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Abstract: Tamarix spp. (Saltcedar) is a facultative phreatophyte that can tolerate drought when groundwater is 
not accessed. In addition to deep water uptake, hydraulic redistribution (HR) is another factor contributing to the 
drought tolerance of Tamarix spp. In this study, data on soil volumetric moisture content (θ), lateral root sap flow, 
and relevant climate variables were used to investigate the patterns, magnitude, and controlling factors of HR of soil 
water by roots of Tamarix ramosissima Ledeb. in an extremely arid land in Northwest China. Results showed evi-
dent diurnal fluctuations in θ at the depths of 30 and 50 cm, indicating “hydraulic lift” (HL). θ increased remarkably at 
10 and 140 cm but decreased at 30 and 50 cm and slightly changed at 80 cm after rainfall, suggesting a possible 
“hydraulic descent” (HD). However, no direct evidence was observed in the negative flow of lateral roots, supporting 
HR (including HL and HD) of T. ramosissima. The HR pathway unlikely occurred via lateral roots; instead, HR pos-
sibly occurred through adventitious roots with a diameter of 2–5 mm and a length of 60–100 cm. HR at depths of 
20–60 cm ranged from 0.01–1.77 mm/d with an average of 0.43 mm/d, which accounted for an average of 22% of 
the estimated seasonal total water depletion at 0–160 cm during the growing season. The climate factors, particu-
larly vapor pressure deficit and soil water potential gradient, accounted for at least 33% and 45% of HR variations 
with depths and years, respectively. In summary, T. ramosissima can be added to the wide list of existing species 
involved in HR. High levels of HR may represent a considerable fraction of daily soil water depletion and substan-
tially improve plant water status. HR could vary tremendously in terms of years and depths, and this variation could 
be attributed to climate factors and soil water potential gradient. 
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In addition to morphological and stomatal adjustments 
of above-ground parts of plants, another strategy that 
desert plants use to tolerate drought involves the pro-
duction of roots that have access to deep groundwater 
(Lambers et al., 2008). Thus, deep water uptake is a 
potential mechanism of desert phreatophytes to adapt 
to drought (Anderson, 1982; Busch et al., 1992; Sala 
et al., 1996; Gries et al., 2003). However, deep water 

uptake may be limited because of low densities of fine 
roots in deep soil layers under high evaporative de-
mand considering that the majority of fine roots (≤2 
mm in diameter) are present near soil surfaces (the 
upper 30 cm) in desert ecosystems (Jackson et al., 
1996; Jackson et al., 1997). To tolerate drought during 
dry seasons, desert phreatophytes also undergo hy-
draulic redistribution (HR) of soil water, a process in 
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which water passively moves from moist to dry re-
gions in soil via root systems (Richards and Caldwell, 
1987; Caldwell and Richards, 1989; Burgess et al., 
1998; Hultine et al., 2003; Ludwig et al., 2003).  

HR in arid and semi-arid ecosystems has been well- 
documented (Richards and Caldwell, 1987; Caldwell 
and Richards, 1989; Dawson, 1993; Burgess et al., 
1998; Hultine et al., 2003; Hultine et al., 2004; 
Oliveira et al., 2005; Zou et al., 2005). However, only 
a few studies have focused on HR of desert phreato-
phytes in arid regions in Central Asia, particularly HR 
of facultative phreatophytes such as Tamarix spp. 
(saltcedar), probably because saltcedar can obtain wa-
ter supply directly from deeper groundwater and tol-
erate drought (Anderson, 1982; Sala et al., 1996). 
However, other studies have revealed that T. ramosis-
sima can also extract water from unsaturated soil lay-
ers, providing a significant competitive advantage 
compared with native obligate phreatophytes such as 
Populus spp. and Salix spp., which obtain water solely 
from water tables (Busch et al., 1992). Phreatophyte 
roots also absorb mineral nutrients from upper soil 
layers when surface soil dries over time (Prieto et al., 
2012); root systems may function as conduits to redis-
tribute water potentially from moist to dry soil layers 
(Burgess et al., 1998). 

