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The understanding of the interaction between groundwater and trees is vital for sustainable groundwater
use and maintenance of a healthy ecosystem in arid regions. The short- and long-term groundwater con-
tribution to tree water use was investigated using the HYDRUS-1D model and stable isotopes. For the
short-term simulation, the ratio between the actual transpiration (Ta) and potential transpiration (Tp)
approached almost �1.0 due to the constant groundwater uptake. The results from the short-term sim-
ulation indicated that the groundwater contribution to tree water use ranged between 53% and 56% in the
dry season (May–June) and 16–19% in the wet period (August–September). Isotopic analysis indicated
that groundwater contributed to 45% of plant water use in the dry season, decreasing to 4–12% during
the wet period. Because of canopy interception and transpiration, groundwater recharge only occurred
after heavy rainfall and accounted for 3–8% of the total heavy rainfall. For the long-term simulation,
Ta/Tp ranged between 0.91 and 1.00 except in 2007 (0.78), when the water table declined because of
groundwater abstraction. In the scenario simulation for deep water table conditions caused by anthro-
pogenic activities, Ta/Tp ranged between 0.09 and 0.40 (mean = 0.22) that is significantly lower than
the values in the natural conditions. In conclusion, vegetation restoration in arid zones should be cautious
as over-planting of trees will decrease the groundwater recharge and potentially cause a rapid drop in
water table levels, which in turn may result in the death of planted trees. Trees adapt to arid regions
by adopting root patterns that allow soil water uptake by shallow roots and groundwater use by deep
roots, thus climatic variation itself may not bring severe negative impact on trees. However, anthro-
pogenic activities, such as groundwater abstraction, will result in significant water table decline that will
reduce actual transpiration of trees significantly according to the results from the scenario simulation.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Arid regions cover about one third of the Earth’s land surface
and are inhabited by almost one billion people (Yin et al., 2013).
In arid environments, trees play a significant role in maintaining
those environments suitable for agriculture and humans
(Malagnoux et al., 2007) by providing natural protection against
desertification (Tucker et al., 1991) and reducing poverty and food
insecurity (Schreckenberg et al., 2006). Therefore, the majority of
the newly afforested 100 million hectares during the period of
2000–2010 is located in arid zones and particularly in arid zones
of China (FAO, 2010). As an example, several large-scale ecological
restoration projects have been carried out in Chinese arid regions,
including the Three North Shelter Belts Forest, the Grain for Green,
and the Natural Forest Conservation projects (Cao, 2011).

Water, including surface water, groundwater, and soil water, is
vital for tree growth (Zhu et al., 2009 and Richard et al., 2013), with
groundwater being an important source in arid regions as it is rel-
atively constant and stable. Many trees in arid regions are reported
to be groundwater-dependent (Bulter et al., 2007 and Gribovszki
et al., 2010) and they can obtain large amounts of groundwater
for transpiration through deep roots, especially during dry seasons
(David et al., 2007 and Lubczynski, 2009).

The contribution of groundwater to plant water use has been
studied for a long time, with a pioneering study from White
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(1932). Nevertheless, most studies focused on the estimation of
groundwater use by crops (e.g., winter wheat, corn, and cotton)
and vegetables (e.g., potato) to reduce the water use and enhance
the irrigation efficiency in water-limited environments (Xie et al.,
2011). For example, in many agricultural areas in China (Yang
et al., 2007 and Luo and Sophocleous, 2010) and Uzbekistan
(Forkutsa et al., 2009), the water table is located less than 1.0 m
below the surface due to the infiltration of irrigated surface water.
In these regions, groundwater is a major source for plant transpira-
tion and over 60% of water use originates from shallow groundwa-
ter (Luo and Sophocleous, 2010 and Karimov et al., 2014).
However, the understanding of the groundwater contribution to
tree water use in natural environments is limited. Examples are
the study of Zhu et al. (2009), who simulated the Populus euphrat-
ica root uptake of groundwater in arid woodlands of the Ejina
Basin, China, and of Costelloe et al. (2008), who studied the
groundwater contribution to Eucalyptus coolabah water uptake in
Australia. Recently, Barbeta et al. (2015) studied the shift of
groundwater contribution to Quercus ilex, Arbutus unedo and
Phillyrea latifolia in the Lberian Peninsula, Spain. In the regional
scale, water table decline resulted in the reduction of groundwater
contribution to trees and the dieback of trees occurred accordingly
(Cunningham et al., 2011 and Kath et al., 2014). As trees have dee-
per roots and no irrigation in comparison to crops, they are more
dependent on groundwater and more sensitive to the water table
drops, particularly during dry seasons (Zhu et al., 2009 and Pinto
et al., 2014).

Trees reduce groundwater recharge by canopy interception and
by extracting soil water (Maitre et al., 1999). Canopy interception
corresponds to the rainfall retained by the plant’s surface that evap-
orates directly back into the atmosphere (Sutanudjaja et al., 2011).
Controlled by meteorological and canopy architecture factors,
canopy interception losses generally vary between 10% and 40%
of annual precipitation (Zinke, 1967; Waring and Schlesinger,
1985; Farrington and Bartle, 1991 and Xiao et al., 2000). However,
canopy interception is often ignored in groundwater–vegetation
interaction studies (Sutanto et al., 2012). Groundwater recharge is
also reduced due to the use of soil water by trees (Asbjornsen
et al., 2011), an unsaturated flow modeling study shows that vege-
tation significantly reduce recharge by factors of 2–30 relative to
recharge for nonvegetated simulations (Keese et al., 2005). Trees
reduce groundwater resources and are groundwater-dependent in
arid regions, therefore, the understanding of the interaction
between them is critical. These complex groundwater–tree interac-
tions complicate the development of water allocation plans that
take into account the various anthropogenic and ecosystem water
uses (Kløve et al., 2013) and the appropriate selection of tree spe-
cies that reduce groundwater consumption in the afforestation of
water-limited environments (Yin et al., 2014). More investigation
is thus needed to maintain healthy ecosystems and achieve a sus-
tainable use of groundwater in arid regions.

