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Abstract: Frequent periods of drought conditions are known to limit plant performance, primary 
production, and ecosystem stability in arid and semi-arid desert steppe environments. Plants often avoid 
competition by shifting their water use seasonally, which affects the water-use patterns of dominant species 
as well as the composition and structure of plant communities. However, the water-use strategies of 
dominant herbaceous species, which grow under natural field conditions in the desert steppe region of 
Ningxia Hui Autonomous Region, China, are poorly known. Here, we explored the possible sources of 
water uptake and water-use efficiency (WUE) of three dominant herbaceous plant species (Stipa breviflora, 
Agropyron mongolicum, and Glycyrrhiza uralensis) in a native desert steppe in the semi-arid area of Ningxia 
through an analysis of multiple parameters, including (1) the stable isotopic oxygen and hydrogen (δ18O and 
δ2H) compositions of precipitation, soil water, and stem water, (2) the carbon isotope (13C) composition of 
leaves, and (3) the soil water contents, based on field sampling across varying water conditions from June to 
September, 2017. Frequent small precipitation events replenished shallow soil water, whereas large events 
only percolated down to the deep soil layers. Changes in soil water availability affected the water-use 
patterns of plants. Generally, during light precipitation periods, the deep root system of G. uralensis accessed 
deeper (>80 cm) soil water, whereas S. breviflora and A. mongolicum, which only have shallow roots, primarily 
absorbed water from the shallow and middle soil layers. As precipitation increased, all three plant species 
primarily obtained water from the shallow soil layers. Variation in soil water uptake between the dry and wet 
seasons enabled plants to make better use of existing satoil water. In addition, the δ13C values of G. uralensis 
and S. breviflora were higher than those of A. mongolicum. The δ13C values of the three plant species were 
significantly negatively correlated with soil water content. Therefore, G. uralensis and S. breviflora maintained a 
higher WUE through their conservative and water-saving strategies across the entire growing season. In 
contrast, A. mongolicum, with a relatively low WUE in the wet season but a high WUE in the dry season, 
exhibited a more flexible water-use strategy. The different water-use strategies of these dominant plant 
species demonstrated the mechanisms by which plant communities can respond to drought. 
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1  Introduction 

In arid and semi-arid desert steppe climates, precipitation is typically the only means by which soil 
water is replenished. The uneven distribution of precipitation results in extreme spatial and 
temporal variability in soil moisture and controls the structure and function of plant communities 
(Antunes et al., 2018). To survive and meet growth requirements, desert shrubs must regulate their 
water use and root morphology to ensure that soil moisture can be acquired through extended 
drought periods (Wu et al., 2014). Thus, understanding the interactions between plants and soil is 
critical for determining how arid and semi-arid ecosystems will respond to changes in precipitation 
(Bai et al., 2004).  

Previous studies have shown that most grasses are opportunistic and utilize water available for 
short periods in the shallow soil layers (Wu et al., 2016; Hirl et al., 2019), while shrubs rely on 
deeper soil water sources that are more stable long term (Yang et al., 2011; Huang et al., 2015). In 
some plants, the water source used may depend on the growth stage or the availability of water in 
different seasons (Altieri et al., 2015; Antunes et al., 2018). For example, in the dry season, 
deep-rooted plants primarily use deep vadose soil water or underground water, while in the wet 
season, plants can quickly respond to precipitation by absorbing shallow soil water (Dai et al., 
2015; Ellsworth and Sternberg, 2015). Thus, plants can avoid competition through seasonal 
changes in water use, and these seasonal changes can influence the water-use patterns of dominant 
species as well as the composition and structure of plant communities (Burgess et al., 2000; 
Tanaka-Oda et al., 2018). In addition, water-source-use behavior can be associated with broader 
strategies of drought resistance (Antunes et al., 2018). 

Soil-plant-atmospheric interactions in water-limited environments have been extensively studied 
using stable isotopes. Several analytical methods for determining the source of water used by plants 
(Ellsworth and Williams, 2007; Querejeta et al., 2007) have been shown to be effective and 
accurate for tracking the movement of water in soil (Ehleringer and Dawson, 1992; Dawson et al., 
2002; Herczeg and Leaney, 2011). For example, leaf δ13C values provide a robust proxy for the 
water-use efficiency (WUE) of C3 plants, as δ13C values and WUE are positively correlated 
(Wittmer et al., 2008; Werner et al., 2012). These techniques can be used to characterize the 
water-use strategies of different plant species under different precipitation conditions 
(Moreno-Gutiérrez et al., 2012; Nie et al., 2014).  

