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Abstract Desert riparian forests are the main body of
natural oases in the lower reaches of inland rivers; its
growth and distribution are closely related to water use
sources. However, how does the desert riparian forest
obtains a stable water source and which water sources it
uses to effectively avoid or overcome water stress to
survive? This paper describes an analysis of the water
sources, using the stable oxygen isotope technique and
the linear mixed model of the isotopic values and of
desert riparian Populus euphratica forests growing at
sites with different groundwater depths and conditions.
The results showed that the main water source of
Populus euphratica changes from water in a single soil
layer or groundwater to deep subsoil water and ground-
water as the depth of groundwater increases. This ap-
pears to be an adaptive selection to arid and water-
deficient conditions and is a primary reason for the
long-term survival of P. euphratica in the desert riparian
forest of an extremely arid region. Water contributions
from the various soil layers and from groundwater dif-
fered and the desert riparian P. euphratica forests in
different habitats had dissimilar water use strategies.
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Introduction

Arid and semiarid ecosystems cover about 50 % of the
earth’s land surface (Bailey 1996) and water, the most
important limiting factor, decides the structure and func-
tion of these ecosystems. The ways in which limited
water resources and large interannual and annual varia-
tions alter how riparian plants use their water sources for
survival is an issue of common concern (Wang et al.
2010). As such, an in-depth study on the water sources
used by plants in arid regions is needed (Chu 2007).

Desert riparian forests are the main elements of nat-
ural oases in the lower reaches of inland rivers. With
increasing disturbances to hydrological processes in the
arid region, the problem of degradation of desert riparian
forests becomes more prominent (Chen et al. 2004; Han
et al. 2011). The growth and distribution of desert ripar-
ian forests are closely related to water use (Li et al.
2008), it is generally recognized that as groundwater
levels decrease, desert riparian forests cannot effectively
use the water source and, therefore, cannot maintain
healthy growth (Schachtschneider and February 2010;
Hao et al. 2010). But not all of the plant only uses
groundwater to maintain its healthy growth. Thorburn
and Walker (1994) and Kolb et al. (1997) have shown
that, to different degrees, riparian plants during the
growing season use precipitation and soil water for
survival. What is not known is how the desert riparian
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forest obtains a stable water source and which water
sources it uses to effectively avoid or overcome water
stress to survive. Especially in the arid region of water
shortage, more study is needed to understand how to
rationally allocate limited water resources, ensure effec-
tive uptake and use of water by plants, and avoid the
deterioration of the eco-environment.

Currently, the stable isotopic technique is used to
determine the water use strategies of different plants
(Ehleringer et al. 1991; Dawson 1998; Rietti-Shati et al.
2000; Drake and Franks 2003; Zhang et al. 2004; Sun
et al. 2005; Huang and Pang 2010; Schachtschneider and
February 2010;Wang et al. 2010). Due to the presence of
isotope fractionation processed, different water sources in
nature have different isotopic composition; stable hydro-
gen and oxygen isotope fractionation generally do not
happen in the water uptake processes of root system from
soil (White et al. 1985). Therefore, the isotopic compo-
sition in plant xylem water can reflect the stable isotopic
information of the different water sources used by plants.

Soil water, groundwater, and river water are potential
water sources for riparian plants. According to the gen-
eral speculation, riparian plants mainly use river water;
however, that was not the case. Some studies have
shown that riparian plants do not absorb river water or
use it rarely, relying instead on groundwater. For exam-
ple, only small riverside trees use river water while
mature, large trees rarely use river water in the riparian
Acer forests in western USA (Dawson and Ehleringer
1991). The study by Busch et al. (1992) of Populus
fremontii and Salix gordejevii in western Arizona
found that both use groundwater rather than river
water during the growing season. Even the trees
washed by river water do not use it as a principal
source. Thorburn and Walker (1993) found that the
isotope composition in the sap of trees washed by river
water in an Australian alluvial plain is similar to that of
nearby trees not washed by river water with the ratio of
groundwater used by trees increasing from 40 to 63 %
with increasing surface soil aridity. Mensforth et al.
(1994) also confirmed this in the trees far from the
river. Thorburn and Walker (1994) found that riparian
plants use mixed water sources that include groundwa-
ter, surface runoff, and shallow soil water. Up to 50% of
the water used by Eucalyptus camaldulensis growing on
riversides is groundwater or soil water; even when water
is flowing in the seasonal river, the maximum use of
river water by this species reaches only 30 %. In areas
where the depth of phreatic water is 4 m or more, Salix