The interaction between groundwater and plants is widely
studied using lysimeters (Kelleners et al., 2005 and Wenninger
et al., 2010), which can simultaneously measure the components
of the water balance. However, they involve high costs and limited
observation periods. Modeling becomes a valuable tool to quantify
the groundwater–plant interactions as many models can simulate
the root water uptake (Scanlon et al., 2002 and Soylu et al., 2011).
Modeling methods allow the study of the long-term interactions
and the response of plant water use to various climatic, water table
depth, and anthropogenic conditions (Luo and Sophocleous, 2010).
Long-term simulations at decades scale are vital to study the plant
adaptation to local environments. The advantage of numerical
methods is the high temporal resolution (hours or days) of the
groundwater contribution to plant water use (Scanlon et al., 2002
and Sutanto et al., 2012), with a daily resolution being commonly
adopted (Luo and Sophocleous, 2010 and Xie et al., 2011).
Furthermore, it is the only tool that can be used to predict the
potential impacts of water table changes caused by climatic varia-
tion or human activities on plant water use (Luo and Sophocleous,
2010). However, the soil water balance components calculated
from model results contain uncertainty, as models need many
parameters to describe boundary conditions, drought stress
parameters and soil properties, which often have to be assumed
(Lu et al., 2011). For example, the lower boundary for long-term
simulations is usually given by the assumed water table due to
data limitations, even though previous studies have suggested that
plant water use is very sensitive to its fluctuations (Leyer, 2005;
Zhu et al., 2009; Luo and Sophocleous, 2010 and Ibrahimi et al.,
2013). In currently available numerical methods, the groundwater
contribution is estimated indirectly and the positive bottom flux is
assumed to be the groundwater contribution to plant transpira-
tion, but this assumption may be incorrect under a very shallow
water table or very fine soil, because part of the bottom flux may
evaporate (Lubczynski, 2009).

Stable water isotopes can be used to directly estimate the
groundwater contribution and are another important technique
to study the interaction between groundwater and plants. As no
fractionation occurs during the water uptake by roots
(Zimmermann et al., 1967), the stem water can be considered as
a mixture of the potential water sources (i.e., soil water at different
depths and groundwater). The proportional contribution of the dif-
ferent water sources can then be estimated using two- or
three-layer mixing models (McCole and Stern, 2007 and Wang
et al., 2010). For more than three water sources, a multi-source
mass balance method must be used (Phillips and Gregg, 2003).
The limitations of this method include the low temporal resolution
(months–seasons) (Zencich et al., 2002 and Wang et al., 2013), the
uncertainty with more than two potential sources (Phillips and
Gregg, 2001), and the assumption of isotopically distinct water
sources (Obakeng, 2007 and Lubczynski, 2009). Nonetheless, previ-
ous studies showed that this method is powerful during dry peri-
ods when the soil water is enriched and isotopically distinct
from groundwater.

The objective of the study is to investigate the interaction
between groundwater and willow trees (Salix matsudana) in an
arid experimental site of NW China and to address knowledge gaps
on the drivers and impacts of tree–groundwater interaction in arid
regions. The study focuses on groundwater contribution to tree
water use, groundwater recharge reduction due to tree canopy
interception and the use of soil water, and the impact of water
table changes caused by climatic variation and anthropogenic
activities on tree water use. Isotopic and numerical modelling
methods were used to investigate groundwater–tree interactions.
The numerical modelling method was used to calculate the contri-
bution of groundwater to plant water uptake at a high temporal
resolution and to assess the anthropogenic influence on plants,
while the isotopic method was applied to dry periods to validate
the numerical estimations.
2. Materials and methods

2.1. Study site

The study area is located in an eco-hydrological experimental
site near Yulin, Shaanxi province, NW China (latitude: 38�230N,
longitude: 109�120E, altitude: 1250.5 m) and the site covers an area
about 80 m � 35 m (Fig. 1). Historical records from 1985 to 2010
for the region indicate that the annual precipitation has varied
from 249 mm to 579 mm, with an average of 385 mm and a stan-
dard deviation of 85 mm. About 70% of the precipitation occurs in



Fig. 1. The experimental site map showing the location of instruments.
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July–September. The farmland surrounding the site is irrigated by
groundwater and surface water from a river through canal sys-
tems. When the river flow is low due to continuous dry weather,
groundwater is used heavily for irrigation. The dominated tree in
the site is willow (S. matsudana) with a few populous trees. The
total number of willow trees are 107 and they were planted in
rows in the 1970s (Yin et al., 2014), and the distance between rows
is about 5 m and the distance between trees in a row is 4 and 6 m.
The mean height of the willow trees is 4.6 ± 0.8 m and the mean
diameter at breast height is 0.23 ± 0.06 m. In 2012, the main
understory was native herbs and grasses. The soils are composed
of eolian and lacustrine sands with a thickness of �50 m. Below
the sand layer, Cretaceous and Jurassic sandstones can be found,
with the latter containing abundant coal resources. Future coal
mining in the study site may result in a significant drop in water
table (Bian et al., 2009). The depth to water table was rather shal-
low, ranging from 1.1 to 1.7 m during the study period and the
hydraulic gradient of the region was about 0.4%.

2.2. Experimental set-up

A suite of variables has been measured at the site and Fig. 1
shows the instrument locations. The meteorological variables mea-
sured at the site included precipitation, wind speed, air tempera-
ture, relative humidity, and net radiation. The precipitation rate
(in mm/h) was recorded using a 52203 RM Young rain gauge
(R.M. Young Co., Michigan, USA) and the wind speed (in m/s)
was measured with a 05130-5 RM Young wind monitor (R.M.
Young Co., Michigan, USA) located 5.3 m above the ground. The
air temperature (in �C) and relative humidity (in %) were measured
with a thermo-hygrometer (HMP45C,Vaisala Co., Helsinki, Finland)
at 4.3 m height. The net radiation (in W/m2) was measured using a
NR-LITE sensor (Kipp & Zonen, Delft, The Netherlands). One soil
water profile was monitored (Fig. 1) using a Time Domain
Reflectometry System (MiniTrase, Soilmoisture Equipment Corp.,
Santa Barbara, CA, USA), with sensors positioned 20, 40, 60, 80,
100, 120, 140, and 160 cm below the surface. The water table depth
was measured in one well (Fig. 1) using a pressure transducer and
data logger (Model DCX-22, KELLER AG für Druckmesstechnik,
Winterthur, Switzerland). All parameters were measured hourly
between May 2 and September 26, 2012. The long-term meteoro-
logical data (1985–2010) were obtained from the nearest Yulin
meteorological station. The long-term groundwater level in an
observation well was measured manually every 5 days from
1992 to 2010.