The mismatch between plant growth and soil water capacity in different vegetation restoration 
areas often limits the progress of vegetation restoration. For example, Caragana microphylla is a 
xerophytic shrub with deep roots that has been planted over large areas in the desert steppe of 
Ningxia Hui Autonomous Region, China (Zhao et al., 2018), where seasonal droughts are frequent. 
In the dry season, the deep soil water is consumed by the deep roots of these shrubs, leading to 
water deficits in the deep soil layers and water imbalances in the original community (Bian et al., 
2015; Zhao et al., 2018). Grassland self-restoration and programs to replant forage have often been 
implemented in the native desert steppe, and these efforts have resulted in increases in vegetation 
coverage and species richness. Perennial herbs, such as Stipa breviflora, Agropyron mongolicum, 
and Glycyrrhiza uralensis, are the dominant species in e native desert steppe (Hu et al., 2019). The 
stability and water storage of native communities are superior to the stability and water storage of 
artificially planted shrub communities (Song et al., 2014). However, some problems associated 
with ecological restoration strategies relate to a poor understanding of (1) the water requirements 
and water-use patterns of native plants and (2) the changes in soil moisture that occur following 
precipitation before replanting forage in restored areas.  

Here, we conducted a field analysis of two typical undisturbed steppe communities located in 
eastern Ningxia that consist of the native desert steppe. The study area is primarily composed of 
native herbaceous plants, such as A. mongolicum, S. breviflora, and G. uralensis. We combined H 
and O isotopic data collected from soil water, precipitation, and stem (or root crown) water with C 
isotopic data from leaves to assess the sources of water and the efficiency of water use under 
different precipitation and soil water conditions. The study was focused on the water-use strategies 
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of the three studied plant species; the results could provide important information for the ecological 
restoration of the native desert steppe. 

2  Materials and methods 
2.1  Study area 
The study was conducted at the Ningxia Grassland Resource Management Monitoring Station 
(37°95′N, 107°00′E), which is located in a sandy area in the eastern portion of Ningxia Hui 
Autonomous Region, China. This area is characterized by a typical temperate continental climate. 
The annual mean temperature is 7.5°C, and the maximum and minimum air temperatures are 
34.9°C and –24.2°C, respectively. The annual frost-free period is 162 d. The growing season 
begins at the end of April and ends in early October. The mean annual precipitation is 
approximately 280.0 mm, with more than 70% of precipitation falling between June and 
September. The potential annual evapotranspiration is 2710.0 mm (Zhu et al., 2016). 
Topographically, the area is characterized by gentle-sloping uplands (Fig. 1). The groundwater 
table is located between 3 and 8 m below the ground surface, and the main soil types include 
sierozem and aeolian sandy soils. Given the local climate, plant growth usually consumes most of 
the soil water in the spring and summer seasons. Water accumulates in the soil in autumn and 
slightly declines in winter (Song et al., 2014; Zhao et al., 2018). 

Two typical desert steppe plant communities (800 m apart) were selected as experimental sites. 
The first site was dominated by A. mongolicum, and fencing has been in place around this site since 
2003 to prevent animal grazing. The second site was dominated by S. breviflora and G. uralensis, 

 
Fig. 1  Geographic location of the study area (a) and photographs of Stipa breviflora (b), Agropyron mongolicum 
(c), and Glycyrrhiza uralensis (d) 
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and fencing has been in place around this site since 2007. These three types of plant communities 
observed within the study area belong to the same vegetation layer. S. breviflora and A. 
mongolicum plant species are dense bundle-type and sparse clump-type perennial grasses, 
respectively. Their roots are primarily concentrated in the 0–40 cm soil layer (Cheng et al., 2008; 
Zhao et al., 2017). G. uralensisis is characterized by deep axial root systems. All species represent 
important forage and ecological resources in the native desert steppe. The A. mongolicum site is 
primarily composed of compacted sierozem in the form of unconsolidated sediment (Fig. 2a), and 
the S. breviflora+G. uralensis site mainly consists of compacted aeolian sandy soil (Fig. 2b). 

