
lable at ScienceDirect

Journal of Arid Environments 74 (2010) 905–911

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Institutional Repository of Xinjiang Institute of Ecology and Geography, CAS
Contents lists avai
Journal of Arid Environments

journal homepage: www.elsevier .com/locate/ jar idenv
Hydraulic lift in Populus euphratica Oliv. from the desert riparian vegetation
of the Tarim River Basin

Xingming Hao, Yaning Chen*, Weihong Li, Bin Guo, Ruifeng Zhao
The Key Laboratory of Oasis Ecology and Desert Environments, Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences, Urmuqi 830011, China
a r t i c l e i n f o

Article history:
Received 28 June 2009
Received in revised form
29 December 2009
Accepted 16 January 2010
Available online 6 March 2010

Keywords:
Arid regions
Hydraulic redistribution
Root sap flow
Soil water content
* Corresponding author. Tel.: þ86 991 7885432.
E-mail address: chenyn@ms.xjb.ac.cn (Y. Chen).

0140-1963/$ – see front matter � 2010 Elsevier Ltd. A
doi:10.1016/j.jaridenv.2010.01.005
a b s t r a c t

In the Tarim River Basin, the desert riparian forest vegetation is under high-temperature and aridity
stress. However, the vegetation can grow continuously because of deep rooting that can reach
groundwater, which can thus redistribute water into the upper soil profile. This paper describes patterns
of hydraulic lift by Populus euphratica Oliv. and discusses its ecological effects. Our results show that the
tap root sap velocity of P. euphratica Oliv. is positive during the day and night. However, a reverse sap
flow was observed in the lateral roots during the night. The soil water content of the subsoil was higher
than that of the topsoil at depths of 0–120 cm. When the sap flow of the lateral roots was reversed at
night, the soil water content clearly increased. In particular, at depths of 60–120 cm, the soil water
content at 4:00 was 28–38% greater than that at 16:00. The vapor pressure deficit was a factor that
predominantly affected the root sap velocity, and the smaller vapor pressure deficit often facilitated
a reverse sap flow in the lateral roots. Our findings demonstrate the hydraulic lift characteristics and
ecological effects that occur in the desert riparian forest in extremely arid regions of middle Asia

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

There are three primary natural sources of water for plants in arid
regions: surface flow, precipitation, and groundwater (Chimner &
Cooper, 2004; Flanagen & Ehleringer, 1991; Gries et al., 2003;
Hipondoka et al., 2003; Horton & Clark, 2001; Lamontagne et al.,
2005). However, the supply from surface flow (e.g., surface runoff,
rivers, streams, lakes) is generally very limited, both spatially and
temporally. Therefore, most arid vegetation relies on precipitation,
groundwater, or a combination of the two. In the lower reaches of
the Tarim River in China, the stream flow has completely dried up
since 1970. The region has a dry, desert climate, with an annual
precipitation of 17.4–42.0 mm, and predominantly dry and windy
weather. Consequently, groundwater is the only water source for the
vegetation in the lower reaches of the Tarim River (Li & Zhang, 2003).

In semi-arid and arid regions, such as the Tarim River Basin, not all
plants have deep root systems. However, plants with shallow roots
can also grow normally, just as those with deep roots can, and can
absorb soil water from deep soils under long-term drought stress. This
has been attributed to the adaptive strategies of drought-tolerant
plants. One of these adaptive strategies is in the leaf structure (Yiotis
et al., 2006). Another, more important, factor is the water sharing that
ll rights reserved.
occurs between deep-rooted and shallow-rooted plants, whereby
deep-rooted plants supply a certain amount of water to shallow-
rooted plants through ‘‘hydraulic lift’’ (Dawson, 1993). The hydraulic
lift of root systems has been widely documented in different floral
regions, including the semi-arid (riparian) and arid areas of North
America (Hultine et al., 2003a, 2003b, 2004; Leffler et al., 2005; Ryel et
al., 2002, 2003, 2004), temperate zone forests (Brooks et al., 2002,
2006; Domec et al., 2004; Warren et al., 2005), croplands (Wan et al.,
2000), savanna forests in America and Africa (Ludwig et al., 2003,
2004; Moreira et al., 2003; Scholz et al., 2002; Zou et al., 2005), forests
of Mediterranean-type regions in Australia (Burgess et al., 2000a,
2000b, 2001), and Amazonian trees (Lee et al., 2005; Oliveira et al.,
2005; Rocha et al., 2004). These studies have verified and evaluated
the processes, mechanism, and ecological significance of hydraulic
lift, based on a broad spatiotemporal scale and many species.
However, because little research has focused on the desert riparian
forests distributed in middle Asia, such as that in the Tarim River
Basin, it is still unclear whether the hydraulic lift effect also exists in
this vegetation. Consequently, we have only limited knowledge about
the water-use strategies of these plants.