Water samples were collected for stable isotopes analysis (deu-
terium and oxygen 18). The precipitation samples were collected
during rainfall events. Stem water, soil water, and groundwater
were sampled every 10 days. Stem water was extracted by the vac-
uum distillation method (Zhang et al., 2011) from a willow tree
nearest to the soil water profile. Soil water was collected from
the soil water profile by eight Rhizon soil water samplers
(Eijkelkamp Agrisearch Equipment, Giesbeek, The Netherlands) at
the depth of 20, 40, 60, 80, 100, 120, and 140. Groundwater was
collected by the deepest Rhizon sampler (i.e. the sampler at
160 cm depth) where soil was fully saturated during the entire
experimental period. The water samples were analyzed by a LGR
liquid water isotope analyzer (LWIA-24d, Los Gatos Research, CA,
USA) and the results were reported as per mil deviations from
the Vienna Standard Mean Ocean Water (VSMOW). The IsoSource
multiple-source isotopic mass balance model was use to determine
the potential source of tree water use, and the theory and calcula-
tion procedure are after Phillips and Gregg (2003) and Phillips et al.
(2005).
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2.3. Model construction

The HYDRUS-1D (Šimůnek et al., 2013) was selected to simulate
the interaction between groundwater and plants, as previous stud-
ies showed a good agreement between water balance observations
and simulations based on this model (Scanlon et al., 2002 and Zhu
et al., 2009). Three model cases were performed. The first model
was a short-term simulation (May 2–September 26, 2012) to cali-
brate and validate the model parameters using the measured data
in the experimental site. The groundwater contribution to tree
water use was analyzed by compute the soil water balance based
on the model results. The second model was a long-term simula-
tion (1992–2010) using the parameters calibrated from the first
model and the measured groundwater levels in an observation
well and meteorological variables from the nearest station. The
representativeness of the climate for the selected period (1992–
2010) was compared with the measured annual precipitation for
1953–2010, based on the method developed by Blom (1958). The
second model aims to assess the potential impact of long-term cli-
matic variation on tree water use. The third model was a scenario
simulation to assess the impact of a deep water table condition
caused by anthropogenic activities, such as coal mining or ground-
water abstraction, on plant water use.

2.3.1. Governing water flow equations
The HYDRUS-1D simulates the water flow in variably saturated

porous media using the Richards equation:
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¼ @
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where h is the volumetric water content (cm3/cm3), t is time (days),
z is the vertical coordinate (positive upward) (cm), k(h) is the unsat-
urated hydraulic conductivity (cm/d), h is the matric potential head
(cm), and S is the extraction rate by plant roots (cm3/cm3/d). The
relationships between h, h, and k are required to solve the equation
(Brooks and Corey, 1966 and van Genuchten, 1980) and are
described using van Genuchten’s (1980) functions:
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where hr and hs are the residual and saturated water contents
(cm3/cm3), a (cm), n, and m (=1 � 1/n) are shape parameters, l is a
pore connectivity parameter, ks is the saturated hydraulic conduc-
tivity and Se is the effective saturation, defined as:

Se ¼
h� hr

hs � hr
ð4Þ
2.3.2. Spatial and temporal discretization
The model flow domain extended to 3.5 m below the land sur-

face, deeper than the root zone and at the lowest water table
observed in the area. The soil column of 3.5 m is descretised into
350 model cells with a constant cell size of 0.01 m. The
short-term simulation was from May 2 to September 26, 2012 dur-
ing which the meteorological variables, soil water content, and
water table depth were measured hourly. For the long-term and
scenario simulations (1992–2010), the simulation only included
the plant-growing season (April–October) as the willow trees lost
their leaves and the transpiration rate is close to zero during the
rest of the year indicated by the previous study (Yin et al., 2014).
A daily time-step was used for all simulations.
2.3.3. Initial and boundary conditions
The solution of Eq. (1) requires initial and boundary conditions.

For the short-term simulation, the initial condition was defined as
the soil water content measured on day 1 of the experiment. For
the long-term simulation, it was assumed to be in equilibrium with
the water table measured on day 1 and the assumption is valid
considering the relatively shallow depth of water table. For the sce-
nario simulation, the model was run until the soil water profile was
stable, and the resultant value was used.

The lower boundary was defined as a specified head boundary
for the short- and long-term simulations. The measured ground-
water levels in the experimental site and an observation well were
given as specified heads for the short- and long-term simulations,
respectively. A free drainage lower boundary was defined for the
scenario simulation to represent the deep water table condition.
The upper boundary was specified as an atmospheric boundary
for all simulations. A default value (i.e., 100,000 cm) was used as
the dry value that controls the change of the upper boundary from
a prescribed head to a prescribed flux and vice versa (Lu et al.,
2011). Our results were not sensitive to this threshold value.
Runoff occurred when precipitation exceeded the infiltration
capacity of the soil. The flux through the upper boundary included
the effective precipitation and evaporation. The effective precipita-
tion (Pe) was calculated as the difference between the gross precip-
itation (Pg) and the canopy interception (I). The Pg was measured
by an in situ rain gauge and the I was estimated by a daily intercep-
tion method (van Dam et al., 1997):

I ¼ aLAI 1� 1

1þ bPg
aLAI

 !
ð5Þ

where a is an empirical constant (cm/d), LAI is the leaf area index
(m2/m2), and b is the surface cover fraction (SCF) derived from
MODIS imagery (MOD13A1) using the dimidiate pixel model
(Zribi et al., 2003). According to previous canopy interception stud-
ies in similar environments (Cheng et al., 2009 and Wang et al.,
2012), a was set as 0.5 cm/d.

The Penman–Monteith equation was used to calculate the
potential evapotranspiration (ETp) (Allen et al., 1998). The values
of meteorological variable (such as air temperature, relative
humid, net radiation and wind speed) in the Penman–Monteith
equation are obtained from the measured data.