 
Fig. 2  Photographs showing compacted sierozem in the form of unconsolidated sediment in the A. mongolicum site (a) and 
compacted aeolian sandy soil in the S. breviflora+G. uralensis site (b) 

Field sampling was conducted in the growing season in 2017 under different precipitation 
conditions. The sampling dates were 26 June, 2 August, and 3 September. The total precipitation 
for the 10 d before the sampling of each month was 15.1 mm (in the middle of summer), 37.7 mm 
(in late summer), and 85.8 mm (in early autumn), respectively. Thus, we defined the sampling 
dates as the early dry season, late dry season, and wet season, respectively. More details on the 
characteristics of the dominant plant species and sizes of soil particles are provided in Table 1 and 
Figure 3, respectively. 

Table 1  Characteristics of the dominant plant species 

Species Family Height 
(cm) 

Density 
(plants/m2) 

Coverage 
(%) Roots 

Agropyron 
mongolicum Gramineae 28.13±12.5 31.40±11.70 12.80±5.40 Sparse clump-type, with the 

rooting depth of 80–100 cm 

Stipa breviflora Gramineae 12.93±2.30 13.40±5.60 21.60±13.50 Dense bundle-type, with the 
rooting depth of 60–80 cm 

Glycyrrhiza 
uralensis Leguminosae 21.60±5.10 8.80±3.60 5.20±2.90 Rhizome-type, with the rooting 

depth of 150–200 cm 
Note: Mean±SD. 

 

Fig. 3  Variations in soil texture as a function of depth in A. mongolicum (a) and S. breviflora+G. uralensis (b) 
sites. Error bar represents standard error of the mean of three observations. The particle size classes were defined as 
coarse sand (0.10–2.00 mm), fine sand (0.05–0.10 mm), and silt and clay (<0.05 mm). 
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2.2  Field sampling 
From May to September 2017, the precipitation, temperature, humidity, and other meteorological 
variables were monitored at a small meteorological station in experimental sites (Fig. 1). 
Precipitation sample was collected in clean, plastic containers and immediately transferred to a 
sampling bottle. A total of seven precipitation events were sampled from June to September 2017. 
Groundwater was collected from a 5-m deep well (made of Unplasticized Polyvinyl Chloride 
(UPVC)), which was located approximately 300 m southwest of the S. breviflora+G. uralensis site 
and approximately 600 m southeast of the A. mongolicum site.  

We established a 100-m transect within each site. There were three sampling plots in the A. 
mongolicum site, and six sampling plots in the S. breviflora+G. uralensis site (three sampling plots 
for both S. breviflora and G. uralensis). Every replication sample was collected by 10 plants from 
its sampling plot (one part stem and three functional leaves were collected from one plant) on clear 
days at least 3 d after the last precipitation. G. uralensis samples were obtained from the 
non-photosynthetic tissues of the stem by stripping them off the epidermis. A. mongolicum and S. 
breviflora samples were collected from non-photosynthetic tissues at the root crown (interface 
between the shoot and root systems). These materials were enclosed in a screw-capped glass vial 
sealed with parafilm for subsequent analyses of H and O stable isotope ratios. The leaves of each 
plant species (10 plants) were collected and placed in the sample bags to analyze their 13C stable 
isotope ratios. 

In addition to plant tissue sampling, we also collected soil samples from 0–140 cm depth at 
20-cm intervals within each sampling plot. The samples were collected using a 5-cm diameter soil 
auger. Soil samples were divided into two parts. One part was placed in a screw-capped glass vial 
to analyze H and O stable isotope ratios; the other part was placed in an aluminum box to analyze 
soil moisture content, which was determined by the oven-drying and balance-weighing method 
(Zhu et al., 2016). When the collection of the three replicates was completed, all samples used for 
stable isotope analyses were immediately stored in a refrigerator and then transported to the 
laboratory. 
2.3  Stable isotope analysis 
Plant stem tissue and soil samples were kept frozen at –20°C, and precipitation and well water 
samples were stored at 4°C in the laboratory until subsequent H and O isotope analyses. The plant 
leaves were dried at 60°C for 72 h and then ground into powder for carbon isotope analyses. Water 
extractions from plant stems and soils, as well as isotopic analyses of samples, were conducted at 
the Huake Jingxin Stable Isotope Laboratory of Tsinghua University, Shenzhen City, China. Water 
in soils and plant stems was extracted using a cryogenic vacuum distillation apparatus (Horton et 
al., 2003). A MAT 253 isotope ratio mass spectrometer (Thermo Fisher Scientific, Inc., USA) was 
used to analyze the 18O/16O isotope ratios in CO and 2H/1H ratios in H2. The 13C/12C isotope 
composition was determined from 1 mg samples with a DELTA V Advantage isotopic ratio mass 
spectrometer (Thermo Fisher Scientific, Inc., USA).  