gordejevii do not absorb shallow soil water, but use
only groundwater during the summer rainy period.
Hygrophytes growing at the side of seasonal rivers can
absorb 26–33 % of shallow soil water during the rainy
season and mainly absorb groundwater in other seasons
(Snyder and Williams 2000). Zhao et al. (2008) found
that trees and shrubs use groundwater more frequently,
while herbs mainly use surface water. In the dry season,
Nitraria tangutorum uses mostly shallow soil water,
Haloxylon ammodendron uses deep subsoil water, and
Calligonum mongolicum uses groundwater (Chu 2007).
As such, the modes of riparian plant water usage are not
entirely consistent and predicting the water absorption
and use of riparian forests is difficult. A clear under-
standing of the water sources used by desert riparian
plants will help guide the design of regional-scale
models in areas where water is a limiting factor for plant
growth. It will also contribute to water balance assess-
ments and efforts to restore and protect the riparian
forest vegetation.

This paper describes an analysis of the water sources,
using the stable oxygen isotope (δ18O) technique, of
desert riparian Populus euphratica forests growing at
sites with different groundwater depths and conditions.
The aim is to provide a scientific basis for the water
allocation andmanagement of the desert riparian forests.

Materials and methods

Description of study area

The study area is located in the Ejina Oasis of Inner
Mongolia, on the lower reaches of the Heihe River
Basin, China (Fig. 1). The climate of this area is one
of the most extreme dry areas in China. It is character-
ized by sparse precipitation, high evaporation, frequent
blowing sand events, and long periods of sunshine. The
multiyear mean precipitation is 42 mm, the multiyear
mean evaporation of 3,755 mm. Overall, the evapora-
tion rate is 89 times greater than the precipitation. Most
precipitation (about 70 to 80 % of the annual total) falls
from June to September. Vegetation is dominated by
P. euphratica and associated Tamarix chinensis shrubs
distributed on both banks of the desert river. The two
plant species are tolerant to drought and blowing sand
and play important roles in maintaining the ecological
balance in the region, enabling agricultural and livestock
production in the oasis.
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Experimental design

The depth to groundwater in the Ejina Oasis ranges from
1.5 to 4 m. This study examined P. euphratica growing
in areas with different groundwater depths: 1.80, 2.00,
3.25, and 3.80 m. For each groundwater depth, xylem
water samples of P. euphratica and soil water samples
from different layers were analyzed to determine the
variations in xylem water δ18O relative to each potential
water source. For groundwater depths of 1.80 and
2.00 m, the soil profiles were divided into 20-cm inter-
vals to calculate the water contribution. For groundwater
depths of 3.25 and 3.80 m, contributions of soil water
and groundwater were calculated at 40-cm intervals.

In order to clarify P. euphratica water use sources in
different site conditions, we selected three typical site
types which were the groundwater depth around the
2.0 m for the sample plots: Populus euphratica commu-
nities on the riverside lowlands, sand dune, and Gobi.
Populus euphratica communities on the riverside low-
lands were dominated by mature trees with saplings at
the edge of the forest. The primary-associated species on
the riverside lowlands were T. chinensis and Sophora
sphaerocarpa. Sand dune plots included P. euphratica
communities on sand dunes and degraded P. euphratica
forests on highly undulated and severely desertified

sand dunes. The P. euphratica in these sample plots
grew poorly. The associated species in the sand dune
plots included T. chinensis, Nitraria sphaerocarpa,
Zygophyllum xanthoxylon, and Alhagi sparsifolia. For
the Gobi plots, we selected P. euphratica communities
that were far from the river channel and that had no
river water irrigation throughout the year. Associated spe-
cies in the Gobi plots included T. chinensis, Artemisia
desertorum, Alhagi sparsifolia, C. mongolicum,
Reaumuria soogorica, and Ephedra. From each plot,
samples of P. euphratica xylem water, soil water, and
groundwater were collected for δ18O determination. The
δ18O values helped identify the water sources used by
P. euphratica under different site conditions.

