore of Qinghai Lake. The field is primarily composed of barchans and transversal sand ridges that average 6–10 m in height and stretch from north to south. The WPSER is in an alpine climatic zone with relatively wet summers and cold winters. Daily meteorological data were provided by a weather station approximately 20 km from the study site from 1981 to 2019. The mean annual temperature was 0.93°C, and the annual average precipitation was 438.6 mm, approximately 80% of which occurred between May and September. Precipitation and temperature in the WPSER have increased since 2004, especially in 2010 (Cui and Li, 2015).
Ao is a typical species in fixed sand dunes. It was introduced as an afforestation species in the 1980s, but the current plants are naturally regenerated. Three plots of 10 × 10 m were selected at three different topographical positions on a dune (windward, top, and leeward).
Root Distribution
An individual Ao of similar height and crown width was selected at each site, and the soil was dug away until roots throughout the soil profile were exposed. The aboveground and underground morphology were photographed. Then, the individual growth morphology and root distribution characteristics were plotted in Photoshop software. Simultaneously, the numbers of coarse roots (root diameter Φ ≥ 5 mm), medium roots (2 mm ≤ Φ < 5 mm), and fine roots (Φ < 2 mm) were counted at 10 cm intervals to the bottom of the soil profile. Then, the root density was calculated for each interval in soil the profile as below “samples collection” section.
Sample Collection
Soil, plant, and rainwater samples were collected once a month from May to September, which was the growing season in 2019. Soil samples were collected beneath marked Aos in fixed plots using a 10-cm-diameter auger at 10 cm intervals from 0 to 20 cm and at 20-cm intervals from 20 to 120 cm. One part of a soil sample was oven-dried to determine soil water content (SWC). Another portion was quickly placed in 20-ml screw-cap glass vials sealed with parafilm. Simultaneously, soil samples were collected in the same soil layers, placed in ziplock bags and returned to the laboratory to analyze soil particle size composition by using a Matersizer 3,000 (Malvern Ltd., WR14 1XZ, United Kingdom). Three replicates of all soil water and isotope samples were collected. Three individuals from the three plots were randomly chosen for plant sampling on each sampling date (12 May, 11 June, 12 July, 12 August, and 15 September). Three- to 5-cm-long branch sections were cut with clippers. The phloem tissue was removed to avoid isotopic fractionation of xylem water and contamination by isotopic enrichment (Dawson, 1996). Then, the sections were immediately placed in airtight vials and sealed with a screw-lid and parafilm to avoid evaporation. Soil and plant xylem isotopic samples were stored in a car refrigerator for transport to the laboratory where they were stored at −18°C until extraction. Water in xylem and soil samples was extracted using a fully automatic vacuum condensation extraction system (LI-2100 Pro, LICA United Technology Limited, Beijing, China). The extraction rate of water from samples was >98%.
The rainwater collector was constructed with a 10-cm-diameter funnel connected to a glass bottle. A plastic ball was placed on the funnel to prevent evaporation (Yang et al., 2015). All precipitation samples were transferred to clean polyethylene bottles (30 ml) and then sealed with parafilm.
The depth of the interdune water table in the study area ranged from 1.5 to 5.0 m. Therefore, a soil auger was used to collect groundwater in the shallow water table at 1.5 m on the sampling dates. Then, immediately, a self-made long spoon was used to collect the groundwater and place it in airtight vials, which were sealed with parafilm to avoid evaporation. Precipitation and groundwater samples were filtered using a 0.22-μm filter and then refrigerated at 4°C until stable isotope analysis.
Data Analyses
The δ18O and δ2H in xylem water, soil water, and precipitation (0.5–1.5 ml) were measured by an Isotopic Ratio Infrared Spectroscopy (IRIS) system (Model DLT-100; Los Gatos Research, Mountain View, CA, United States). Previous studies report that hydrogen offsets occur and persist in semi-arid (Dawson and Ehleringer, 1991), saline (Ellsworth and Williams, 2007), and mild oceanic climate (Barbeta et al., 2019) environments. However, the reasons for the hydrogen fractionation remain unclear, and two explanations have been proposed. It proposes that hydrogen fractionation is related to the mode of water absorption by roots (Ellsworth and Williams, 2007), whereas Barbeta et al. (2019) suggested that it is mainly related to the heterogeneity of soil water signals and plant tissues in temperate deciduous trees. Both agree that fractionation in 2H is much stronger than that in 18O and that 18O therefore provides more satisfactory results. Thus, in this study, only oxygen isotopes (δ18O) were used to determine the sources of plant water. The stable isotopic composition was expressed as follows:
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where Rsample and Rstandard represent the molar abundance ratios (18O/16O, 2H/1H) of the sample and the standard (Vienna Standard Mean Ocean Water for O and H), respectively. The Iso-Source model (http://www.epa.gov/wed/pages/models/stable-Isotopes/isosource/isosource.htm) was used to quantify the proportion of water uptake from each water source based on the mass balance of the isotope that was introduced, as detailed by Phillips and Gregg (2003).
For Ao growing in sand, the soil profile was subdivided into three potential water sources, the source increment was set at 1%, and the mass balance tolerance was set at 0.1%. The calculated results are reported as the distribution (e.g., maximum and minimum) of feasible solutions and the mean on each sampling date. The isotopic composition of each soil water layer was determined by the SWC-weighted mean approach (Snyder and Williams, 2003; Liu et al., 2015). According toWu et al. (2016b), the shallow soil layer was from 0 to 20 cm, the middle soil layer from 20 to 60 cm, and the deep soil layer from 60 to 150 cm.
One-way ANOVA combined with Tukey’s least significant difference test was applied to detect differences in plant water source from shallow, middle, and deep soil layers in different seasons. The significance level of the statistical analyses was set at 0.05. The statistical analyses were performed using the SPSS 20.0 software (SPSS Inc., Chicago, IL, United States).
RESULTS
Environmental Factors
The study area had a semi-arid climate with low annual average temperature and low rainfall that was affected by the unique topography, altitude, and atmospheric circulation. Seasonally, precipitation in summer and autumn was relatively abundant, whereas it was relatively rare in winter and spring (Figure 1). In 2019, precipitation was 434.90 mm, with 77% occurring during the growing season from May to September, and the mean temperature was 1.65°C.
[image: Figure 1]FIGURE 1 | Seasonal variation in precipitation and temperature in 2019.
The deposits on the natural fixed dune were primarily composed of fine (45.08 ± 4.40%) and medium (34.56 ± 7.30%) sand. Clay and very coarse sand contents in the dune were negligible. In the windward position, fine sand includes very fine sand increased and coarse sand decreased as soil depth increased, whereas in the top and leeward dune positions, no changes occurred with the increase in depth (Table 1). Overall, windward deposits were finer than those at top and leeward positions, with significantly more very fine sand (p = 0.000). There was more medium sand at the leeward position than at the windward and top of dune positions (p = 0.000), whereas the contribution of coarse sand was greater in the shallow soil layer (20 cm depth) in the windward position than in the other two positions (p = 0.000).
TABLE 1 | Soil particle size (%) of different soil layers.
[image: Table 1]With changes in the season, the SWC of different geomorphological positions changed significantly (Figure 2). The highest average SWC (3.68 ± 0.67%) was at the top of the dune, but it was not significantly different from that on windward (3.36 ± 0.56%) and leeward (3.29 ± 0.76%) slopes during the growing season (p > 0.05). The highest SWC at all sites was in July, whereas the lowest was either in June or August, with similar values.
[image: Figure 2]FIGURE 2 | Seasonal variation in soil water content (SWC, %) beneath Artemisia ordosica (Ao) in positions with different dune geomorphology. The same letter means that there is no significant difference between different positions of dune (p > 0.05), whereas different letters refer to significant differences between micro-landforms in dune (p < 0.05).
Individual Features at Positions With Different Dune Geomorphology
Plant height, crown width, and coverage at the top of dune were greater than those on windward and leeward slopes (Figure 3). The height of Ao at the top of the dune (32.90 ± 12.94 cm) was significantly greater than that leeward (p = 0.048) but was not different from that windward (p = 0.482). The same trend was observed for N–S length of crown. The largest coverage of Ao was at the top of the dune (38.86 ± 1.03%), followed closely by that of plants windward (38.78 ± 0.68%) without significant difference, whereas the coverage of leeward plants was only 15.52 ± 0.46%. Nevertheless, the highest density was windward, followed by that at the top and leeward.
[image: Figure 3]FIGURE 3 | Artemisia ordosica (Ao) growth features in positions with different dune geomorphology. (A) Height, (B) crown width of different orientation, (C) coverage, and (D) density. The same letter means that there is no significant difference between different positions of dune (p > 0.05), whereas different letters refer to significant differences between micro-landforms in dune (p < 0.05).
