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Abstract: Water is a restrictive factor for plant growth and ecosystem stability in arid and semiarid areas. The 
dynamics of water availability in soils and water use by plants are consequently critical to ecosystem functions, e.g. 
maintaining a high resistance to the changing climate. Plant water use strategies, including water-use efficiency 
(WUE) and the main water source that a plant species utilizes, play an important role in the evaluation of stability 
and sustainability of a plantation. The water use strategies of desert plants (Tamarix chinensis, Alhagi sparsifolia, 
Elaeagnus angustifolia, Sophora alopecuroides, Bassia dasyphylla and Nitraria sphaerocarpa) in three different 
habitats (saline land, sandy land and Gobi) in Dunhuang (located in the typical arid area of northwestern China) 
were studied. The stable isotope of oxygen was used to determine the main water source and leaf carbon isotope 
discrimination was used to estimate the long-term WUE of plant species in the summer of 2010. The results sug-
gest that: 1) the studied desert plants took up soil water below the depth of 80 cm; 2) T. chinensis in the three hab-
itats used deeper soil water and T. chinensis in the Gobi site had higher WUE than those in the saline land and the 
sandy land. The results indicated that desert plants in Dunhuang depended on stable water source and maintained 
high WUE to survive in water limited environments. 
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Water plays an important role in plant growth and 

ecosystem functioning. In arid and semiarid areas, 

plant communities are often exposed to water stress 

which may be critical and act to select appropriate 

adaptive strategies (Fischer and Turner, 1978; Down-

ing et al., 1997; Chaves et al., 2002; Lioubimtseva and 

Henebry, 2009). The intrinsic specialization of desert 

plant communities to these extreme habitats impli-

cates high vulnerability to any climate changes. In-

creasing exploitation of groundwater and possible 

climatic changes that may increase drought and tem-

perature could severely injure plants and therefore 

impact these valuable ecosystems (Alessio et al., 

2004). Thus, it is important to have a comprehensive 

understanding concerning water use strategies of 

plants in water limited environments. 

Stable isotope is a robust tool that has been widely 

used to the study of plant water use (Ehleringer and 

Dawson, 1992). Due to physical and climatic factors, 

different water resources are characterized by different 

isotopic signatures for both 18O/16O and D/H ratios 

(Craig, 1961; Dansgaard, 1964). Moreover, there is 

generally no stable isotope fractionation during the 

process of water uptake by terrestrial plants. Thus, 

xylem water can reflect the isotopic compositions of 

water sources used by plant species in most 
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cases (Wershaw et al., 1966; Zimmermann et al., 1967; 
Allison et al., 1983; White et al., 1985; Dawson and 
Ehleringer, 1991; Dawson et al., 1993, 2002). Nev-
ertheless, previous studies showed that some halo-
phytic and xerophytic species might possess the ca-
pacity to discriminate against deuterium isotopes 
during soil water uptake by plant roots (Sternberg 
and Swart, 1987; Sternberg et al., 1991; Lin and 
Sternberg, 1992; Ellsworth and Williams, 2007); 
while the oxygen isotopic composition of xylem wa-
ter is always in accordance with the water source 
used by plants (Alessio et al., 2004). Therefore, in 
this study, δ18O values were chosen as a measure of 
interspecific differences in source water. Moreover, 
long-term water-use efficiency (WUE) of C3 species 
can be evaluated by means of carbon isotope dis-
crimination analysis of leaf tissues (O'Leary, 1988; 
Farquhar et al., 1989). Extensive studies have been 
conducted to examine plant water use using stable 
isotope techniques in arid and semiarid ecosystems 
in USA (Lite et al., 2005; Schwinning et al., 2005; 
Stromberg et al., 2005; Nippert and Knapp, 2007), 
Australia (Dawson and Pate, 1996) and northern 
China (Ohte et al., 2003; Li et al., 2007; Duan et al., 
2008; Yang et al., 2011; Jia et al., 2012). In 
drought-prone ecosystems, different plant species in 
the same habitat may utilize water from different 
sources. Flanagan et al. (1992) observed that Juniper-
inus osteosperma would take up summer precipitation, 
but Chrysothamnus nauseosus used the groundwater 
in semi-arid pinyon-juniper woodland in southern 
Utah. In a study from the Mediterranean macchia 
ecosystem of Italy, Valentini et al. (1992) showed that 
Pistacia lentiscus, Phyllirea angustifolia and Quercus 
ilex depended more on rain water utilization; whereas 
Quercus pubescens and Quercus cerris mainly used 
groundwater during the summer drought. The same 
plant species growing in different habitats also have 
different water uptake patterns. Zhou et al. (2011) 
demonstrated that, at the Hanggin Banner site, Ni-
traria tangutorum and Artemisia ordosica depended 
mainly on shallow soil water, while at the Dengkou 
and Minqin sites both species obtained water from 
deep soil layers or groundwater. Despite these efforts, 