Sample collection

Xylem, soil, and groundwater samples were collected in
the selected sample plots. At least three P. euphratica
xylem samples were collected from each plot to help
eliminate interference from possible isotopic enrichment
caused by stomatal evapotranspiration. Shoots ranging
from 0.3 to 0.5 cm in diameter and 3 m to 5 cm in length
were collected from stems more than 2 years old; the
outer bark and phloem of the shoots was removed to
obtain the xylem samples. For soil water sampling, a soil

Fig. 1 Locationmap showing the
Heihe Basin and the Ejina area
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profile was excavated in each sample plot and soil
samples were taken, beginning in the top 20 cm to the
depth of the groundwater table, at 20-cm intervals. Two
samples were taken from each soil layer: one sample
was used for isotope determination; another sample was
used for soil moisture determination. All samples that
were used for isotope determination were placed in
small glass bottles sealed with parafilm, refrigerated,
and transported to the laboratory.

Analysis of samples

Prior to the determination of isotopes, plant and soil
samples were chilled to −20 °C and water samples were
refrigerated at 4 °C. Water was extracted from xylem
and soil using a cryogenic vacuum distillation approach.
The process of cryogenic vacuum distillation extracts all
the water from a sample and freezes it into a collection
tube. During this process, all the compounds that are
volatile under the sample-tube conditions (vacuum and
high temperature) are co-distilled with the water. A
Finnigan DELTAplus XP isotope ratio mass spectrom-
eter (Thermo Fisher Scientific Inc., Waltham, MA),
located in the Basin Key Laboratory of the Cold and
Arid Regions Environmental and Engineering Research
Institute, was used for isotopic determination.

The ratio of stable isotopes can be expressed as:

δ18O ¼ Rsam=Rstd – 1ð Þ � 1000 ð1Þ

where δ18O (‰) refers to the isotopic difference of the
sample relative to the Vienna Standard Mean Ocean
Water (VSMOW), Rsam is the ratio of heavy and light
element richness in the sample (18Osam/

16Osam), and Rstd

is the ratio of heavy and light element richness of the
national universal reference material (18Ostd/

16Ostd). To
calculate the relative use state of different water sources,
the linear mixed model of the isotopic values of the
potential water use sources by desert riparian forests
was used, calculation model is as follows

δ18Op ¼
X

i¼1

n

f i � δ18Oi I ¼
X

i¼1

n

f i ð2Þ

Where δ18Op represents the δ
18O value in water of the

plant body, δ18Oi represents the δ
18O value of different

water sources, and I represents the ratio of plants to
water source, i. As the potential water sources of plants

are less than 3, a unique solution for fi can be deter-
mined. Phillips and Gregg (2003) developed the
IsoSource software to define the upper and lower limits
of the contribution of various potential water sources
that exceeds 3. In this study, the contribution ratio of
different water sources to the desert riparian forest was
determined using IsoSource software.