The site-specific vegetation parameters (tree height and LAI) for
the aerodynamic and canopy resistance were derived from field
surveys or remote sensing imagery. The tree height was measured
using a tape and the LAI was inferred from the MODIS LAI products
(MOD15A2).

The Beer’s law method was used to partition ETp into the poten-
tial transpiration (Tp) and potential evaporation (Ep) as follows
(Sutanto et al., 2012 and Šimůnek et al., 2013):

Tp ¼ ETp � SCF ð6Þ

Ep ¼ ETp � ð1� SCFÞ ð7Þ
2.3.4. Plant water uptake
The plant water uptake from Eq. (1) was simulated by:

S ¼ aðhÞTpcðzÞ ð8Þ
where a(h) is the water stress response function and c(z) is the nor-
malized vertical root distribution (cm�1). The S-shaped function
(van Genuchten, 1987) was used to describe the water stress
response as it has been widely used to represent the water stress
response function of trees (Zhu et al., 2009 and Richard et al., 2013):

aðhÞ ¼ 1

1þ h
h50

� �p ð9Þ
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where h50 is the pressure head (cm) at which transpiration is
reduced by 50% and p is the exponent parameter. h50 was calibrated
and p was set to 3 according to Šimůnek et al. (2013).

The root distribution of the willow tree from which stem water
was collected was determined with a root auger (Eijkelkamp
Agrisearch Equipment, Giesbeek, The Netherlands). Soil core sam-
ples were taken at two stem-centered cross-sections, each with
eight sampling points. The root samples at each point were exca-
vated every 15 cm depth at a maximum sampling depth of
150 cm. The samples were sieved to separate the roots from the
soil, photographed, and dried following Cornelissen et al. (2003).
Average values of dry root weight were used to describe the verti-
cal root distribution as the root weight density provides a more
accurate description of the root system (Satchithanantham et al.,
2014). The roots can reach 140 cm depth, but �75% is located
above 70 cm depth.

2.3.5. Soil properties
Five soil samples were taken from the top 200 cm to determine

soil physical properties (such as bulk density and the percentage of
sand, silt and clay). The hydraulic properties of the soil were
described with the van Genuchten–Mualem model (van
Genuchten, 1980) without considering hysteresis and estimated
using pedotransfer functions. The ROSETTA model (Schaap et al.,
2001) was applied to determine the required soil hydraulic param-
eters (such as ks, hr, and n) based on textural information and bulk
density, which were calibrated afterwards.

2.3.6. Model calibration and validation
The model was first calibrated using the measured soil water

content (about 40% of the total measurements) from May 2 to
June 30, 2012. The model was validated with the remaining soil
water data measured from July 1 to September 26, 2012. To reduce
the number of parameters in the model calibration, the saturated
soil water content (hs = 0.36 cm3/cm3) was fixed according to the
measured soil water content in the saturated zone, while the pore
connectivity was assumed to be 0.5 (Mualem, 1976). The
Levenberg–Marquardt optimization (Marquardt, 1963) was used
to match the observed data by adjusting the hydraulic parameters
of the soil that were subsequently used for model validation. The
coefficient of determination (r2) and root mean square error
(RMSE) were used to evaluate the model performance.

2.3.7. Soil water balance
To investigate the interaction between groundwater and plants,

the soil water balance in the root zone (0–140 cm) was calculated
by:

dS
dt
¼ Pe � Ea � Ta � R� D ð10Þ
Fig. 2. Measured rainfall, water table dept
where dS/dt is the soil water storage change (cm/d), Pe is the effec-
tive precipitation (cm/d), Ea is the actual evaporation (cm/d), Ta is
the actual transpiration (cm/d), D is the drainage from the root zone
(cm/d), R is the surface runoff (cm/d). The negative values of D rep-
resent upward flux (Gup) consumed by Ta, whereas the positive val-
ues mean downward flux that can be regarded as groundwater
recharge (Gr). Gup was only calculated for non-rainfall days as
numerous studies found that tree water use is close to zero during
rainy days (Qu et al., 2007 and Zhao and Liu, 2010). The surface run-
off during the experiment can be neglected because there was no
runoff observed. From the model results, D was calculated with
Eq. (10) to analyze groundwater recharge or transpiration.
3. Results

3.1. Field and laboratory measurements

There were 39 rainy days between May and September 2012.
The daily Pg varied between 0.1 and 50.6 mm with a mean of
7.6 mm. About 35.6% of rainfall was above 10 mm/d and con-
tributed to roughly 77.5% of the total rainfall volume. The maxi-
mum monthly Pg occurred in July (141.7 mm) and the minimum
in May (33.7 mm). The Pg pattern was sporadic with a high sea-
sonal variation, similar to many other arid regions (Loik et al.,
2004; Rappold, 2005 and Zhao and Liu, 2010). Using the measured
Pg, the total canopy interception was calculated to be 76.6 mm by
Eq. (5), accounting for 18.6% of the Pg, making it a significant com-
ponent of the water balance.

The average soil bulk density was 1.50 g/cm3. The top layer of
20 cm contained �90% sand and 10% silt and was slightly finer
than the underlying layers. The sand content below the top layer
ranged between 98.5% and 99.4% and the silt content ranged
between 0.6% and 1.5%. The soil profile was quite homogenous
and therefore conceptualized as homogenous material in the flow
modelling.

The average soil water content varied greatly (0.12–0.22) and
was controlled by heavy rainfall and water table fluctuations
(Fig. 2). It decreased from the beginning of the experiment with
the decline in the water table until a heavy rainfall occurred in
June and then dropped again. The lowest soil water content was
0.12 in the end of June when the cumulative rainfall was
136.2 mm and the water table was at the lowest level (Fig. 2).
The soil water content increased dramatically after the continuous
rainfall at the end of July, remaining at a relatively stable value of
0.20.

During the experiment, the water table depth varied from 113.6
to 166.4 cm, with a mean of 141.1 cm and a standard deviation of
16.1 cm (Fig. 2). It declined continuously at �0.5 cm/d before June
due to the evapotranspiration (ET). After a heavy rainfall event
h, and average soil moisture in 2012.