only a few studies employing such methods have em-
phasized to date in China (Cheng et al., 2006; Zhu et 
al., 2010; Yang et al., 2011; Zhou et al., 2013). There 
have been far fewer studies focusing on the water use 
of species in extremely arid ecosystems, like 
Dunhuang, Gansu province.  

The aim of the present study is to characterize the 
functional patterns of water sources exploitation and 
water-use efficiency of several dominant species in 
three different habitats (saline land, sandy land and 
Gobi) in Dunhuang area using a stable isotope ap-
proach. Specially, we want to address the following 
two research questions: First, in the same habitat, do 
the desert plant species use the soil water of 0–80 cm, 
and if they do, do they take up water from different 
soil depths? Second, do the common desert plant spe-
cies growing in the three different habitats differ in 
water use efficiency and water source? This work will 
be helpful for us to fully understand responses of spe-
cies to ongoing climate changes and to assess changes 
of vegetation distribution in semiarid and arid areas in 
the future. Meanwhile, it can provide theoretical 
guidance for water-saving techniques in arid areas and 
contribute to understanding of the water cycle in de-
sert ecosystems.  

1  Materials and methods 

1.1   Study area 

This study was carried out in Dunhuang area 
(39°40′–41°35′N, 92°13′–95°30′E; 1,138 m asl) lo-
cated in the westernmost point of Hexi Corridor of 
Gansu province, northwestern China (Fig. 1). It is 
characterized by a warm temperate continental arid 
climate with sparse rainfall and intense evaporation. 
Annual mean temperature (MAT) is 9.8°C. Mean an-
nual precipitation and mean annual evaporation from 
1938 to 2003 are 39.8 and 2,486 mm, respectively 
(Zhang, 2008). The monthly distribution of precipita-
tion for 2010 and seasonal variation in precipitation 
and air temperature from 1971 to 2000 are shown in 
Fig. 2. The data were obtained from the National Me-
teorological Information Centre, China Meteorologi-
cal Administration. 
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Fig. 1  Map of the study area and location of study sites 
 

 
Fig. 2  The distribution of monthly precipitation for 2010 com-
pared to the long-term mean monthly precipitation (1971–2000) 
(solid line) and the long-term monthly mean temperature 
(1971–2000) (dash line) in Dunhuang, China 
 

In Dunhuang area, saline land, sandy land and Gobi 
are the common land types, which account for a larger 
proportion of the total land area (Sang, 2006). There-
fore, typical desert plant communities for saline land, 

sandy land and Gobi were selected to carry out our 
field experiments. These study sites are mainly vege-
tated by shrubs or grasses, with the same climate. Wa-
ter resources of the studied area are composed of 
rainfall, surface water and groundwater. For this study, 
we ignored the effects of rainfall on soil water and 
groundwater because mean annual precipitation is 
only 39.8 mm. 

1.2  Field sampling 

Plant and soil sampling was conducted on 21–23 Au-
gust 2010. In each study site, three dominant plant 
species were selected for the study of water use strate-
gies. A common species, Tamarix chinensis, was sam-
pled in all study sites (Table 1). 