Results

Variations of δ18O of Populus euphratica at different
groundwater depths

Fig. 2 is the variations of δ18O in the soil water, ground-
water, and P. euphratica xylem water at different
groundwater depths. In areas with a groundwater depth
of 1.80 m, the soil water δ18O from 0–80-cm depth
increases with increasing depth, from −7.07±0.04 to
−5.49±0.05 ‰. Below 80 cm, the δ18O values are
similar, ranging from −5.63±0.20 to −5.35±0.22 ‰,
but are significantly positive than the groundwater
δ18O of −6.47±0.17 ‰ (Fig. 2a). Where the
groundwater depth is 2.0 m, the soil water δ18O
gradually increases with increasing depth, from
−9.56±0.27 to −7.72±0.11 ‰. Soil water δ18O at
180 cm (−7.67±0.12‰) was similar to the groundwater
δ18O (Fig. 2b). Where groundwater depth was 3.25 m,
the soil water δ18O fluctuated with depth: at 20–40-cm
δ18O increased from −8.36±0.27to −7.72±0.11 ‰ and
from 40–160-cm δ18O decreased with depth, ranging
from −6.91±0.24 to −7.75±0.14 ‰. The groundwater
δ18O was −7.23±0.30 ‰ (Fig. 2c). In locations with
groundwater depth of 3.80 m, the general trend of
variation of soil water δ18O was similar to that of
the 3.25 m groundwater depth, δ18O varied between
−9.05±0.15 and −5.29±0.20‰. A significant variation
of the soil water δ18O occurred at a depth of 240 cm.
The groundwater δ18O was 6.67±0.03‰ (Fig. 2d). The
xylemwater δ18O levels were −5.20±0.07, −7.62±0.06,
−7.26±0.10, and −6.78±0.07‰ at groundwater depths
of 1.80, 2.00, 3.25, and 3.8 m, respectively (Fig. 2).

Contribution of potential water sources to the water use
of Populus euphratica

At a groundwater depth of 1.80 m, the P. euphratica
xylem water δ18O was most similar to the soil water
δ18O of the 120-cm soil layer (mean contribution of
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82.4 %), followed by the contribution of the 80-cm soil
layer (6.9 %). The mean contribution of groundwater at
this depth was only 0.2 %, suggesting that P. euphratica
absorbs water primarily from the 120-cm soil layer
(Fig. 3a). At a groundwater depth of 2.00 m, the largest
water contribution was from groundwater (53.3 %),
followed by the soil water of the 180-cm soil layer
(33 %) (Fig. 3b). At a groundwater depth of 3.25 m,
the contributions were diverse, with soil water from the
140–180-cm soil layer providing the largest contribu-
tion (19.8 %); Soil water from the 200–240- and
260–300-cm soil layers and groundwater contributed
19, 16.7, and 18.1 %, respectively (Fig. 3c). At a
groundwater depth of 3.8 m, the water source of
P. euphratica was deep subsoil water and groundwater.
The 200–240-cm soil layer provided the largest contri-
bution (24.9 %), followed by groundwater (23.7 %).

Soil water from the 260–300- and 320–360-cm soil
layers contributed to 21.2 and 18.2 %, respectively
(Fig. 3d). The total contribution of soil water of the
200–360-cm soil layer and groundwater was 88 %. It
is thus clear that as the groundwater depth increases, the
water source of P. euphratica changes from soil water,
from a single soil layer, to deep subsoil water (below
200 cm), and groundwater. The contribution of these
water sources increases with depth (Fig. 3).

Populus euphratica water sources under different
habitat condition

The xylem δ18O of P. euphratica growing in riverside
lowlands was near the δ18O of soil water from 1.6- to
2.0-m layer and that of groundwater, moreover, the δ18O
of soil water from 1.6- to 2.0-m layer was close to that of

Fig. 2 Variations of δ18O in the soil water, groundwater, and P. euphratica xylem water at different groundwater depths. a, b, c, and d
represent groundwater depths of 1.80, 2.00, 3.25, and 3.80 m
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groundwater, indicating that xylemwater may be related
to water recharged by rising capillary water. The xylem
water δ18O at this location was very different from that
of river water, indicating that the water sources for
P. euphratica forests are deep subsoil water and ground-
water rather than river water (Fig. 4a). The δ18O of
xylem water of the degraded P. euphratica on the dune
field was close to that of groundwater, multi-layer soil
water, and river water, suggesting that groundwater and
multi-layer soil water were the water sources and that
the groundwater was effectively recharged by river wa-
ter (Fig. 4b). The δ18O of xylem water of P. euphratica
on the Gobi was similar to that of groundwater and
multi-layer soil water, indicating that groundwater and
multi-layer soil water are the primary water sources
(Fig. 4c).