The δ2H, δ18O, and δ13C values were expressed as: 
δ2H, δ18O, or δ13C (‰)=(Rsample–Rstandard)×1000‰,                   (1) 

where R is the molar ratio of the heavy to light isotopes in the sample relative to the appropriate 
standards. The Vienna standard mean ocean water was used as the standards for H and O, and the 
Pee Dee Belemnite carbonate was used as the standard for C. The accuracies of the analyses were 
as follows: δ2H<±1.0‰, δ18O<±0.2‰, and δ13C<±0.1‰. 
2.4  Data analyses 
To analyze the sources of water in the dominant species, we compared the δ2H or δ18O values of 
stem water and soil water within different soil layers. Specifically, the similarity in the δ2H or δ18O 
values between sources was used to infer the primary water sources absorbed by the plants. We 
then used the IsoSource software (Phillips and Gregg, 2003; Querejeta et al., 2007) to determine 
the fractional contribution of water sources to the studied plant species. The water in the 
neighboring soil layers with similar δ2H and δ18O values was combined and then four water sources 
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were determined, including water occurring at depths of 0–20 cm (shallow soil layer), 20–40 cm 
(middle soil layer), 40–80 cm (deep soil layer), and 80–140 cm (deeper soil layer). Before running 
the IsoSource software to determine the range of potential source contributions, we set the source 
increment to 1% and the mass balance tolerance to 0.05%. 

All data were collated and displayed in Microsoft Excel 2010. Statistical analyses were 
conducted in SAS 8.1 software (SAS Institute, Cary, NC, USA). Two-way or three-way analysis of 
variance (ANOVA) was used to detect the significance of main effects (sampling date, species, and 
soil layer), and multiple comparisons of means were performed using Duncan's tests at the 5% 
level. The 95% confidence intervals of the different model parameters and the Akaike information 
criterion were further used to test whether models were significantly different (Wang et al., 2008).  

3  Results 
3.1  Distribution of precipitation and temperature 
The temporal distribution of precipitation in the plant growing season was uneven. There were 26 
precipitation events in the dry season, which extended from May to July, and the total precipitation 
was 107.7 mm (Fig. 4). From August to September, there were 21 precipitation events with 120.2 
mm of total precipitation. Precipitation in September dropped sharply to 22.3 mm. July was the 
hottest month (25.2°C), followed by June (21.8°C) and August (20.8°C). Thus, plants likely 
experienced severe water stress in July. 

 
Fig. 4  Daily precipitation and temperature from May to October 2017 

3.2  Isotopic signatures of the potential water sources 
As shown in Figure 5a, precipitation and groundwater were close to the global meteoric water line 
(GMWL; δ2H=8δ18O+10; Craig, 1961). The δ2H and δ18O values of soil water and plant stem 
water primarily fell on the right side of the local meteoric water line (LMWL; Fig. 5b) and varied 
from –81.56% to –38.62% and from –11.93% to 1.19%, respectively. The equation of the soil 
water evaporation line (SWEL) was determined to be δ2H=3.59δ18O–37.35 (R2=0.81), and the 
regression line did not overlap with that of the LMWL. The δ2H and δ18O values of plant stem 
water were primarily distributed on the right side of the SWEL, and the confidence intervals for 
both did not overlap (Table 2). Data obtained from the collected soil water samples were plotted for 
the different soil layers in Figure 5c. The SWEL (δ2H=2.85δ18O–42.99; R2=0.58) at depths of 0–60 
cm fluctuated around the evaporation line, while the SWEL (δ2H=3.98δ18O–34.20; R2=0.82) at 
depths of 60–140 cm showed less variation around the evaporation line; the confidence intervals of 
both did not overlap. The SWELs of the three plant communities were also significantly different 
(Fig. 5d). The communities of S. breviflora (R2=0.77) and G. uralensis (R2=0.35) were more 
controlled by unproductive water loss than the A. mongolicum communities (R2=0.86). The 
confidence intervals of A. mongolicum did not overlap with those of S. breviflora and G. uralensis 
(Table 2); the SWEL for A. mongolicum was closest to the LMWL among all three species.  
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Fig. 5  Curves of δ2H and δ18O values of different water sources. (a), precipitation and groundwater (GW); (b), 
plant stem water and soil water; (c), soil water of 0–60 and 60–140 cm layers; (d), soil water of plant communities. 
GMWL, global meteoric water line (δ2H=8δ18O+10); LMWL, local meteoric water line (δ2H=8.10δ18O+7.18; 
R2=0.9332; n=9); SWEL, soil water evaporation line; PWEL, plant stem water evaporation line. The corresponding 
curve equations of SWEL and PWEL are shown in Table 2.  