Sampling of twig xylem water was conducted at 
midmorning (10:00 am) when plants reached stable 
isotope equilibrium status. Stem segments (without 
leaves) of several centimeters from the shoot tip were 
taken for avoiding influence on water sources from the 
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Table 1  Geographic characteristics of site location, soil texture, plant species and life form 

Site Location Altitude (m) Soil texture Species Life form 

Saline land 
40.24°N  
94.72°E 

1,110 
Top: sandy soil 
Deep: silt clay 

Tamarix chinensis Shrub 

Alhagi sparsifolia Shrub 

Elaeagnus angustifolia Shrub 

Sandy land 
40.21°N  
94.68°E 

1,108 Sandy soil 

T. chinensis Shrub 

Sophora alopecuroides Grass 

Bassia dasyphylla Grass 

Gobi 
40.17°N  
94.84°E 

1,099 
Mixture of very coarse 

sands and gravels 

T. chinensis Shrub 

Nitraria sphaerocarpa Shrub 

A. sparsifolia Shrub 

 
leaves. The stem segments were 3–5 mm in diameter 
and 5 cm in length. Stem samples were immediately 
enclosed in screw-cap glass vials, wrapped with para-
film, and placed in a cooler with ice for transportation 
to the laboratory. In the laboratory, samples were 
stored in freeze for later water extraction. For each 
species, three individual plants were sampled repeat-
edly. 

Soil samples were collected with a hand auger at 
depths of 0–5, 5–10, 10–20, 20–40, 40–60 and 60–80 
cm in each site. These samples were separated into 
two parts: one was sealed in capped vials, wrapped 
with parafilm and stored in freeze for soil water oxy-
gen isotope analysis; the other part was sealed in soil 
tins for subsequent analysis of gravimetric water con-
tent (percentage water, measured as g water/g dry 
soil×100%). Three soil cores were taken randomly in 
each site except Gobi. In Gobi only one soil core was 
taken due to its uniformity of the landscape in vast 
area and the underlying rock. Reservoir water was 
obtained from an irrigation ditch close to sandy land 
which delivers water from Danghe reservoir. 

Leaf samples for carbon isotope analysis were also 
collected in the three sites. Fully expanded, sunny side 
leaves from at least 10 individuals of each plant spe-
cies were collected in each site to make one composite 
sample for carbon isotope composition analysis. Leaf 
samples were dried at 70°C to a constant weight, and 
then ground to 80 meshes for carbon isotope composi-
tion analysis. Three replicates for each species were 
collected in each study site. 

1.3  Stable isotope analysis 

All water samples were extracted using a cryogenic 
vacuum distillation apparatus (Ehleringer et al., 2000) 
and analyzed for oxygen isotope ratios (δ18O) using an 

elemental analyzer (Flash EA1112 HT, Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) coupled to an 
Isotope Ratio Mass Spectrometer (DELTA V Ad-
vantage, Thermo Fisher Scientific, Inc., Waltham, MA, 
USA). Oxygen isotope measurements were expressed 
in common δ notation. δ18O was referenced to 
V-SMOW with measuring precision of 0.2‰. 

Analyses of carbon isotope values of leaf samples 
were performed by a continuous flow isotope ratio 
mass spectrometer (Delta PlusXP, Thermo Finnigan, 
Bremen, Germany) coupled with an elemental analyz-
er (ECS 4010, Costech Analytical, Valencia, CA). 
Stable carbon isotope values were expressed as δ13C 

values relative to the VPDB (Vienna Peedee Belem-
nite) standard, with measuring precision of 0.2‰. 

1.4  Data analysis 

One-way analysis of variance (ANOVA) by SPSS 

17.0 software was applied to compare the variation 

of soil water content (SWC) and δ18O values of soil 

water among different soil depths, and the differ-

ences of δ13C values of leaves, δ18O values of xylem 

water among different species or among different 

habitats. If the effect was statistically significant 

(P<0.05), a least significant difference (LSD) mul-

tiple range test was used to compare the difference. 