The Tarim River is located on the northern border of the Takli-
makan Desert of Xinjiang, China. In the past 50 years, local inten-
sive economic and social development has vastly increased the
consumption of water from the Tarim River, which has caused the
stream flow in the lower reaches (at 321 km) to cease completely.
Consequently, the groundwater table has dropped significantly,
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which has led to a serious decline in the natural vegetation in the
affected area. Large patches of herbaceous plants, such as Phrag-
mites communis Trirn, Apocynum venetum L., and Alhagi sparsifolia
(B. Keller et Shap.), have died out. Large expanses of the Populus
euphratica Olivier and Tamarix spp. plant communities have also
degenerated. Wind erosion and land desertification processes have
become very intense (Liu et al., 2007).

To preserve this endangered desert riverbank forest vegetation
and restore the damaged ecosystem, the Ecological Water Convey-
ance Project (EWCP), which encompasses Bosten Lake to the Kong-
que River, was initiated in 2000 to recharge water into the lower
reaches of the Tarim River. Implementation of the project has raised
the groundwater table and promoted vegetation renewal (Chen et al.,
2006). However, the limited water resources are very precious in arid
regions. Therefore, understanding the water-use and-sharing
mechanisms of plants in the region, and the maintenance of an
appropriate groundwater depth, is necessary to circumvent succes-
sion towards vegetation types that are intolerant of additional
moisture from groundwater, or succession towards swampy vege-
tation types (Oleg et al., 2001) in the lower reaches of the Tarim River.
To ensure that the vegetation here can grow normally, a simple
water-depth management plan is required to protect the vegetation.
However, present research that focuses on the relationship between
vegetation and groundwater depth does not consider the water-
using strategies of plants, such as the hydraulic lift. Once there is
experimental evidence of hydraulic lift and its ecological effects, our
understanding of the appropriate groundwater depth will be
extended and reformed. Therefore, groundwater depth can act as an
important criterion of ecological water delivery.

The objective of this study was to explore the hydraulic lift effect
of P. euphratica Oliv., the constructive species of a desert riparian
forest, using the heat ratio method (HRM) to continuously monitor
root sap flow, and a gravimetrical method to analyze the corre-
sponding soil water content. This research should provide a case
study for the analysis of hydraulic redistribution in extremely arid
inland-river regions.

2. Materials and methods

2.1. Study site

The field work was carried out at Yengsu in the lower reaches of
the Tarim River, located in northwest China. This region is situated
in the temperate continental zone and has a dry desert climate,
with an annual precipitation of 17.4–42.0 mm, and predominantly
dry and windy weather. The monitoring started in 17:00 of 9 Sep.
and ended in 15:00 of 23 Sep., 2008. So the 15 consecutive diel (in
the study areas, daytime from 8:00 to 21:00 that is just same with
the sunrise and sunset time) monitoring data were collected.
During the monitoring period, the sky was clear, with no precipi-
tation events, but there were strong winds (average wind speed of
1.93 m/s, maximum wind speed of 5.30 m/s) at the end of the
monitoring period. The study site has a flat terrain and a simple soil
type, which is dominated by aeolian sandy soil. Several salt-adap-
ted halophyte species, including P. euphratica Oliv., Tamarix spp.,
Lycium ruthenicum, A. sparsifolia, and Salsola sp., live along the
riverbank in this area. Generally, the vegetation structure is very
simple, with only a few plant species present.

2.2. Study species

We chose P. euphratica Oliv. as the study species because the tree is
the constructive species of the riparian forest community, and
because it has a huge and deep-rooted system; thus, the hydraulic
redistribution and ecological significance of the tree would be more
obvious. Three P. euphratica Oliv. trees, 50 m apart, with a diameter at
a breast height of about 35–50 cm and a tree height of about 10–15 m,
were selected for monitoring. We excavated the coarse root systems
around the base of the three individuals, down to 1.2 m, to investigate
their rooting distribution. The observation showed that all of these
trees have a dimorphic root system. We monitored the sap flow in all
of the tap roots and in the four lateral roots of each of the three trees.