Table 2  Confidence intervals and statistics of the curve equations of SWEL and PWEL 

Item Equation 

Confidence interval of model 
parameters 

R2 F value df Sig. At 2.50% level At 97.50% level 
δ2H δ18O δ2H δ18O 

SWEL δ2H=3.59δ18O–37.35 –39.94 3.27 –34.77 3.92 0.74 481.80 169 *** 
PWEL δ2H=2.57δ18O–44.11 –47.88 1.82 –40.34 3.32 0.65  50.25  25 *** 

SWEL (0–60 cm) δ2H=2.85δ18O–42.99 –47.48 2.27 –38.50 3.44 0.58  95.31  70 *** 
SWEL (60–140 cm) δ2H=3.98δ18O–34.20 –37.27 3.61 –31.12 4.35 0.82 446.10  97 *** 

SWEL (A. mongolicum) δ2H=4.45δ18O–31.57 –35.37 3.98 –27.77 4.91 0.86 364.80  59 *** 
SWEL (S. breviflora) δ2H=2.99δ18O–42.33 –45.53 2.58 –39.12 3.38 0.77 220.10  64 *** 
SWEL (G. uralensis) δ2H=1.74δ18O–50.07 –55.84 1.00 –44.30 2.47 0.35  22.71  43 *** 

Note: SWEL, soil water evaporation line; PWEL, plant stem water evaporation line; Sig., significance; ***, P <0.001 level. 

3.3  Changes soil water contents and the δ18O and δ2H values of soil water in different soil 
layers for different plant communities  
Soil water contents and the δ2H and δ18O values of soil water in the 0–140 cm soil profile are 
shown in Table 3. The isotopic composition of soil water in different seasons and soil layers 
changed (P<0.05), and no significant differences were observed among plant communities. The 
δ2H and δ18O values of soil water in the early dry season were higher than those in the late dry 
season and wet season. The δ2H and δ18O values of soil water were enriched in the shallow to 
middle soil layer (0–40 cm), gradually reduced from 40 to 100 cm, and increased significantly 
below 120 cm (P<0.05). 

Soil water contents of the three plant communities varied between seasons and soil layers (Table 
3; Fig. 6). Soil water contents of the wet season were significantly higher than those of the dry 
season within each plant community (P<0.05). Soil water content of the A. mongolicum community 
was significantly higher than those of the S. breviflora and G. uralensis communities (P<0.05). For 
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the S. breviflora and G. uralensis communities, soil water contents in the 20–40 and 120–140 cm 
soil layers were significantly higher than those of the other soil layers; for the A. mongolicum 
community, soil water content in the 80–140 cm soil layer was the highest. Soil water in deeper 
layers (80–140 cm) was not significantly different across different season within each community.  

Table 3  Comparisons in soil water content and the δ2H and δ18O values of soil water in different soil layers of 
different plant communities in different seasons  

Factor Item Soil water content (%) 
Soil water 

δ2H value (‰) δ18O value (‰) 

Season 

Early dry season 5.29c −61.42a −6.87a 
Late dry season 6.34b −66.77b −8.20b 

Wet season 9.05a −68.43b −8.32b 
Sig. *** *** *** 

Community 

A. mongolicum 9.86a −66.49a −7.80a 
S. breviflora 5.78b −65.58a −7.72a 
G. uralensis 5.47b −65.04a −7.98a 

Sig. *** ns ns 

Soil layer 

0–20 cm 4.80c −63.22a −7.06a 
20–40 cm 7.14b −64.34ab −7.52ab 
40–60 cm 5.17c −65.93b −8.08bc 
60–80 cm 4.91c −65.51ab −7.93bc 
80–100 cm 8.96a −66.88bc −8.31c 
100–120 cm 8.91a −69.18c −8.59c 
120–140 cm 9.17a −64.99ab −7.37ab 

Sig. *** *** *** 
Note: Different lowercase letters in the same column indicate significant differences at the 5% level among different items for the same 
factor. Sig., significance; ns, P>0.05 level; ***, P<0.001 level. 