Table 1
Calibrated soil hydraulic parameters.a

hr (cm3/cm3) hs (cm3/cm3) a (cm�1) n ks (cm/d) h50 (cm)

0.01 0.36 0.069 1.61 1178 �950

a hr, residual water content; hs, saturated water content; a, empirical constant; n,
shape parameter; ks, saturated hydraulic conductivity; h50, pressure head at which
transpiration is reduced by 50%.

440 L. Yin et al. / Journal of Hydrology 528 (2015) 435–448
(48.7 mm) at the end of June, the water table increased �13.0 cm
and then decreased until late July. From 20 to 30 July, the water
table increased over 50.0 cm after the heaviest observed rainfall
event (115.0 mm) and then fluctuated with rainfall. The response
of the water table to rainfall was controlled by soil water condi-
tions and rainfall intensity, with no reaction observed for rainfall
below 10 mm/d. Above 10 mm/d, the water table reacted differ-
ently depending on the soil water content. For example, the water
table increased only 0.2 cm after a rainfall of 11.1 mm on June 21
when the soil water content was lowest (mean of 0.16), while it
raised 1.5 cm after a rainfall of 11.0 mm on May 25 (mean soil
water content of 0.18).

The trend analysis of the cumulative rainfall, soil water content,
and water table indicated a changing point on July 20. Before this,
the average soil water content and water table depth were 0.15
and 97.6 cm, respectively, which changed to 0.20 and 122.3 cm,
respectively after July 20. This divided the measurement period
into a dry and wet period (Fig. 2).
3.2. Calibration and validation

The soil hydraulic parameters calibrated using the measured
soil water content are shown in Table 1 and were similar to the val-
ues estimated using ROSETTA. The simulated soil water content
and transpiration were not sensitive to h50, consistently with pre-
vious studies (Skaggs et al., 2006 and Zhu et al., 2009). The mea-
sured and simulated soil water content at various depths are
shown in Fig. 3. The over-predicted soil water content at 20 cm
depth may be due to the presence of finer material, while its vari-
ations at 20–100 cm were well captured in the simulation. Below
100 cm, the rapid fluctuation of the groundwater during the
high-level period (after August) caused bigger changes in the sim-
ulated soil water content than in the measured data. These
short-term oscillations in soil water content close to the water
table are difficult to reproduce in many cases (Forkutsa et al.,
2009). Although there were small differences in certain layers,
the agreement between the calculated and measured soil water
contents was good (Fig. 3). The statistical indices describing the
model performance during calibration and validation are listed in
Table 2. As expected, the R2 was slightly lower for the validation
than for the calibration period. The overall RMSE between the mea-
sured and simulated soil water content was 0.005, with a coeffi-
cient of determination of 0.98, indicating a good agreement
between the simulated and observed data.
3.3. Short-term simulation results

The components of soil water balance were calculated with Eq.
(10) and are shown in Table 3. The daily temporal variation of the
actual evaporation (Ea) was correlated to the soil water content
with a correlation coefficient of 0.66 and the correlation analyses
further indicated a higher Ea correlation coefficient with top soil
water (0–80 cm) than with soil water below 80 cm. The average
Ea was 0.15 cm/d in the dry period (May–June) when the mean soil
water content was 0.15, increasing to 0.17 cm/d in the wet period
(August–September) with an average soil water content of 0.21.
The Ea/Ep ratio showed that Ea approaches Ep during rainy days
(Fig. 4), with the longest period lasting for 5 days in the end of
June after a heavy rainfall (�36.0 mm). Subsequently, the ratio
dropped significantly due to the high seepage rate and low reten-
tion capacity of the sandy soil. The lowest ratio was close to zero in
the driest period (late June–mid July), indicating a very dry soil.

Soil water storage change (dS/dt) was positively correlated with
Pe with a correlation coefficient of 0.90, indicating precipitation as
one of the major sources of soil water. During the low monthly
rainfall in May and August, dS/dt was negative due to the con-
sumption of Ea and actual transpiration (Ta). In contrast, dS/dt
was positive under high rainfall in July and September. dS/dt also
had a strong correlation with drainage (D) (r = 0.64), indicating
the contribution from groundwater.

Ta increased from 0.20 cm/d in May to 0.27 cm/d in June, stayed
relatively constant until August, and decreased to 0.12 cm/d in
September (Table 3). The seasonal variation showed that Ta in
the dry season (June) was comparable to the wet season
(August), indicating the existence of unrestricted groundwater
supply to Ta in addition to soil water. The Ta/Tp ratio was very close
to 1.00 in the driest period (Fig. 4), providing additional evidence of
groundwater use by plants. The positive monthly bottom flux indi-
cated the groundwater contribution to Ta.

The results showed that groundwater uptake amounted to
�55% of tree transpiration during the dry period and 16–19% dur-
ing the wet period (Table 4). The monthly groundwater recharge
(Gr) was 0–3.7% of the gross rainfall in the dry period and 7–8%
in the wet period (Table 4) and groundwater recharge only
occurred after exceptionally heavy rainfall.
3.4. Isotope analysis

The isotopic compositions of rainwater, stem water, and soil
water are shown in Fig. 5. The overall evaporation line had a slope
of 5.5, which is lower than the slope of the local meteoric water
(8.6) as shown in Fig. 5a, and therefore indicates the effect of evap-
oration in soil water. The isotopic values for soil water below
100 cm depth scatter around the local meteorological water line
(LMWL), suggesting little or no evaporation of deep soil water.
The majority of soil water above a depth of 100 cm was located
below the LMWL due to kinetic enrichment (Fig. 5b), but some
were laying on the LMWL. Those samples were taken during the
wet period after the heaviest rainfall (end of July) and represent
the isotopic signature of rainfall. The slope of the isotopic compo-
sition of stem water was 5.9, between deep (8.6) and shallow soil
water (5.5), indicating that trees use both groundwater and soil
water.