Fig. 3 Histograms showing the analyzed results of multi-source
mass conservation Histograms show the estimated range of poten-
tial contribution of soil water of different soil layers to the plant
water source. a, b, c, and d represent groundwater depths of 1.80
m, 2.00 m, 3.25 m, and 3.80 m

0

20

40

60

80

100

120

140

160

180

200

S
o

il
 d

e
p

th
 (

c
m

)

soil water

xylem water

river water

ground water

0

20

40

60

80

100

120

140

160

180

200

S
o

il
 d

e
p

th
 (

c
m

)

soil water

xylem water

river water

ground water

0

20

40

60

80

100

120

140

160

180

200

-11.0 -10.0 -9.0 -8.0 -7.0 -6.0 -5.0

S
o

il
 d

e
p

th
 (

c
m

)

soil water

xylem water

river water

ground water

18
O(‰)

a

b

c

δ

Fig. 4 Comparison of δ18O values of xylem water of
P. euphratica, soil water, groundwater, and river water. a, b, c
represents riverside lowlands, degraded, and Gobi Populus
euphratica, respectively. Shadowed sections represent water
sources close to xylem water of Populus euphratica

Environ Monit Assess



Discussion

In the extremely arid region of the lower reaches of the
Heihe River, precipitation often completely evaporates
before infiltrating into the soil, and the sparse precipita-
tion has no practical significance to plant growth and
development (Chen et al. 2003; Zhao et al. 2008).
Therefore, in this study, the effect of precipitation on
soil water and the isotopic composition of soil water and
groundwater are negligible.

At locations with different groundwater depths, sig-
nificant variation in δ18O of soil water occurs in the 80-,
160-, and 240-cm layers (Fig. 2). This is related to the
intense evaporation and soil texture in the extreme arid
environment of the study region (Zhao et al. 2008).
These results are consistent with those of Asbjornsen
et al. (2007) in the savanna and forest zone of the mid-
western USA, which showed significant variation in
δ18O of soil water at the 80–100-cm (forest) and 60–
80-cm (savanna) layers, respectively. However, we
found significant δ18O of soil water variation deeper,
likely because of the co-mingling of soil water with
different δ18O values causing the mixing of isotopes.
The intense evaporation in the surface soil layer
(0–60 cm) causes the enrichment of heavy isotopes and
leads to general increases in soil water δ18O. At
shallower groundwater depths (≤2.0 m), the soil water
δ18O decreases due to persistent rising phreatic water
recharging soil water. As the groundwater depth in-
creases (>3.0 m), δ18O of soil water varies significantly
due to the effects of atmospheric evaporation and phre-
atic water recharge. Above the significant variation lay-
er, soil water in different layers mutually complements
and oxygen isotopes in soil water continuously mixes;
therefore, δ18O values of soil water increases with depth.
Below the significant variation layer, soil water is con-
tinuously recharged by groundwater and the exchange
between groundwater and soil water is active; therefore,
δ18O values of soil water decreases with increasing
depth and is similar to groundwater δ18O. The variations
of soil water δ18O values demonstrate that soil water is
recharged by groundwater.