2.3. Sap flow measurement and environmental variables

We used the heat ratio methods (HRM, ICT International Pty Ltd,
Armidale, NSW, Australia) to take continuous monitoring of the sap
flow in the roots of the study trees. A single HRM30 sensor consists
of a 3-needle design, integrated into a microprocessor controlled
Smart Interface, with a 5 m long cable. The two temperature nee-
dles from one sensor comprise one upstream-downstream pair,
and each needle contains two thermocouples for the determination
of sap velocity at two depths within the sapwood. Standard needles
are 35 mm long, and have two thermocouples located 7.5 mm and
22.5 mm from the tip of the needle. Both thermocouples, within
a single temperature needle, utilize one common constantan wire.

The soil around the base of each tree was carefully excavated, as
carefully as possible to maintain the integrity of the root systems, to
expose the proximal region of the large lateral roots (diameter
>4 cm) and the tap root. In general, when the depth of the soil
profiles reached 1 m, the target root was well-exposed. A single
probe set was inserted into the tap root, and four probe sets were
inserted into four lateral roots (diameter>4 cm). In all, one tap root
and four lateral roots were instrumented on each tree. After
installation, the probes were protected by plastic boxes, and were
covered with approximately 20 cm of soil. In addition, the soil
profile and roots were covered with a tarpaulin to prevent radiant
heating by direct sunlight (Hultine et al., 2003b). Environmental
variables, including the wind speed, leaf temperature, ground
surface temperature, and relative air humidity, were measured
with an auto-meteorological station (ICT International Pty Ltd). All
the sap flow and meteorological sensors were connected to a data
logger (SL5 Data Logger and DataBus System, ICT International Pty
Ltd) by cable lines. The measurements were recorded every hour,
during the period from September 10 to September 22. We calcu-
lated the heat pulse velocity by the equation (Burgess et al., 1998):

Vh ¼ k=x,lnðv1=v2Þ,3600

where k is the thermal diffusivity of green (fresh) wood, x is the
distance (0.6 cm in the study) between the heater and either
temperature probe, and v1 and v2 are the increases in temperature
(from initial temperatures) at equidistant points downstream and
upstream, respectively, x cm from the heater. Thermal diffusivity (k) is
assigned a nominal value of 2.5�10�3 cm2 s�1 at the beginning of sap
flow measurement, and this value is further resolved once the
sapwood properties have been measured. All other corrections for
probe misalignment and wounding (mechanical damage) were made
according to Burgess et al. (2001). At the end of the study, we deter-
mined a precise baseline (zero flow) for the root sap flow by cutting all
of the roots in order to stop the sap flow (Burgess et al., 2001).

In addition to the auto monitoring meteorological variables
described above, the vapor pressure deficit was also calculated by
leaf surface temperature and relative air humidity, with the
following equation (Campbell & Norman, 1998):

VPD ¼ a,eðbT=TþcÞ,ð1� hrÞ

where VPD is the vapor pressure deficit, T is the leaf surface
temperature, hr is the relative air humidity, and a, b, c are param-
eters 0.611 kPa, 17.502 and 240.97�C, respectively.
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The soil water content was measured by a gravimetrical method.
Soil samples were collected by the dig soil profile (a depth of
120 cm) at a distance of 1 m to the trunk. The sampling depths
along the soil profile were 0–20, 20–40, 40–60, 60–80, 80–100, and
100–120 cm. Soil was symmetrically collected into an aluminous
box in every soil layer (three replications); the soil was sampled
four times a day at 04:00, 10:00, 16:00, and 22:00. After the soil
samples were collected, they were weighed with electronic balance
(weighing accuracy is 0.01 g), and were taken back to the laboratory
and weighed again after drying.

The HOBO groundwater level logger (Campbell Scientific, Logan,
UT, USA) was installed in the groundwater monitoring well in the
study site in 2008. The automatic monitoring began in August 2008,
and the groundwater was monitored every 18 h because of the
groundwater depth changed slowly.

The natural vegetation occurring around each well was exam-
ined in July of each year. Forty-four plant sampling sites were
chosen in the lower reaches along the groundwater monitoring
transects. We performed these investigations during 2006–2008.