 

Fig. 6  Soil water contents at 0–140 cm soil depths for S. breviflora (a), G. uralensis (b), and A. mongolicum (c) 
communities measured in different seasons  

3.4  Changes in the δ2H and δ18O values of stem water and δ13C values of leaves among three 
plant species in different seasons 
The isotopic signatures for stem water and leaves within A. mongolicum, S. breviflora, and G. 
uralensis showed different responses to different water conditions (Table 4; Fig. 7). The δ2H and 
δ18O values among the three plant species in the late dry season (precipitation of 37.7 mm) were 
the highest and were not within the range of values observed in soil water. The δ2H and δ18O values 
of A. mongolicum were significantly higher than those of S. breviflora and G. uralensis (P<0.05). 
As precipitation increased, the δ13C values of S. breviflora and G. uralensis initially increased and 
then declined, whereas the δ13C values of A. mongolicum decreased gradually. The δ13C values of 
G. uralensis were the highest in the early dry season (precipitation of 15.1 mm), followed by S. 
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breviflora and A. mongolicum. The δ13C values of the three plant species were significantly 
negatively correlated with soil water content (P<0.05), whereas the δ2H and δ18O values of the 
three plant species were not significantly correlated with soil water content (Table 5). There was a 
significant relationship between the δ13C and δ18O values for S. breviflora. 

Table 4  Comparisons of the δ2H and δ18O values of stem water and δ13C values of leaves among different plant 
species in different seasons 

Factor Item δ13C value (‰) δ2H value (‰) δ18O value (‰) 

Season 

Early dry season −26.23a −60.69b −5.04b 
Late dry season −26.07a −49.43a −2.72a 

Wet season −26.90b −56.75b −5.68b 
Sig. *** *** *** 

Plant species 

A. mongolicum −27.58b −50.12a −2.49a 
S. breviflora −25.85a −56.81b −4.96b 
G. uralensis −25.76a −59.93b −5.99b 

Sig. *** *** *** 
Season×Species Sig. *** *** *** 

Note: Different lowercase letters in the same column indicate significant differences at the 5% level among different items for the same 
factor. Sig., significance; ***, P<0.001 level. 

 
Fig. 7  δ2H (a) and δ18O (b) values of stem water and δ13C values (c) of leaves for S. breviflora, A. mongolicum, 
and G. uralensis in different seasons. Error bar represents standard error of mean of the observed values. 

3.5  Quantification of water-use sources for the three plant species 
In the early dry season, the water use of S. breviflora was primarily derived from the shallow and 
middle soil layers with a proportional water use of 85.1%, while A. mongolicum primarily acquired 
water from the shallow (0–20 cm) and deep (40–80 cm) soil layers (Fig. 8). G. uralensis primarily 
used water from the deeper soil layer (>80 cm) with a proportional water use of 79.6%. In the late 
dry season, the δ2H and δ18O values of S. breviflora and A. mongolicum cannot be used to quantify 
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the depth of water uptake. G. uralensis primarily used water from the 0–20 cm and deeper soil 
layers. In the wet season, precipitation was relatively abundant, and the water sources of S. 
breviflora and A. mongolicum were similar; the two plant species mainly used water from the 
shallow and middle (0–40 cm) soil layers, with water use percentages of 88.9% and 99.0%, 
respectively. G. uralensis mostly used water from the shallow soil layer (0–20 cm) with a 
proportional water use of 94.3%.  

Table 5  Correlations among soil water content, δ2H and δ18O values of stem water, and δ13C values of leaves for 
A. mongolicum, S. breviflora, and G. uralensis communities 

Species Parameter δ18O value δ2H value δ13C value 

A. mongolicum 

Soil water content –0.00 0.37 –0.80** 
δ18O value 1.00 0.79* –0.26 
δ2H value 0.79* 1.00 –0.46 
δ13C value –0.26 –0.46 1.00 

S. breviflora 

Soil water content –0.50 –0.02 –0.77* 
δ18O value 1.00 0.78* 0.89** 
δ2H value 0.78* 1.00 0.55 
δ13C value 0.89** 0.55 1.00 

G. uralensis 

Soil water content 0.16 –0.53 –0.93** 
δ18O value 1.00 0.51 –0.18 
δ2H value 0.51 1.00 0.65 
δ13C value –0.18 0.65 1.00 

Note: *, P<0.05 level; **, P<0.01 level. n=9. 

 
Fig. 8  Relative contributions of potential water sources for G. uralensis, S. breviflora, and A. mongolicum in the 
different soil layers in the early dry season (a, b, c) and wet season (d, e, f). Bars represent the possible relative 
contribution ranges of potential water sources. 