The root system of windward Ao was distributed to the 220 cm soil depth, whereas that of Ao at the top of the dune was distributed to 20 cm and that of leeward Ao was distributed to 50 cm (Figure 4). The roots were concentrated in the upper 20 cm at all sites. Although the tap root of windward Ao extended to 220 cm, most roots were distributed in the top 90 cm. In the top 20 cm, windward Ao had 41.67% fine roots, 35.83% medium roots, and 22.50% coarse roots. Coarse roots decreased in middle soil layers (20–60 cm), whereas the highest density of fine roots was in deep soil layers (60–120 cm). The roots of Ao at the top of the dune were primarily in the shallow soil layer and were composed primarily of fine roots (82.88%). Fine roots of leeward Ao were distributed in the upper 40 cm.
[image: Figure 4]FIGURE 4 | Root distribution of Artemisia ordosica (Ao) in positions with different dune geomorphology. (A) Windward, (B) top of the dune, and (C) leeward.
Vertical Variation in Soil Water Content and Isotope Composition
As shown in Figure 5, SWC fluctuated as soil depth increased, with the surface 20 cm particularly affected by precipitation and evaporation. The highest SWC windward (3.59 ± 1.14%) and at the top of dune (3.97 ± 0.97%) was in the top 20 cm, whereas the highest SWC leeward (3.74 ± 1.66%) was in the middle soil layer (40–60 cm). The causes for this phenomenon were the large fluctuations in SWC because of the highest rainfall in July, which resulted in different levels of soil moisture at different topographic positions and under different cover conditions. However, there was no change in SWC in deep soil layers during the growing season. Compared with the upper 20 cm, the SWC was lower below 60 cm in all study sites.
[image: Figure 5]FIGURE 5 | Vertical variation in soil water content (SWC, %) in positions with different dune geomorphology. (A) Windward, (B) top of the dune, and (C) leeward.
Nevertheless, the vertical changes in oxygen isotope values in soil water were different from those of SWC (Figure 6). Except for increases in δ18O values with increasing soil depth at all sites in July, the variation in soil water oxygen isotope values was the same in the other seasons and decreased as soil depth increased. There were the strong fluctuations in values that were concentrated in shallow soil layers. Windward, the soil water δ18O value ranged from −8.56 ± 0.42‰ to 2.40 ± 1.42‰ in the upper 20 cm. In the same soil layer, values ranged from −7.01 ± 0.22‰ to 3.74 ± 0.40‰ at the top of dune, whereas the largest range was leeward, from −10.39 ± 0.34‰ to 3.58 ± 0.80‰. In the middle soil layers, soil water oxygen isotope values decreased in all sites.
[image: Figure 6]FIGURE 6 | Vertical variation in soil water δ18O values in positions with different dune geomorphology. (A) Windward, (B) top of the dune, and (C) leeward.
Seasonal Variation in Isotope Composition of Xylem Water
The global meteoric water line (GMWL, δD = 8δ18O+ 10) indicates the connection between different water pools in the water cycle (Craig, 1961). From Figure 7, both slope and intercept of the local meteoric water line (LMWL, δD = 8.79δ18O+ 23.86) are greater than that of GMWL. Simultaneously, the soil evaporation line (SWL, δD = 5.39δ18O− 20.19) was to the lower right of the LMWL (Figure 7). The lower slope indicated that evaporation fractionation effects in the soil surface affected δD and δ18O enrichment in soil water. In addition, the δD and δ18O values in xylem water of individuals were distributed around those of soil water and groundwater, which indicated that the plants primarily take up soil water from different depths and the groundwater.
[image: Figure 7]FIGURE 7 | Linear regression of δD and δ18O values in different water pools in the study site.
The δ18O of Ao twig water at positions with different dune geomorphology showed seasonal variation (p < 0.05), with the highest value (enriched) in June and the lowest (depleted) in July (Figure 8). At the beginning of the growing season (May), the δ18O values of Ao at the top of the dune and on the leeward slope were greater than those on the windward slope (p < 0.05). However, in the middle of growing season (July), there was greater enrichment on the windward slope (p < 0.05). At the end of the growing season (September), there was no significant difference among the different topographical positions (p > 0.05). Overall, the δ18O value of Ao twig water on the top of the dune (−4.05 ± 0.70‰) was higher than that on leeward (−4.42 ± 0.71‰) and windward (−4.56 ± 0.52‰) slopes.
[image: Figure 8]FIGURE 8 | Seasonal variation in δ18O xylem water of Artemisia ordosica (Ao) in positions with different dune geomorphology. The same letter means that there is no significant difference between different positions of dune (p > 0.05), whereas different letters refer to significant differences between micro-landforms in dune (p < 0.05).
Seasonal Variation in Contributions to Water Uptake