3. Results

3.1. Change of groundwater depth

During the study period, we continuously monitored the
groundwater depth in the study area with the HOBO groundwater
Fig. 1. Sap flow velocity (Vh) in the tap root and lateral root of P. euphratica Oliv. during Sep
trees, respectively, over four days; D, E, F show the diurnal and nocturnal variations of later
velocities of the lateral roots, which have different diameters.
level logger. The results indicated that the average groundwater
depth of the area is 6.26 m, and that the changing amplitude is
0.14 m. The groundwater depth showed a gradual deepening
trend, due to the extreme drought and that no water was delivered
to the river course in the lower reaches (Appendix 1 electronic
version only).

3.2. Root sap flow

The sap flow velocity in the tap root of P. euphratica Oliv. had
a distinctive diurnal variability (Fig. 1). The sap flow velocity
increased rapidly after 9:00, reaching a peak value at about 14:00.
After 19:00, the sap flow velocity decreased rapidly, and this low
velocity was maintained throughout the night (21:00 to 8:00 of the
next morning). The maximum value for the sap flow velocity was
25.65 cm/h, and the minimum velocity was only 0.21 cm/h. In
contrast to the tap root, the sap flow velocity in the lateral roots
showed various diurnal changes (Fig. 1). Reverse sap flow was
detected in the lateral roots, which is considered to be the most
important evidence for hydraulic lift. The diurnal changes in the sap
flow velocity of the lateral roots had multiple peaks. In general, the
reverse sap flow in the lateral roots began at 21:00 or 22:00, and
ended at 9:00 or 10:00 the next day. The duration of the reverse
flow was about 12 h. However, not every lateral root displayed
a negative sap flow velocity. One of the lateral roots of the second
and the third tree recorded no negative values, even during the
tember 10 to 22. A, B, C show the diurnal and nocturnal variations of tap root of three
al root of three trees, respectively, over four days. Points in D, E and F present the sap



Fig. 2. The daily average soil water content in six soil depths from three soil profiles
(n¼ 144). The soil water content is the weight percentage of soil water and drying soil.
The soil water content was monitored during 12 days in every soil profile.

Fig. 3. The average soil water content at different times and soil depths from three soil
profiles (n¼ 36). The soil water content is the weight percentage of soil water and
drying soil. The soil water content was monitored for 12 days in every soil profile. The
soil water content at different depths was significantly different (p¼ 0.01). The soil
water content at different times showed that it had a significant difference between
4:00 and 10:00, 16:00, 22:00 (p¼ 0.05), and there was no significant difference at
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night. Thus, one lateral root had no reverse sap flow in both the
second and third trees monitored. However, the fact that most of
the lateral roots had reverse sap flow confirms the presence of
hydraulic lift in P. euphratica Oliv.
10:00, 16:00 and 22:00 (p¼ 0.05). The results were calculated by a two-way ANOVA
analysis.
3.3. Soil water content

The soil water content was also sampled and analyzed at depths
of 0–20, 20–40, 40–60, 60–80, 80–100, and 100–120 cm in the
same time period that the sap flow was monitored. Our results
indicate that the soil water content gradually increased from the
shallow soil to the deep soil in the soil profile. The soil water
content clearly increased at soil depths of >20 cm, and the soil
water content reached its maximum value at a depth of 100–
120 cm. In general, the daily average soil water content in the soil
profiles was 5.28% (Fig. 2).

The water content at different soil depths also showed varying
diurnal trends (Fig. 3). Every day at 4:00, the soil had its maximal
water content, and at a depth of 100–120 cm, the maximum value
was 6.41%. Every day at 10:00, the soil also had high water content,
but it was lower than at 4:00. The minimum water content
occurred at 16:00 and 22:00, although the changing trends showed
some differences. Fig. 3 illustrates the important fact that the soil
water content at night was higher than it was during the day at soil
depths >60 cm, and that the soil water content was maximal at
4:00.
3.4. Relationship between sap flow and meteorological factors

Meteorological factors have obviously diel patterns (Appendix 2
electronic version only). Surface temperature, leaf temperature and
VPD had the same trends of change, and increased rapidly after
9:00, reaching a peak value at about 14:00 to 16:00. After 16:00,
these values decreased rapidly and reached a minimum value at
about 8:00. During forenoon and at noon, the surface temperature
was higher than the leaf temperature, but the trend was reversed
during afternoon. Contrary to the trend of changing temperature
Table 1
Correlation analysis between root sap velocity of the three Populus euphratica Oliv. and c

Wind speed Air relative humidity

Tap root Pearson correlation 0.462** �0.614**
Sig. (2-tailed) 0.000 0.000
N 288 288

Lateral roots Pearson correlation 0.112 �0.689**
Sig. (2-tailed) 0.057 0.000
N 288 288

**Correlation is significant at the 0.01 level (2-tailed); lateral root sap velocity is the averag
three trees in four days, respectively, from September 10 to 22.
and VPD, the relative air humidity was higher during the night than
during the day.