4  Discussion 
4.1  Soil water source and movement of water in the vadose zone 
Precipitation is the only water source supporting plant growth in the study area (Song et al., 2014). 
The soil water profiles showed that soil water content of the 0–20 cm layer at the time of collection 
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was low, indicating that there was significant evaporation from the surface soil layers following 
large precipitation events in the wet season. Soil water content of the deeper soil layer (>80 cm) did 
not change significantly, implying that the water had not been replenished by any of the 
precipitation events. Thus, frequent small precipitation events replenished the shallow soil water, 
whereas large events only percolated down to the deep layers (40–80 cm). 

The stable isotopic composition of soil water has previously been used as a natural tracer for 
studying the processes of precipitation infiltration and subsurface water migration (Dawson et al., 
2002; Deng et al., 2017). In the study area, the LMWL was close to the GMWL (δ2H=8δ18O+10) 
(Craig, 1961), suggesting that the values were not significantly affected by evaporation. The SWEL 
(δ2H=3.59δ18O–37.35) was below the LMWL and did not overlap it. These data indicated that the 
isotopic composition of soil water was no longer similar to meteoric water but had undergone 
evaporation. Thus, evaporation affected soil water within our experimental plots. Fluctuations of 
the SWEL in the upper soil layers (<60 cm) were also significantly larger than those in the deeper 
soil layers (>60 cm) (P<0.001), indicating that the upper soil was more strongly influenced by 
individual precipitation event as the isotopic signature of precipitation increasingly attenuated with 
soil depth. This observation indicated that deeper soil water was not affected by percolating 
precipitation, which was consistent with changes observed in soil water content. However, deep 
soil water might be replenished by precipitation after the growing season and by melting snow in 
early spring (Yang et al., 2011).  

The combined processes of soil water evaporation, infiltration, and mixing characterize the slope 
of the SWEL (Herczeg and Leaney, 2011). Thus, the soil water retention of the S. breviflora+G. 
uralensisis site, which was characterized by a more bare soil relative to that of the A. mongolicum 
site, was poor, resulting in a large degree of soil moisture loss. Because of the larger quantities of 
aeolian sandy soil in the S. breviflora and G. uralensisis communities (Fig. 2), water followed 
preferential flow paths, leading to the rapid downward percolation of water into the shallow soil 
layers (Chen et al., 2018). The downward percolation of water changed the soil isotopic profile by 
replacing the ''old soil water'' with ''new infiltrating water'' (Zhu et al., 2016). Therefore, the SWEL 
suggested that the S. breviflora+G. uralensis site was drier and characterized by a poorer soil 
habitat compared with the A. mongolicum site. These findings indicated that the effect of 
infiltrating precipitation and evaporation on the δ18O and δ2H values of soil water was greater than 
the effect of vegetation. 
4.2  Water uptake patterns of the three plant species 
Previous studies have often suggested that plant water isotopic signatures do not match any 
available water source (Oerter et al., 2018). We obtained similar findings in this study. The δ18O 
versus δ2H fitting curves (δ2H=2.57δ18O–44.11) of stem water from the three dominant plant 
species were not completely in line with the SWEL, and values of stem water for the A. 
mongolicum and S. breviflora plots were located on the right side of the evaporation line (Fig. 5b). 
Thus, it was impossible to quantify the depth of the water sources obtained by A. mongolicum and 
S. breviflora, which may be highly reliant on superficial water sources (Chen et al., 2016). The 
evaporation of root crown water and the subsequent absorption of soil water by plants might be the 
cause of this problem (Bowen et al., 2018). Araya et al. (2011) suggested that ecohydrological 
separation also provides a potential explanation for these patterns.  