The average isotopic composition of d18O decreased from
�4.8‰ at 20 cm depth to �7.0‰ at 80 cm depth, remaining then
relatively constant and similar to groundwater (Fig. 5c). The varia-
tion of the average d18O above 80 cm was �3.2‰, which is higher
than the average of 0.8‰ below 80 cm depth, indicating strong
evaporation in the top soil. To analyze the sources of tree water
use, the IsoSource multiple-source isotopic mass balance model
(Phillips and Gregg, 2003 and Phillips et al., 2005) was used to
identify the water sources and their contributions. Based on the
vertical variation of isotopic compositions from Fig. 5c, we selected
sampling date when at least one sample at 0–40 cm, 60–80 cm,
and 100–160 cm was collected (Fig. 6). The results indicated that
groundwater contributed to 45% of plant water use on May 5,
decreasing to 4–12% during the wet period, when trees mainly
use shallow soil water. In contrast, the contribution from the 0 to
40 cm layer accounted for 65–86% during the wet period and only
34% during the dry period.



Fig. 3. Simulated and measured soil moisture at various depths.

Table 2
Root mean square error and coefficient of determination between observed and
simulated soil water content.b

Soil layer (cm) RMSE R2

Calibration Validation Calibration Validation

20 0.015 0.026 0.77 0.81
40 0.009 0.010 0.96 0.77
60 0.011 0.016 0.86 0.77
80 0.003 0.009 0.96 0.88

100 0.006 0.017 0.98 0.94
120 0.007 0.025 0.94 0.94
140 0.035 0.009 0.79 0.64

0–140 0.005 0.005 0.98 0.98

b RMSE, root mean square error; r2, coefficient of determination.
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3.5. Long-term simulation

The results from the long-term simulation (1992–2010) are pre-
sented in Fig. 7. The mean annual potential ET varied insignifi-
cantly with a coefficient of variation of 0.06. Similarly, stable
potential ET has been observed in other arid zones, such as
Ethiopia (Tilahun, 2006). However, the annual precipitation varied
significantly, ranging from 569 mm in 2001 to 248 mm in 2005
(Fig. 7a). The annual precipitation at 5% and 95% probability were
258 mm and 568 mm during 1953–2010, respectively, indicating
that the variation of the annual precipitation for our selected per-
iod represented well the long-term features of the climate in the
study area.

The highest precipitation usually occurred in July or August,
with mean monthly values of 119 mm and 88 mm, respectively



Table 3
Monthly water balance values and mean soil water content.c

Month Pe (cm/d) Ea (cm/d) Ta (cm/d) D (cm/d) dS/dt (cm/d) Soil water content (cm3/cm3)

May 0.09 0.16 0.20 �0.13 �0.14 0.16
June 0.21 0.12 0.26 �0.23 0.06 0.14
July 0.47 0.18 0.27 �0.32 0.34 0.15
August 0.11 0.19 0.30 �0.13 �0.25 0.20
September 0.23 0.15 0.12 �0.29 0.24 0.21

c Pe, effective precipitation; Ea, actual evaporation; Ta, actual transpiration; D, bottom flux; dS/dt, soil water storage change.

Fig. 4. Ratio between actual (Ta) and potential transpiration (Tp) (black line) and
actual (Ea) and potential evaporation (Ep) (bars).
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(Fig. 7a). The water table generally declined before July and
increased in response to rainfall, with annual variation of less than
50 cm. An exception occurred in 2007, with a variation of 240 cm
(Fig. 7a). This might have been due to the increase in groundwater
pumping for irrigation in 2007 after a 2-year consecutive drought
(2005–2006). The range of the mean annual water table variation
over the long-term period, excluding 2007, was only 79 cm.

The Ta/Tp ratio was lowest in 2007 (0.78) and ranged between
0.91 and 1.00 in the other years (Fig. 7b). When the water table
was less than 140 cm depth, Ta almost equaled Tp (Fig. 8a) with
no relation with the annual precipitation, suggesting that trees
did not suffer water stress even for the driest year because of con-
stant groundwater supply. With the increase in ETp/Pg, Tp/Pg

increased linearly (Fig. 8b), also indicating an unlimited water
source for Ta. The Ta/Tp ratio decreased slightly with the water table
drop from 140 to 180 cm depth. However, tree water use will drop
dramatically with a water table depth below 180 cm due to human
activities (as in 2007) (Fig. 8a). The relation between the water
table depth and Ta suggested a critical depth of 180 cm below
which the willow trees will suffer from water stress in the site
(see Fig. 8a).

The Ea/Ep ratio ranged between 0.30 and 1.00 with a mean of
0.66, and was controlled by the annual precipitation and water
table depth (Fig. 7b). When the water table depth was less than
90 cm, the Ea/Ep ratio was close to 1.00, as in 1996, 2003, and
2004. This means that soil evaporation consumes a large amount
of groundwater when the water table is shallow, which is
Table 4
Groundwater uptake and recharge.d

Month Gup (cm) Ta (cm) Gup/Tp (%) Gr (cm) P (cm) Gr/P (%)

May 2.89 5.30 55 0.15 4.02 3.70
June 3.36 6.05 56 0.00 7.91 0.00
July 3.28 6.21 53 0.52 16.92 3.07
August 1.12 5.88 19 0.37 4.59 8.06
September 0.39 2.39 16 0.37 5.20 7.11

d Gup, Groundwater uptake; Tp, potential transpiration; Gr, groundwater recharge;
P, precipitation.
consistent with the soil evaporation extinction depth of �80 to
100 cm derived from the isotopic analysis. The exception was
1997 when the water table depth was 90 cm and the ratio was only
0.79 due to a low annual precipitation of 316 mm (�1/3 lower than
the long-term mean). The impact of annual precipitation on soil
evaporation was more significant when the water table dropped.
For example, the water table was much deeper in 2007 (149 cm)
than in 2006 (205 cm) but Ea/Ep was lower in 2006 (0.30) when
the annual precipitation was 313 mm, in contrast with 2007
(0.49) with an annual precipitation of 439 mm.
3.6. Scenario simulation