SWC, δ18O values of soil water and xylem water, 

and δ13C values of leaves are expressed as 

mean±SE.  

2  Results and discussion 

2.1  Soil water content 

Soil water content (SWC) differed significantly 
among the three study sites (P<0.001). SWC of the 



 YongQin CUI et al.: A preliminary study of water use strategy of desert plants in Dunhuang, China 77 

saline land was significantly higher than those of the 
sandy land and the Gobi site (P<0.001). There were 
no significant differences in SWC between the sandy 
land and the Gobi site (Fig. 3). In the saline land, 
sandy soil composed the topsoil and silt clay com-
posed the deep soil; whereas the major component of 
soil in the sandy land was dry sand and soil in the Go-
bi site was characterized by a mixture of very coarse 
sand and gravel from 0 to 80 cm depth (Table 1). Soils 
in the sandy land and the Gobi site had poor water 
retention capability compared to that of the saline 
land.  

Additionally, SWC in the saline land increased with 
soil depths (Fig. 3). This is mainly attributed to sparse 
rainfall and strong evaporation: the topsoil affected by 
stronger evaporation had less soil water content, while 
SWC in the deep layer was less influenced by evapo-
ration. We separated the soil profile into two groups, 
0–20 and 20–80 cm basing on soil water content. The 
SWC of 0–20 cm was obviously lower than that of 
20–80 cm (P<0.05). Moreover, in sites of either sandy 

 
 

Fig. 3  Soil water content of different soil depths in the saline 
land, sandy land and Gobi site 

land or Gobi no apparent variation was observed in 
SWC among different soil layers. Soil water contents 
in the sandy land increased only by 0.34% from 0–20 
to 60–80 cm layer. This is probably a consequence of 
soil texture as soil in the sandy land is mainly com-
posed of dry sand, which has low water retention ca-
pacity. 

2.2  δ18O of soil water 

δ18O of soil water showed a sharp change along the 

soil profiles in the saline land and the sandy land. As 

shown in Fig. 4a, the δ18O values of soil water in the 

saline land exhibited significant variation (P<0.05) 

along soil depths. The δ18O values increased from 

–0.3‰ at 0–5 cm depth to 7.77‰ at 20–40 cm depth, 

and then decreased to –2.11‰ at 60–80 cm depth. In 

the sandy land, the δ18O values of soil water reached 

the most positive value at 40–60 cm, and then de-

creased to –0.43‰ (Fig. 4b). However, there was no 

marked variation in δ18O values (P=0.672) among 

different soil depths in the sandy land. 

Previous study suggested the position of the maxi-
mum values in the isotope profile could be used to 
determine the depth of the evaporating front (Allison, 
1998). Our results indicated that the evaporating front 
in the saline land existed at 20–40 cm soil layer, and 
in the sandy land at 40–60 cm soil layer. Above the 
evaporating front, the δ18O values of soil water in-
creased with the increasing of soil depths and water 
isotope movement was mainly in the vapour phase; 
whereas, beneath the evaporating front the isotope 
signatures of soil water decreased with the increasing 
of soil depths and dominated by liquid transport  

 

 
 

Fig. 4  The δ18O values of soil water in the saline land (a), sandy land (b) and Gobi site (c) 
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(Barnes and Allison, 1983; Allison, 1998; Kendall and 
McDonnell, 1998). A similar profile of soil water δ18O 
values was reported in a study of water sources of 
Gobi plants in middle reaches of the Heihe River (Yu 
et al., 2012). In the Gobi site, δ18O values increased 
with the increasing of soil depth (Fig. 4c). The water 
stable isotope profile can be used to determine the 
depth of an evaporating front in the soil, which is par-
ticularly useful for comparing the effects of evapora-
tion among different sites (Newman et al., 1997). In 
Fig. 4, the evaporating front was not detected among 
0–80 cm soil layers in Gobi site; we can infer that the 
evaporating front located in even deeper soil layer 
(>80 cm) in Gobi site. Moreover, the evaporating 
front existed above 60 cm soil layer in the saline land 
and sandy land (Fig. 4). Therefore, the effects of 
evaporation in Gobi site were greater than in the saline 
land and sandy land. In addition, in the sandy land, 
δ18O values of the reservoir water were relatively neg-
ative in comparison with those of soil water, suggest-
ing that significant evaporative isotope fractionations 
existed during the process of hydraulic infiltration 
from reservoir water to soil water. 