Correlation analysis (Table 1) of root sap velocity and meteo-
rological factors indicated that (1) root sap velocity had an obvious
correlation with all of the meteorological factors, except for the
wind speed; (2) the relative air humidity showed a negative
correlation, while other factors showed positive correlation in
these meteorological factors, which correlated with root sap
velocity; and (3) the vapor pressure deficit always had the
maximum correlation coefficient with that of the lateral root sap
velocity.

The stepwise regression was used to explain the complex rela-
tionship between the meteorological factors and the sap flow
velocity of the lateral roots. The regression equation, in which Vs

presents the sap flow velocity, and VPD represents the vapor
pressure deficit, are as follows:

Vs ¼ 2:95VPD� 2:058ðR ¼ 0:747Þ

Because the regression analysis rejected other meteorological
variables, the leaf surface pressure deficit becomes an important
factor that can strongly affect the sap flow of the lateral roots.
4. Discussion

Our study is the first to demonstrate the nocturnal reverse sap
flow in the lateral roots of P. euphratica Olivier in a desert riparian
forest in middle Asia, extending knowledge about the occurrence of
hydraulic lift in extremely arid regions. The conclusion that P.
euphratica Olivier has the hydraulic lift effect is based on the
following evidence. First, during the 12 days of continuous
orresponding meteorological factors during the monitoring period.

Leaf temperature Surface temperature Vapor pressure deficit

0.624** 0.655** 0.610**
0.000 0.000 0.000
288 288 288

0.719** 0.738** 0.757**
0.000 0.000 0.000
288 288 288

e value of four lateral roots of the same tree. The root sap velocity data collected from
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monitoring, although the sap flow velocity of the tap root was
positive, the sap flow velocity of the lateral roots presented nega-
tive values at night (the lateral roots had nocturnal reverse flow).
This phenomenon indicates that the lateral roots release the water
that is absorbed by the tap root from the deep soil into the shallow
soil. The second piece of evidence for hydraulic lift comes from the
soil water content data that was measured over the same period.
Previous research (Baker & Van Bavel, 1988; Xu & Bland, 1993)
showed that one of the preconditions for hydraulic lift is that the
soil has a water potential gradient that is caused by a dry shallow
soil and a wet deep soil. However, if the plants have hydraulic lift,
the soil water content in the shallow soil should increase. Our
monitoring showed that the water content of the shallow soil was
lower than that of the deep soil, and that the soil water content
gradually increased from the top to the bottom in the 0–120 cm soil
profile. This changing trend in the soil water content establishes
that a soil water potential gradient existed between the shallow
and deep soil, and would thus allow for HL to occur between these
layers. Furthermore, an analysis of the soil water content at
different soil depths over time demonstrated that the soil water
content reached a maximum value at 4:00. The soil water content
was 28–38%, and was 8–22% higher at 4:00 than the soil water
content at 16:00, at depths of 60–120 cm and 0–60 cm, respec-
tively. The great increase in the soil water content during the night
may be attributed to the hydraulic lift in the lateral root. However,
the capillary rise can lead to the increase of soil moisture also
during the night. In order to supply enough data to prove the
ecological effects of hydraulic lift, we monitored the soil moisture
in a soil depth of 0–120 cm at 1, 2, 3, 4, 5 and 6 m distances away
from the trunk of the three same trees, by the CNC100 neutron
moisture meter (Beijing Nuclear Instrument Corporation, Beijing,
China). The monitoring time was 4:00 and 16:00, and the moni-
toring period was from July 5 to 20 in 2009. The results demon-
strated that the soil moisture is higher during the night than in the
day. The difference of soil moisture during the night and day has
a decreasing trend, with an increase in distance to the trunk
(Table 2). In general, the capillary rise of moisture was a certain
value in small areas, such as the distance of 6 m away from the
trunk. Therefore, hydraulic lift should be the reason that there
was a decrease diel difference in soil moisture with an increase
in distance to the trunk. In addition, the root length density
also decreased with increasing of distance to the trunk (Yang
et al., 2006).