In the early dry season, S. breviflora and A. mongolicum plants could access soil water to depths 
greater than 40 cm (Fig. 8) but primarily rely on water available in the shallow soil layers 
replenished by precipitation. G. uralensisis plants had binary roots that developed shallow 
horizontal root system to access shallow soil water from precipitation, and they also developed 
deep vertical root system to obtain deeper soil water below 80 cm depths. In the wet season, plants 
with different root types differed little in their water-use patterns, suggesting that water use might 
not be affected by root type but instead of changes in soil water content once the available water in 
the shallow soil layers was abundant. That is, persistent periods of limited water caused plants to 
develop adaptations, such as deeper roots, to use deeper soil water (Wu et al., 2016). 
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Ellsworth and Sternberg (2015) suggested that edaphic and climatic factors controlling shallow 
soil water availability were the principal drivers of water-source use in the dry season. We found 
that the δ2H and δ18O values of plants were not significantly correlated with soil water content. 
When water conditions improved, plants primarily absorbed water from the shallow soil layers. 
Thus, the water absorbed by S. breviflora and A. mongolicum with shallow roots originated from 
the shallow soil layers over the entire growing season independent of season and soil water content 
(Chen et al., 2016; Hirl et al., 2019). Water use differed in the dry season for G. uralensis, 
presumably in response to water stress (Querejeta et al., 2007). The ability of plants to change the 
water source used in response to changes in available soil water depended on the depth and 
distribution of functional roots (Ellsworth and Sternberg, 2015; Zhu et al., 2016). Consequently, the 
strategy of switching water use between the shallow and deep soil layers was favored by 
deep-rooted plants growing in arid environments; such partitioning in water-use strategies 
minimized the competition for water that became available via small, ephemeral precipitation 
events in the prolonged drought periods (Wu et al., 2016). 
4.3  Water-use strategies among the three plant species 
C3 plants have higher δ13C values under stress induced by water deficiency, and WUE increases as 
δ13C values increase (Auerswald et al., 2010). In arid and semi-arid regions, plant species 
continually improve their WUE in the dry season and maintain relatively high WUE in the wet 
season through their relatively conservative water-use strategies (Nie et al., 2014). In this study, 
δ13C values of leaves for the three dominant plant species were significantly higher in the dry 
season than in the wet season (P<0.05) and significantly increased as soil water availability 
decreased (P<0.01). These differences between seasons resulted from the low levels of water 
available in the desert steppe environment. In the late dry season, precipitation increased; although 
we predicted that δ13C values would decrease, G. uralensis and S. breviflora still exhibited high 
δ13C values in contrast to A. mongolicum, and both experienced intensified water stress. We 
believed that the low water-storage capacities of the soil in the S. breviflora+G. uralensis site, as 
well as the available deep soil water in the A. mongolicum site (which reflected differences in soil 
texture), were the main reasons for these differences. Leading up to the wet season, water in the 
shallow soil layer increased, and δ13C values of leaves for all three plant species decreased. G. 
uralensis and S. breviflora still had significantly higher δ13C values than A. mongolicum, and also 
exhibited more conservative water-use strategies than A. mongolicum. A. mongolicum had a 
relatively wide range of δ13C values (corresponding to a relatively low WUE in the wet season but 
a high WUE in the dry season) and a more flexible water-use strategy. This flexibility in water use 
is a common strategy for species to improve their WUE in the dry season (Nie et al., 2014). 
However, no relationships between WUE and water-use sources in the three plant species were 
observed, except for S. breviflora (Table 5). Previous work has suggested that different water-use 
strategies are employed to respond to changes in environmental water conditions and might be 
species-specific (Wu et al., 2016). Such differences between species permitted the coexistence 
between species and maintain community stability when competition for water was strongest 
within the desert steppe ecosystem (Moreno-Gutiérrez et al., 2012; Wu et al., 2014). 

5  Conclusions 
In this study, we clarified the dominant environmental factors controlling soil water in a native 
desert steppe in the semi-arid area of Ningxia. In the growing season, water consumption by 
evapotranspiration was often higher than that of precipitation in the same period. The amount of 
infiltrating precipitation was the main driver of variation in soil water availability and the isotope 
composition. Frequent small precipitation events replenished shallow soil water, whereas large 
events only percolated down to the deep soil layers. The S. breviflora+G. uralensis site was drier 
and characterized by a poorer soil habitat compared with the A. mongolicum site from their SWEL. 
Changes in soil water availability affected the water-use patterns of plants. The deep root system of 
G. uralensis can access deeper soil water, while S. breviflora and A. mongolicum with shallow 
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roots mainly absorbed water from the shallow soil layers during periods with little precipitation. As 
the amount of precipitation increased, the three plant species primarily obtained water from the 
shallow and middle soil layers. The highly flexible water-use strategies of A. mongolicum and 
conservative water-use strategies of S. breviflora likely facilitated advantageous responses to 
long-term drought stress. The change in water-use strategies between the dry and wet seasons 
enabled G. uralensis to make better use of existing soil water and demonstrated a mechanism by 
which plant communities can respond to drought. Generally, these native herbaceous species with 
their diverse adaptation strategies should be used for the restoration of degraded grassland 
ecosystems. 
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