We estimated δD and δ18O for Dunhuang area and 
created the predicted Local Meteoric Water Line 
(pLMWL) using the Online Isotopes in Precipitation 
Calculator (OIPC; http://www.waterisotopes.org/). 
The Global Meteoric Water Line (GMWL: 
δD=8(δ18O)+10; Dansgaard, 1964), the pLMWL 
(δD=7.363(δ18O)+3.581, R2=0.99, P<0.01) and the 
isotopic values of soil water, xylem water are shown 
in Fig. 5. The isotopic compositions of soil and xylem 
water in the three study sites were in the area below 
the GMWL and pLMWL. The slope of the best fit line 
representing the δD–δ18O relationship for soil water 
(δD=2.589(δ18O)–59.452, R2=0.84, P<0.01) was even 
lower than that of GMWL and pLMWL. The δD and 
δ18O values of xylem water were all more negative 
than those of soil water. These results indicated that 
soil water affected by very strong evaporation en-
richment and reflected the extremely dry conditions. 

2.3  Water sources of desert plants 

Soil water is one of the most important sources that 
desert plants can use in arid and semiarid regions. In 
the three studied sites the isotope values of all plants 
were more negative than that of soil water (0–80 cm), 
which suggest that all desert plants extracted soil 

 
 

Fig. 5  Relationship between δD and δ18O in soil water and 
xylem water. The Global Meteoric Water Line (GMWL) and the 
predicted Local Meteoric Water Line (pLMWL) were also pre-
sented. 
 

water below the depth of 80 cm (Fig. 4; Table 2). Fur-
thermore, δ18O value of xylem water differed mark-
edly among species in the saline land and the Gobi 
site, suggesting that coexisting plant species had dif-
ferent water sources.  
 

Table 2  The δ18O values of plant xylem water in the saline land, 
sandy land and Gobi site 

Site Species δ18O value of xylem water 

(‰) 

Saline land T. chinensis –11.07±0.27a 

A. sparsifolia –10.07±0.17b 

E. angustifolia –9.91±0.33b 

Sandy land T. chinensis –11.35±0.38a 

S. alopecuroides –11.34±0.39a 

B. dasyphylla –9.98±0.35a 

Gobi T. chinensis –11.06±0.58a 

N. sphaerocarpa –6.17±1.63b 

A. sparsifolia –8.02±0.53b 

Note: Different lowercases represent significant differences of δ18O values 

of different species in the same site (P<0.05). Data are means±SE. 
 

In the saline land, the studied three species had 
more negative δ18O values, compared to soil water 
(0–80 cm): T. chinensis had the lowest δ18O values of 
xylem water among the three species, indicating that T. 
chinensis may take up soil water of deeper layers (>80 
cm) than the other two plants; while A. sparsifolia and 
E. angustifolia mainly used soil water of shallower 
layers and they shared soil water of the similar soil 
depth.  
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In the sandy land, there were no significant differ-
ences observed in δ18O values among the three species 
(P=0.073) and their δ18O values all below the values 
of reservoir water and soil water (0–80 cm), suggest-
ing the three studied species used deeper soil water of 
similar soil depth (>80 cm), but didn’t use reservoir 
water and soil water from 0–80 cm.  