At the same topographical position, Ao obtained water from different sources in different seasons (Figure 9). At windward, Ao used four potential water pools in May, and the relative water uptake was in the range from 0.19 to 0.28, which represent the portion of water obtained from each of the four pools. However, plants were not likely to use groundwater in future growing seasons, because they shifted use to large amounts of the three soil water pools in the middle of the growing season and to shallow soil water (0.90) at the end of the growing season. Plants used only three layers of soil water at the top of the dune and leeward. At the top of the dune, Ao absorbed shallow soil water at the beginning and the end of the growing season but absorbed soil water from middle layers in July. Nevertheless, Ao leeward first used shallow soil water in the growing season and then used shallow soil water as well as middle soil water in the following months. Overall, Ao used shallow soil water the most, and its water uptake pattern was consistent with the root distribution at positions with different dune geomorphology.
[image: Figure 9]FIGURE 9 | Relative water uptake of Artemisia ordosica (Ao) at positions with different dune geomorphology. (A) Windward, (B) top of the dune, and (C) leeward.
In the same growing season, Ao exploited different water pools in different topographical positions. Early in the growing season, Ao at the top of the dune and leeward relied on shallow soil water as the main water source, whereas windward Ao used three layers of soil water as well as groundwater for uptake. In the summer, Ao on the top of the dune switched and used 0.85 of middle soil water, whereas those windward and leeward absorbed soil water from three layers of soil. However, shallow soil water was the main water source at all sites at the end of the growing season. Overall, Ao at the top of the dune and leeward tended to use the upper 60 cm of soil water during the entire growing season, whereas windward Ao used all potential water sources at the beginning of the growing season.
DISCUSSION
Potential Causes for Different Soil Water Contents in Positions With Different Dune Geomorphology
The SWC at the top and on windward and leeward slopes of the sand dune was not significantly different during the growing season in 2019 (p > 0.05). The SWC is easily affected by topography, soil texture, and vegetation (Hawley et al., 1983; Famiglietti et al., 1998), with slope often the most important factor affecting spatial changes in SWC. For example, the SWC in areas with steeper slopes is generally lower than that in areas with more gentle slopes (Famiglietti et al., 1998). Therefore, theoretically, the SWC on the top of the dune should be higher than that on windward and leeward slopes, which is consistent with the results in this study. On the natural fixed dune, soil particle sizes at different topographic positions were not significantly different (p > 0.05, Table 1). Nevertheless, the proportions of coarse sand and medium sand on the windward slope were greater than those on the leeward slope and at the top of the dune. In the relation between SWC and soil texture, SWC is positively correlated with the content of clay particles and negatively correlated with the content of coarse sand (Pan and Wang, 2009). In addition, vegetation height and coverage affect the distribution of soil moisture (Famiglietti et al., 2008). As shown in Figure 3, the height and crown width of individuals at the top of the dune were greater than those on windward and leeward slopes, which was consistent with the distribution of SWC. Pan et al. (2015) observed similar results in arid desert in northern China.
Soil moisture is one factor that limits growth of vegetation in the study area (Lu et al., 2012). The interdune groundwater level was 1.0–1.5 m on the windward side of the study dune; hence, the individuals on the windward slope could possibly absorb groundwater. However, the dune height was above 7 m, and as a result, plants at the top and on the leeward slope of dune likely had difficulty accessing groundwater. Precipitation is the first water source available for desert plants and determines the survival of plants in arid and water-limited environments (Schwinning et al., 2004). In deserts, fluctuations in precipitation during the growing season can be reflected in seasonal changes in soil moisture, as shown in Figure 2 for this study (Porporato et al., 2002). In addition, initial soil moisture content, vegetation transpiration, and soil evaporation also affect the seasonal distribution of SWC (Hawley et al., 1983; Berndtsson et al., 1996; Pan and Wang, 2009; Shen et al., 2015). In this study, the ground surface quickly thawed to replenish soil moisture as temperatures gradually increased in May. At that stage, plants began to germinate, and because seedling soil water consumption and transpiration were relatively weak and soil surface evaporation was low, the SWC remained relatively high. Then, as plants began to grow in June, consumption exceeded replenishment by rainfall, and the SWC decreased immediately. In July, which had the most precipitation of the year, SWC was also the highest of the entire growing season. Although precipitation remained relatively high in August, SWC reached the second lowest value because plant transpiration consumed much of the soil water and the highest evaporation occurred at the soil surface. In September, SWC increased as precipitation and evapotranspiration and soil water use decreased. Overall, the seasonal variation in SWC beneath Ao was similar at the positions with different dune geomorphology.