The distribution of the tree root is the third evidence. Previous
studies on the root distribution of P. euphratica Oliv. in similar arid
environments(Yang et al., 2006) have shown that in a soil profile of
0–120 cm, almost all of the roots, including the fine roots (<2 mm),
are concentrated at a soil depth of 60–120 cm. Therefore, based on
the distribution of the roots, it is easy to understand why the soil
water content increases at the 60–120 cm soil depth with the
reverse flow in the lateral root during the night.
Table 2
The diel difference of volume water content in 0–120 cm soil depth (0–20 cm, 20–40 cm
metric water content was monitored in 4:00 and 16:00 during 5 July to 20 July in 2009.

Soil depth (cm) Volumetric water content at different distance to the trunk (cm

1 m 2 m 3 m

0–20 0.0021� 0.0006a 0.0027� 0.0007a 0.0024� 0.00
20–40 0.0066� 0.0018a 0.0072� 0.0014a 0.0070� 0.00
40–60 0.0097� 0.0027a 0.0144� 0.0031a 0.0092� 0.00
60–80 0.0243� 0.0031a 0.0313� 0.0094b 0.0139� 0.00
80–100 0.0694� 0.0098a 0.0955� 0.0230b 0.0482� 0.00

Means followed by different letters are significantly different (the difference of volu
p< 0.01(One-way ANOVA analysis).
Why does hydraulic lift occur most often in plants during the
night? If it is related to some nocturnal physiological process, how
can we explain the hydraulic lift that occurs in the daytime (Xu &
Bland, 1993)? To address this problem, we should analyze the
relationship between lateral root sap velocity and meteorological
factors. In the lower reaches of the Tarim River, the yearly average
precipitation is less than 30 mm, whereas the evaporation is
greater than 2700 mm, so the natural rainfall has almost no
ecological effect on the natural vegetation. During the monitoring
period, there were no rainfall events in the study area. Conse-
quently, the vapor pressure deficit can have a critical affect on the
sap velocity of root systems. Regression analysis of the root sap flow
velocities and leaf surface pressure deficit showed that when the
vapor pressure deficit is smaller, the sap flow velocity becomes
negative. In this study, when the vapor pressure deficit was smaller
than 1 Kpa, the lateral root sap velocity almost became negative.
This result explains why hydraulic lift occurs most often during the
night, because the vapor pressure deficit is generally smaller during
the night than during the day. If the vapor pressure deficit becomes
small enough during the day, the hydraulic lift effect may occur also
at this time. We suggest that the leaf vapor pressure may be the
most important factor that affects the occurrence of hydraulic lift.
However, this hypothesis requires further revision and testing.

The water resource is the most important ecological factor
limiting vegetation in arid regions. Previous studies have shown
that hydraulic lift may also be one of the most important adaptive
strategies in long-term evolution (Oliveira et al., 2005), in addition
to deep rooting (Nepstad et al., 1994) and stomata control (Cun-
ningham, 2004). At the scale of individual plants, hydraulic lift can
increase the efficiency of deep root water absorption, increasing the
carbon gains of plants, and improving the availability of nutrients in
shallow soils (Dawson, 1998; Horton & Hart, 1998). Recent research
(Brooks et al., 2006; Domec et al., 2004; Warren et al., 2005) has
shown that hydraulic lift can extend the period of water availability,
which is beneficial in maintaining the physical activity and
hydraulic conductivity of plant tissues. Hydraulic lift can also
postpone the period of root embolization caused by a decline in the
soil water potential. At the vegetation community scale, hydraulic
lift can affect the water use of plants. Within a single community,
different plants absorb water from different sources, so that the
water required by shallow-rooted plants can be supplied by deep-
rooted plants through hydraulic lift. The mutual benefits of this
water-use mechanism allow communities to maintain their species
diversity and community stability (Dawson, 1993; Burgess et al.,
2000; Scholz et al., 2002).