As shown in Fig. 4c and Table 2, in the Gobi site, 
compared to the isotope ratios of soil water, the δ18O 
values of the three species were more negative than 
that of soil water (0–80 cm). The δ18O values of T. 
chinensis were significantly lower than those of N. 
sphaerocarpa and A. sparsifolia while there was no 
significant difference between the latter two species. 
Therefore, T. chinensis is likely to utilize deeper soil 
water (>80 cm) or/and groundwater; while N. 
sphaerocarpa in the Gobi site may use the shallower 
soil water than that of T. chinensis. 

There was no remarkable variation in the δ18O val-
ues of T. chinensis among the three sites (P=0.913), 
and in each study site the δ18O values of T. chinensis 
were more negative than the other two species (Table 
2). The results indicated that T. chinensis adapt to the 
three different habitats and use the deepest soil water, 
compared to the other two species in each site. 

2.4  Water-use efficiencies of desert plants 

Carbon isotope analysis adds further insight to our 
understanding of the diversity of the water use pat-
terns of desert species. Carbon isotope ratios of leaves 
ranged from –28.4‰ to –24.7‰ (Fig. 6), indicating 
all these desert plants are C3 plants (O'Leary, 1981). 
The range is generally consistent with previously pub-
lished δ13C values of some desert plants from other 
arid regions of the world (Ehleringer and Cooper, 
1988; Rundel, 1999). Compared to the average value 
(–28.14‰) of plants δ13C for a global investigation 
(Laundré, 1999), the average value (–26.70‰) of 
plants δ13C in this study is more positive. 
  In the saline land, greater variation in δ13C value 
was detected among the three plant species (P<0.05). 
The δ13C values of A. sparsifolia leaves were signifi-
cantly lower than those of T. chinensis. However, no 
significant difference in δ13C value was detected 
between E. angustifolia and A. sparsifolia or T. 
chinensis (Fig. 6). In sandy land, there was no 
remarkable significance among three different plant 

 
 

Fig. 6  Leaf δ13C values (mean±SE) of the studied desert com-
munities in Dunhuang area. Different lowercase letters indicate 
significant difference in δ13C values between plant species in 
each studied site at P<0.05 level. 
 

species (P=0.2). In Gobi, the foliar δ13C ratio of A. 
sparsifolia was significantly lower than those of T. 
chinensis (P<0.05) and N. sphaerocarpa (P<0.05), 
and the carbon isotope values were similar between T. 
chinensis and N. sphaerocarpa (P=0.512). 

The δ13C values of T. chinensis were differed sig-
nificantly among the three sites (P<0.01). The δ13C 
values of T. chinensis in the Gobi site were signifi-
cantly more positive than those in other two sites, and 
the δ13C values of T. chinensis in the saline land were 
similar to those in the sandy land. So we conclude that 
T. chinensis in the Gobi site had higher WUE than 
those in the saline land and the sandy land; whereas T. 
chinensis in the saline land and the sandy land had 
similar WUE. This is mainly related to drought stress: 
SWC in the Gobi site was markedly lower than that of 
the saline land. Other studies got similar results, i.e. in 
northwestern China, the foliar δ13C values increased 
significantly with decreasing soil water content (Wang 
et al., 2005; Ma et al., 2007).  

3  Conclusions 

In Dunhuang area, the studied desert plants did not 
use soil water from 0–80 cm, but relied more on stable 
water source such as deeper soil water (>80 cm) 
or/and groundwater in summer of 2010. By combining 
the analysis of plant water sources in each site, the 
following results have been got that: in the saline land 
T. chinensis used the deepest soil water; in the sandy 
land three species sucked up soil water of similar soil 
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depths; in the Gobi site T. chinensis relied on deeper 
soil water, compared to the other two species. All spe-
cies investigated had high WUE. Furthermore, T. 
chinensis, the common species, whose WUE increased 
with decreasing soil water content, always took up 
deeper soil water than other species and had higher 
WUE, indicating it was well adapt for dry climate. 
The potential mechanism of plant water uptake pat-
terns in Dunhuang area is likely related to extremely 
arid climate and soil properties. Despite its prelimi-
nary character, this study improved our understanding 
of the water use strategies of desert plants in 
Dunhuang area.  
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