The vertical distribution of SWC is affected by soil type, precipitation, topographic factors, land cover, and root distribution (Hawley et al., 1983; Pan et al., 2015; Yu et al., 2016). The distribution of SWC in study site was influenced by the distribution of roots, soil particle size, and vegetation cover at the different topographic positions. In uplands in an arid climate in a previous study, shallow infiltration led to shallow rooting (Fan et al., 2017). The infiltration depth of precipitation in the study area is within the top 40 cm of soil (Lu et al., 2013), which is consistent with the results in Figures 5A–C. The SWC at the concentrated layer of a root system is relatively low (Yu et al., 2013; Yu and Jia, 2014). As shown in Figure 4, relatively few fine roots were distributed in the top 20 cm on the windward slope; whereas fine roots were primarily concentrated in the surface 20 cm at the top and on the leeward slope of the dune. In addition, the root–shoot ratio of Ao on the windward slope was much larger (1.00) than that of Ao at the top (0.40) and on the leeward slope (0.36). The aboveground portion of plants was also larger. Therefore, SWC on the windward slope was significantly lower than that in other positions in July. Moreover, the canopy, height, coverage, and density of Ao on the leeward slope were lower than those on the windward slope and at the top (Figure 3), which might cause evaporation to be greater than that at the other two sites. In addition, coarse soil particles on the leeward slope likely led to poor water holding capacity at the soil surface, resulting in greater infiltration to the middle and deep soil layers. Under the influence of multiple factors, the surface SWC was relatively low and the middle layer SWC was relatively high on the leeward slope.
Water Use Patterns at Positions with Different Dune Geomorphology
Seasonal variation occurred in the water sources of plants, which indicated that Ao absorbed water from different pools at different stages in the growing season (Figure 9). In general, the seasonal variation in water sources used by plants is determined by two factors: the distribution of plant root systems and seasonal variations in hydrological conditions (Zencich et al., 2002; Asbjornsen et al., 2008; Pan et al., 2020). In spring (May), Ao at the top and on the leeward slope absorbed more than 0.70 of shallow soil water, whereas Ao windward used water from three soil layers and groundwater because the contribution of shallow soil water was from 0.19 to 0.28. This result might be because the leeward slope soil contained more coarse sand, which led to a shallow distribution of roots that used a large amount of shallow soil water. As shown in Figures 2 and 5, the shallow soil water at the top of the dune and on the leeward slope was sufficient to support plant growth in the spring, whereas windward individuals had the largest amount and hence needed more water to germinate at the beginning of the growing season. In July, Ao on the top of the dune switched and used 0.85 of middle soil water, whereas water was absorbed from three soil layers soil on windward (0.26–0.33) and leeward (0.31–0.37) slopes. This water uptake pattern seemed inconsistent with the root distribution shown in Figure 4 of individuals dug outside of the sampled plot. However, where soil moisture is available, root activity rather than root presence can be a reliable indicator of actual water uptake dynamics in arid and semi-arid environments (Ehleringer and Dawson, 1992; Tiemuerbieke et al., 2018). It is most likely because of a trade-off between the activity of shallow and deep roots (Williams and Ehleringer, 2000; Martin-Gomez et al., 2015; Wang et al., 2019; Zhou et al., 2019). In addition, as shown in Figure 5, the highest SWC value was at 20–40 cm in July, which was consistent with the water uptake layer. The water uptake pattern of Ao in the summer was driven by SWC, consistent with other studies in the deserts of northern China (Pan et al., 2020). At the end of the growing season, all individuals used shallow soil water as the main water source, because SWC decreased as soil depth increased in September. Thus, the Ao at different topographic positions used different pools as the water source in different parts of the growing season, which was related to SWC, precipitation, and the activity of root systems under the influence of micro-topography. Overall, Ao likely used the upper 20 cm of soil water at all dune sites during the growing season.