A deep water table was assumed in the scenario simulation to
represent impacts of groundwater abstraction. Under this condi-
tion, Ta and Ea decreased significantly (Fig. 9). The Ea/Ep ratio varied
between 0.12 (1997) and 0.31(2002) with a mean of 0.21, while the
Ta/Tp ratio ranged from 0.09 (1997) to 0.40 (2002) with a mean of
0.22. Comparing to the natural variation condition, the mean Ta/Tp

decreased from 0.96 to 0.22 and the mean Ea/Ep decreased from
0.66 to 0.21, indicating that the drop in the water table had more
impact on Ta than Ea. The correlation coefficient between Ta and
the annual precipitation was 0.77, and 0.85 between Ea and the
annual precipitation, indicating that the variation of Ta/Tp and
Ea/Ep was controlled by the annual precipitation when water table
was deep. The lower Ta and more dependent on precipitation in the
deep-water condition indicate that vegetation will change from
groundwater-dependent to precipitation-dependent. Due to less
reliance on the constant groundwater source, the coefficient of
variation of Ta/Tp increased from 5% for the natural condition to
38% for the scenario condition.
4. Discussion

4.1. Interaction between plants and groundwater

Rainfall had a large intra- and inter-annual variability at the
study site (Figs. 1 and 7a), as recognized and observed in many arid
regions (Tilahun, 2006 and Yaseef et al., 2009), with maximum to
minimum annual rainfall ratios usually over 3 (FAO, 1989). As a
response to rainfall variation, soil water also changes significantly
with time (He et al., 2012), specially for shallow depths as observed
in Fig. 3. However, the water table depth did not change signifi-
cantly in comparison to the soil water (Figs. 1 and 3).
Groundwater, therefore, provided a reliable water source for
plants, being important for trees as shown in our study (Table 4),
particularly during dry periods. We also found similar reports in
other studies (Dawson and Pate, 1996; Cui and Shao, 2005;
Naumburg et al., 2005 and Zhu et al., 2009). For example In
Australia, Banksia prionotes derives the majority of its water from
deeper sources during the dry season while, in the wet season,
most of the water used derives from the upper soil layers being
supplied by lateral roots (Dawson and Pate, 1996). In the
Badanjilin desert in China, P. euphratica obtains 53% of its water



Fig. 5. Isotopic compositions of stem and soil water (a and b), and the variation of the mean isotopic composition with depth (c).

Fig. 6. Isotopic compositions of stem and soil water for selected days.
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from groundwater (Zhu et al., 2009), while in the dry summer from
central Portugal, groundwater uptake accounts for 73.2% of Quercus
suber needs (Pinto et al., 2014).

It is recognized that trees can substantially reduce groundwater
recharge. The global analysis of groundwater recharge and vegeta-
tion revealed that the latter is the second factor affecting ground-
water recharge, following water input (Kim and Jackson, 2012).
Groundwater recharge is reduced by vegetation through canopy
interception and transpiration from soil water (Keese et al., 2005
and Scanlon et al., 2002). Canopy interception cannot be neglected,
as shown in this study, as trees have a strong coupling between the
canopy and the atmosphere, resulting in high evaporation rates
from the wet canopy (Lankreijer et al., 1993). The effective precip-
itation is then reduced and groundwater recharge decreases as a
result. Given the consumption of soil water by trees, soil water
content is generally low in planted forests (Mu et al., 2003).
Five-year water balance measurements by auto-weighting lysime-
ters suggested that soil water storage in the vegetated lysimeter
was only 47% of the observed for a bare lysimeter (Wang et al.,
2004). In addition, the long-term soil water accumulation was sig-
nificantly greater in the upper 125 cm of a non-vegetated profile
than for a vegetated soil in the Mojave Desert, Nevada (Gee et al.,



Fig. 7. Long-term water table and monthly precipitation (a) and ratios of actual (Ea) and potential evaporation (Ep) and actual (Ta) and potential transpiration (Tp) for the long-
term simulation (b).

Fig. 8. The variation of the actual transpiration (Ta)/potential transpiration (Tp) ratio with water table depth (a) and relation between potential evapotranspiration
(ETp)/effective precipitation (P) ratio and Ta/P (b).

Fig. 9. Ratios of actual (Ea) and potential evaporation (Ep) and actual (Ta) and potential transpiration (Tp) for the scenario simulation.
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1994; Andraski, 1997). As a result of canopy interception and con-
sumption of soil water, groundwater recharge in forests is much
lower than in other areas, such as bare soil, cropland, and grassland
(Kim and Jackson, 2012). Therefore, the water table would drop in
response to the reduced recharge. In Western Australia, the water
table declined up to 550 cm following the plantation of millions of
trees for dryland salinity management, with a more obvious drop
in perched, local, and intermediate aquifers (George et al., 1999).
However, tree plantings can have limited hydrological impacts if
strategically placed in a catchment shown in a simulation study
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(Cheng et al., 2014). The previous studies show that lower density
of plantation will have less impact on groundwater availability
(Horner et al., 2009 and Cheng et al., 2014).

A severe drop of water table caused by the groundwater
recharge reduction will affect the growth of trees as show in
Fig. 8 and some may die off as observed by Bacchus (1997).
Afforestation is carried out in many arid regions to alleviate land
degradation, reduce poverty, and improve livelihood (FAO, 2010
and Cao, 2011). However, this study and the cases mentioned in
the above discussion indicate that ecological restoration in arid
zone should be cautious of over-planting of tree that may induce
quick drop of water table beyond the critical depth, which in turn
may result in the death of planted trees that are
groundwater-dependent. A proper selection of tree species for
afforestation in water-limited areas may reduce the risk (Cao
et al., 2010). For example, native plants usually have lower water
requirements than invasive or artificially planted trees (Cavaleri
and Sack, 2010), which supports the simple rehabilitation of natu-
ral ecosystems of high water efficiency to maintain sustainable
ecosystems (Zhou et al., 2013).