It is generally accepted that δ18O value does not
change in the processes of water uptake by root systems
and its transfer to plant leaves. As such, the δ18O in the
water of a plant body can be viewed as a mixture of
the δ18O of various water sources (White et al. 1985;
Turner et al. 1987). Comparing the δ18O of xylem water
of P. euphratica, soil water, and groundwater (Fig. 3),

we found that at a groundwater depth of 1.8 m,
P. euphratica obtains water mainly from the 120-cm
soil layer. At a groundwater depth of 2.0 m, the main
water source is groundwater. At a groundwater depth of
3.25-m P. euphratica obtains water mainly from the 80-,
120–140-, and 200–280-cm soil layers and groundwa-
ter. At a groundwater depth of 3.80 m, P. euphratica
obtains water mainly from the 200–220-and 280–360-
cm soil layers. According to the general speculation,
riparian plants mainly use river water; however, that
was not the case, riparian plants do not absorb river
water or use it rarely, relying instead on groundwater
and soil water, especially large trees and trees of rela-
tively far away from the river (Dawson and Ehleringer
1991; Busch et al. 1992). The proportion of groundwa-
ter that is used by plants increases with the dryness of
surface soil layer (Thorburn and Walker 1993). The use
of groundwater and uncertain water sources may be an
adaptive selection of trees for surviving long-term
drought conditions (Dawson and Ehleringer 1991;
Dawson and Pate 1996). As the groundwater depth
increases, the water source of P. euphratica changes
from soil water from a single soil layer to deep subsoil
water and groundwater. This appears to be an adaptive
selection to arid and water-deficient conditions and im-
proves the long-term survival of the desert riparian
forest in an extremely arid region.

Seasonal rivers recharge groundwater and thereby
become an important factor affecting the growth and
distribution of P. euphratica. Based on our results, river
water δ18O value varies between −6.2 and −7.0 ‰ and
groundwater δ18O value varies between −6.5 and −8.0
‰, indicating that river water recharges groundwa-
ter. However, due to the effects of channel dis-
tance and recharge time, isotope fractionation takes
place in the groundwater recharge processes. For ex-
ample, during the river water infiltration processes,
evaporation occurs and water is redistributed in the soil
profile (Zimmermann et al. 1967). The process of
converting river water to groundwater enriches the
heavy isotopes (δD and δ18O) increasing the concentra-
tions of δD and δ18O (Clark and Fritz 1997; Kendall and
Caldwell 1998).

The same species in different habitats have different
water use strategies. P. euphratica forests on riverside
lowlands are near the river channel and its water source
originates from groundwater and the deep subsoil layer
rather than river water. The xylem water δ18O of degrad-
ed P. euphratica on sand dunes is very close to that of
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groundwater, multi-layer soil water, and river water,
indicating that groundwater and multi-layer soil water
are likely water sources and that groundwater is effec-
tively recharged by river water; Gobi P. euphratica
away from the river channel, and it mainly use ground-
water and multi-layer soil water.

Plant growth in arid desert regions is highly reliant on
groundwater (Rodriguez-Iturbe 2000; Zhong et al.
2002). Groundwater depth directly affects soil water
which is closely related to the growth of vegetation
and determines the distribution, growth of vegetation,
and population succession and existence or disappear-
ance of desert oasis (Fan et al. 2004; Chen et al. 2006).
Groundwater is the most important water source for the
survival of vegetation in most desert regions (Snyder
andWilliams 2000; Smith et al. 1991; Busch et al. 1992;
Dawson and Ehleringer 1991). Single surface water
irrigation cannot alter the water conditions of desert
vegetation, and maintaining the stability of groundwater
is vital to maintain the normal growth of vegetation
(Li and Zhang 2003).

Conclusions

As groundwater depth increases, significant variations
of the δ18O in the soil profile occur at 80, 160, and
240 cm. These variations demonstrate that soil water is
recharged by groundwater and that its δ18O is also
affected by the groundwater δ18O.

As the groundwater depth increases, the main water
source of P. euphratica changes from soil water in a
single soil layer or groundwater, to deep subsoil water
below 2.00 m and groundwater.

Desert riparian P. euphratica in different habitats
have different water use strategies. Water source of
P. euphratica on the riverside lowland is groundwater
and deep subsoil water, rather river water. Degraded
P. euphratica on sand dunes use groundwater and
multi-layer soil water recharged by river water, and
Gobi P. euphratica mainly use groundwater and multi-
layer soil water. Maintaining the stability of groundwa-
ter is vital to maintain the normal growth of vegetation.
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