The Impact of Climate and Topography on Root
The root zone water storage is the core of hydrological models as it controls the partitioning of available water for plant use (Gao et al., 2014). In this study, the root zone was different in three sites for same species (Figure 4). At the windward slope, the root zone was extending to more than 200 cm depth, whereas only 20 cm depth on the top of and 50 cm depth at the leeward slope. The ability of root zone water storage is controlled by root zone storage capacity SR (Gentine et al., 2012), which accounts for the volume of water accessible to roots (Gao et al., 2014), and determines the maximum amount of soil moisture potentially available for vegetation transpiration (Wang-Erlandsson et al., 2016). Gao et al. (2014) showed that vegetation in arid catchments requires a higher SR to store more water, which are mainly controlled by atmospheric moisture supply, canopy demand dynamics, and seasonality of precipitation. In semi-arid alpine desert, precipitation was concentrated in the summer so that vegetation could use sufficient water during the vigorous growth period to obtain the necessary soil water volume by lateral or vertical growth to adapt their root zones (Schenk, 2005). In addition, SR estimates implicitly capture the root density that is active in water uptake more than root zone depth. Thus, in next step, we should take more attention on the factors affected on root zone water storage capacity because it emphasizes the role of co-evolution of vegetation and hydrology and understands the hydrological response of revegetation individuals.
Besides, topography is often the dominant driver of water movement caused by prevailing hydraulic gradients (Gao et al., 2018) and rooting depth (Fan et al., 2017). Plant rooting depth affects ecosystem resilience to environmental stress such as drought (Fan et al., 2017). Roots are highly adaptive to local soil environments, which was approved by soil particle size distribution. In study sites, windward has the coarse sand in the surface 20 cm depth, whereas more very fine sand in the other two sites (Table 1), which was prone to precipitation infiltration and downward growth of roots approved by Fan et al. (2017). In water-limited environment, roots connect soil water or groundwater to the atmosphere, thus influencing the local hydrologic cycle and climate.
It was warmer and increased precipitation in northern Tibetan Plateau in recent years. However, different types of vegetation exhibited different sensitivities to climatic change, which were attributed to the different initial conditions and changes in climatic factors among the types of vegetation (Shen et al., 2014; Wang et al., 2015). Previous studies show that water availability had stronger effects on aboveground net primary productivity (Wang et al., 2022), whereas increased precipitation could increase soil moisture in alpine meadow ecosystem (Shen et al., 2015; Yu et al., 2019). In alpine deserts, shrubs on dunes mainly use soil water at different depths (Jia et al., 2012; Wu et al., 2016b). Warm temperatures are beneficial because they increase the water use efficiency of alpine plants, and humidity favors higher surface SWC and promotes the maximum use of shallow soil water by plants growing in sand. The effects of stress on sand-fixing shrubs promote the benign development of sandy ecosystems. Therefore, in future research, under the background of warming and humidification, the other focus will be on the water use patterns of different types of artificial sand-fixing plants under different planting modes.
CONCLUSION
In this study, the stable isotopes of δ18O and δD were used to analyze the variability in water sources of the native species Ao during the growing season in an alpine semi-arid desert. Although the species has high cold and drought tolerance in alpine environments and also an ability to adjust to water sources at different depths, soil water primarily recharged by precipitation is the critical factor controlling its survival and growth. Ao primarily depended on water from upper soil layers in the early growing season, except for those windward. Whereas in July, with the highest rainfall and SWC, plants likely used water in middle soil layers at all topographic positions on the dune. At the end of the growing season, the use shallow soil water became predominant again. Overall, Ao used shallow soil water the most, and its water uptake pattern was consistent with the root distribution at positions with different dune geomorphology. The results of this study indicate that the micro-landforms of sand dunes affect vegetation growth not only through aeolian activities and soil properties but also through plant water use.
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Position Soil
layers/cm