4.2. Climate variations and anthropogenic impact on trees

Ta/Tp (Figs. 4 and 7b) was still very high even for very dry seasons
or years, suggesting that trees are adapted to the local variation of
climate. One important adaptation mechanism is the specific root
pattern, including shallow lateral and deep roots that allow the
search for water (Lubczynski, 2009). The shallow roots absorb soil
water provided by precipitation, while the deep roots take up
groundwater (Batanouny, 2001), which is particularly vital in dry
years, when the shallow roots cannot get enough water from the
top soil to maintain tree growth (Goldstein et al., 2008).
Therefore, the development of deep roots by trees in arid regions,
up to a maximum of 9.5 ± 2.4 m is common, in comparison with
the global average value of 4.6 ± 0.5 m (Canadell et al., 1996).
When the water table falls over dry periods, roots will grow to
maintain water access throughout the growing season, with sub-
stantial volumes of groundwater being used. Canham et al. (2012)
used root in-growth bags to study the dynamics of root grow of
Banksia under a naturally fluctuating water table and found that
roots grew above the water table in all seasons. The ability of root
growth is vital to maintain the access to groundwater in dry sea-
sons. Kranjcec et al. (1998) used rhizoponds to investigate the root
growth of North American cottonwood species under different con-
trolled rates of water table decline and also found that root growth
was promoted by water table decline. Although the mass of deep
roots is relatively small, as shown in this study, water uptake can
be up to 60% of the total water use by plants as deep roots can
access more stable water sources (Canadell et al., 1996). The
short- and long-term simulation as well as the analysis of root pat-
tern and response to water table decline indicate that the climatic
variation itself may not have severe negative impact on trees.

Nevertheless, the drop in the water table caused by anthro-
pogenic activities is larger than the natural fluctuations due to cli-
mate variability (Fig. 7a), and further aggravated by climate change
(Kløve et al., 2013). If the drop is faster than the growth rate of
deep roots, transpiration will decrease dramatically (this study,
Luo and Sophocleous, 2010 and Soylu et al., 2011). Further simula-
tion studies have revealed an exponential decay in transpiration
with water table depth (Shah et al., 2007 and Luo and
Sophocleous, 2010) and transpiration of P. euphratica, for example,
will reduce by 74% with a decrease in the water table depth from 2
to 3 m (Zhu et al., 2009). The laboratory tests using rhizopods also
indicate that a rapid groundwater table decline results in a severe
impact on plant growth (Mahoney and Rood, 1992; Kranjcec et al.,
1998 and Guilloy et al., 2011). A short-terming monitoring on the
response of Populus deltoids to water table drop shows that shoot
water potential decreases and then leaf mortality occurs (Cooper
et al., 2003). Long-term monitoring (over decades) indicate that
higher rate of groundwater drawdown will result in the mortality
of forests or the transition to an alternative ecohydrological state.
Besides the small scale studies mentioned above, regional monitor-
ing also indicates that groundwater decline negatively affects
groundwater-dependent plants (Stromberg et al., 1996; Cooper
et al., 2006; Elmore et al., 2006; Cunningham et al., 2011; Barron
et al., 2014; Kath et al., 2014 and Sommer and Froend, 2014). For
example, lowering water table reduced groundwater contribution
to plant water use by 62% in the San Luis Valley, Colorado, USA
(Copper et al., 2006). In the Condamine catchment, Queensland,
Australia, Canopy condition of Eucalyptus camaldulensis and
Eucalyptus populnea declined abruptly when water table is lowered
beyond a certain depth (Kath et al., 2014).
4.3. Limitation and generalization of the study

In this study, root growth was ignored. Under natural conditions,
the variation of the water table is usually less than 0.5 m and root
growth can be ignored. In our scenario conditions, the water table
decline may be too fast for root elongation, so that the roots lose
contact with the water table and growth decreases due to water
stress, as observed in previous experiments (Mahoney and Rood,
1992 and Kranjcec et al., 1998). Even though, not including root
growth will underestimate the groundwater contribution to plant
water use to some extent (Imada et al., 2008) and our results can
be considered conservative. We also ignored hydraulic redistribu-
tion that the passive movement of water between different soil
parts via plant root systems (Prieto et al., 2012; David et al., 2013
and Gou and Miller, 2014) and this process may play a significantly
role when water table is deep.

The general conclusions of the study are applied to phreato-
phytes in arid/semi-arid regions, including trees, bushes and herbs
as observed by Elmore et al. (2006). The results are particularly
valid to trees in shallow groundwater regions that usually occur
in the discharge areas of groundwater flow systems (Tóth, 1963),
such as riparian zones. However, we should note that the quantita-
tive conclusions, such as the contribution of groundwater to tran-
spiration and transpiration reduction after water table decline are
site-specific. Generally speaking, phreatophytes are dependent
more on groundwater and have significant response to water table
decline in drier climate; fine textured soils will benefit the survival
of phreatophytes when water table declines caused by groundwa-
ter abstraction as they have larger capillary rise; native trees are
less sensitive to water table decline as they have higher efficiency
of water use.
5. Conclusions

In this study, the HRDRUS-1D model and stable isotopes were
used to study the groundwater contribution to willow trees and
the groundwater recharge in an arid experiment site for a
short-term (May 2 to September 26, 2012) and long-term period
(1992–2010). The short-term simulation was divided into a dry
and wet period. In the dry season, transpiration was comparable
to the wet season and Ta/Tp was close to 1 during the entire grow-
ing season, indicating the use of groundwater by trees. The ground-
water contribution to the tree transpiration amounted to �55%
during the dry period and 16–19% during the wet period based
on the modeling results and confirmed by the stable isotope study.
Groundwater recharge occurred occasionally after heavy rainfall,
corresponding to 3–8% of total rainfall. This reduction in recharge
resulted from canopy interception and consumption of soil water
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by trees, which in turn will affect tree growth as they heavily rely
on groundwater. Therefore, a proper selection of tree species for
afforestation is critical in water-limited areas, to avoid an increase
in water shortage and weakening of the ecological function of
trees. Therefore, the recreation of natural environments character-
ized by high water efficiency is recommended, to have sustainable
ecosystems.

In the long-term simulation, Ta/Tp ranged between 0.91 and
1.00 except in 2007 when the water table dropped dramatically
due to human activity. The relatively high Ta/Tp indicated that trees
adapt to local environmental conditions by developing shallow lat-
eral and deep roots to use soil and groundwater, respectively. Deep
roots, in particular, play a vital role in dry seasons by absorbing
groundwater. Therefore, climatic variation itself may not seriously
affect trees in arid zones. However, significant changes in the water
table due to anthropogenic activities, decreased transpiration
dramatically.
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