In the lower reaches of the Tarim River, the vegetation structure
is simple, with only a few plant species (Song & Fan, 2000). Our
study found that 19 species of higher plants inhabit the study area,
two of which were trees, six were shrubs, and 11 were herbs
(Appendix 3 electronic version only). The vertical structure of the P.
euphratica Oliv. community can be classified as three stratums–tree
.100–120 cm) at 1 m, 2 m.6 m distance away from the trunk (n¼ 15). The volu-

3 cm�3)

4 m 5 m 6 m

06ab 0.0030� 0.0005bc 0.0023� 0.0006b 0.0033� 0.0005c

09a 0.0062� 0.0008ab 0.0069� 0.0003b 0.0064� 0.0005b

12b 0.0094� 0.0012b 0.0096� 0.0012b 0.0102� 0.0011b

18c 0.0139� 0.0022cd 0.0127� 0.0015cd 0.0122� 0.0012d

58ac 0.0244� 0.0035cd 0.0189� 0.0012d 0.0195� 0.0013d

metric water content at different distance) by an LSD mean comparison test at



X. Hao et al. / Journal of Arid Environments 74 (2010) 905–911910
stratum, shrub stratum and herbaceous stratum. The tree stratum is
dominated by P. euphratica Oliv., while the shrub stratum is
composed of single Tamarix spp., L. ruthenicum and Halimodendron
halodendron or a combination of them and other shrubs; the
herbaceous stratum is composed of A. sparsifolia, A. venetum and P.
communis, etc. The typical P. euphratica Oliv. community found in
areas with a groundwater depth of 2 m to 9 m. When the ground-
water depth is more than 9 m, the communities are downgraded to
the simple Tamarix spp. community.

To restore the previously degradation of natural riparian
vegetation, the central and local governments undertook an
ecological water conveyance project in the dried river course of
the Tarim River Basin. The key problem in the water conveyance
process is how to determine the appropriate groundwater level in
which the natural vegetation can grow normally. To address the
problem, researchers studied the physiological response of indi-
vidual plants to different groundwater depths (Chen et al., 2004;
Ruan et al., 2007). The results showed that when the groundwater
depth deepens to 2.65 m, the P. communis is under severe water
stress.

The appearance frequency of plants in different groundwater
depth classes revealed that herbaceous plants appeared mostly in
the sampling plots that had a 0–6 m groundwater table depth, and
that the trees were distributed in a much wider range. Further-
more, other study (Hao et al., 2009) showed that the herbs always
have wider ecological niche at groundwater depths of 4 m to 6 m
than at other groundwater depths. For instance, P. communis can
live and hold the higher ecological niche at a groundwater depth
that exceeded their critical groundwater depth. The main reason
that herbs, which have shallow roots, can appear at groundwater
depths of 4–6 m might be the hydraulic lift effect of deeper root
plants, such as P. euphratica Oliv. in this study. The distribution
range of the horizontal root system of P. euphratica Oliv. can reach
up to 5 m (Yang et al., 2006), and this hydraulic lift should have
a significant impact on the water use of plants in the P. euphratica
Oliv. community. A greater understanding of hydraulic lift
should bring new perspectives to the study of appropriate
groundwater depths and also extend our understanding of the
mechanism of plant water use and the eco-hydrological processes
in arid regions.

5. Conclusions

The root sap velocity of P. euphratica Oliv. shows obvious diurnal
variations. The sap flow velocity increased in the morning, and
reached their peak value at noon, followed by a decrease in the
afternoon, and the maintenance of a lower velocity during the
night. The sap flow velocity in the tap root was always positive.
However, the sap flow in the lateral root showed a nocturnal
reverse flow, which directly confirms the phenomenon of hydraulic
lift in P. euphratica Oliv.

The soil water content showed a gradually increasing trend from
the top to the bottom of the 0–120 cm soil profile, which meets the
soil water potential requirement for hydraulic lift. After the
hydraulic lift effect occurred, the soil water content increased
significantly, especially at a soil depth of 60–120 cm. The increase in
soil water content was 28–38% at a soil depth of 60–120 cm at 4:00,
relative to that at 16:00. The changes in the soil water content
correspond to the distribution of the root system, which is also
concentrated at a soil depth of 60–120 cm.

The sap flow velocity of roots is significantly correlated with
meteorological factors. The main meteorological factor that affects
the sap flow velocity in the lateral roots is the vapor pressure
deficit. After further analysis, we inferred that a smaller vapor
pressure deficit might readily promote hydraulic lift.
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