Windward 0-20
20-60
60-150

Top 0-20
20-60
60-150

Leeward 0-20
20-60
60-150

Clay

0.44 (0.19)
0.27 (0.02)
023 (0.02)

0.29 (0.24)
0.22 (0.00)
0.33(0.12)

036 (0.09)
032 (0.00)
034 (0.09)

silt

6.32 (1.60)
396 (091)
4.04 (0.26)

5.74 (3.97)
3.28 (0.02)
3.08 (0.15)

532 (0.98)
299 (0.27)
3.46 (0.66)

Very
fine
sand

14.87 (3.56)
15.11 (4.98)
2087 (137)

10.43 (1.95)
9.16 (1.31)
8.56 (1.45)

983 (2.49)
7.31 (1.68)
830 (1.44)

Fine
sand

37.17 (6.39)
44.87 (1.87)
52.24 (1.08)

46.43 (3.01)
44,67 (1.36)
44.46 (3.29)

43.66 (2.49)
44.81 (1.20)
44.48 (3:37)

Medium
sand

2963 (2.91)
30.29 (6.12)
21.14 (1.62)

34.94 (2.71)
38.09 (2.30)
39.03 (1.99)

37.64 (4.87)
4167 (259)
40.26 (4.13)

Coarse
sand

10.44 (6.35)

5.29 (1.36)

089 (0.55)

2.10 (0.33)
4.58 (0.36)
4.00 (3.09

319 (1.17)
2.90 (0.45)
291 (1.99)

Very
coarse
sand

112 (1.41)
0.10 (0.14)
0.39 (0.33)

0.05 (0.08)
0.00 (0.00)
0.30 (0.26)

0.00 (0.00)
0.00 (0.00)
0.16 (0.27)

Note: data means average (standard error). The surface sedliments of study sites contain al types of particle size, shown as clay (0l < 0.005 mm), silt (0.005-0.05 mm), very fine sand
(0.05-0.1 mm), fine sand (0.1-0.25 mm), medium sand (0.25-0.5 mm), coarse sand (0.5-1 mm), and very coarse sand (1-2 mm).
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