T. ramosissima is a native phreatophyte in Central 
Asia but an invasive shrub along riverbanks in south-
western United States (Nagler et al., 2003). Increased 
concerns regarding the future of native species in 
Northwest China have focused on water source and 
water consumption as well as the effects on biodiver-
sity and hydrological resources of riparian zones 
(Feng and Cheng, 1998; Liu et al., 2010). Zhou et al. 
(2004) reported that the vertical distribution of soil 
water content is associated with root density, but the 
authors did not provide a reasonable explanation for 
this finding. We previously also observed increases in 
water content of upper soil layers in these regions at 
nighttime during dry periods (Xi et al., 2008). Thus, 
we hypothesized that T. ramosissima may undergo HR. In 
the present study, the previous conjecture that T. 
ramosissima can redistribute water to cope with 
drought was investigated. Specifically, we determine 

the patterns, magnitude, and controlling factors of HR 
of soil water by T. ramosissima roots in the extremely 
arid land of Northwest China. 

1  Materials and methods 

1.1  Study area and plant species 

The study was performed at the Alxa Desert 
Eco-hydrology Experimental Research Station (ab-
breviated as Alxa Station; 42°01′N, 100°21′E, 
883.54 m asl), Chinese Academy of Sciences, which 
is approximately 800 m to the west of the Heihe River 
in Northwest China. The climate in this area is arid 
with a mean annual precipitation of 37.36 mm, of 
which >75% occurs from June to August. The mean 
annual evaporation is 3,390.26 mm, approximately 90 
times the precipitation. The mean temperatures in July 
and January are 26.95°C and –11.68°C, respectively, 
as recorded by the Ejin Weather Station from 1959 to 
2011. Given that rain and heat are greatest during the 
same period, most rainwater is depleted by evapora-
tion before rain infiltrates into deep soil layers; there-
fore, the effect of rainfall on soil moisture balance is 
weak. In addition to rainfall, groundwater recharged 
by the runoff in Heihe River is the main water source 
to retain the survival of local residents and ecosys-
tems. 

The area has sandy loam soil at a depth of 20 cm, 
with a sulfate salt crust on the soil surface. Silt loam is 
found at the depth of 20–160 cm with a distinct sand 
soil layer between 82 and 124 cm, according to the 
soil texture classification standard of US Department 
of Agriculture (USDA) (Table 1). The parent soil ma-
terial is fluvial sediment with gray-brown desert soil. 
The community is dominated by T. ramosissima, 
which has a high density of 42 stem/hm2, an average 
height of 1.87 m, a coverage of 52%, and accounts for 
approximately 75% of the total basal area. The under-
storey is composed of shallow-root grasses, predomi-
nantly Sophora alopecuroides L., Karelinia caspica 
(Pall.) Less, and Achnatherum splendens (Trin.) 
Nevski. We selected two individual T. ramosissima 
plants to determine the sap flow of branches and roots, 
and a fence of 30 m×30 m was constructed around the 
plants to keep animals out of the study area. 
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Table 1  Soil bulk density (ρb), texture, and fitting parameters of soil water retention curves 

Depth 
(cm) 

ρb 
(g/cm3) 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

θr 

(cm3/cm3) 
θs 

(cm3/cm3) 
α 

(1/cm) n Ks 
(cm/h) 

0–7 1.05 46.74 47.71 5.56 0.0416 0.4357 0.0069 1.5767 6.88 

7–20 1.43 49.17 43.86 6.97 0.0357 0.3593 0.0147 1.4728 1.52 

20–47 1.41 42.13 51.54 6.33 0.0365 0.3567 0.0100 1.5291 1.57 

47–82 1.28 28.45 63.86 7.69 0.0475 0.3972 0.0049 1.6972 2.75 

82–124 1.47 99.00 0.86 0.14 0.0540 0.3937 0.0311 4.4586 59.80 

124–160 1.54 25.37 70.80 3.83 0.0372 0.3470 0.0086 1.5643 1.42 

Note: θr and θs are residual and saturated soil water content, respectively; α and n are Van Genuchten (1980) model parameters; and Ks is the satu-
rated soil hydraulic conductivity. 

 
1.2  Sap flow measurement 

We used the heat ratio method (HRM; ICT, Armidale, 
AU) to determine sap flow continuously in the 
branches and roots of the studied species. HRM (Bur-
gess et al., 2001) was used to determine the increase in 
temperature after a heat pulse was observed at two 
symmetrical points. We inserted one heater and a pair 
of copper-constantan thermocouples radially into the 
xylem tissue of the major lateral roots and branches of 
the plants. Each thermocouple had two junctions to 
measure sap velocity in the xylem tissue at the two 
depths of 7.5 and 22.5 mm from the tip of the needle. 
A metal guide (with three holes carefully drilled on a 
parallel line, spaced 5 mm apart) was used to help drill 
holes and minimize probe misalignment during inser-
tion. The heater was set up to send a pulse every 
30 min, and temperature ratios were recorded con-
tinuously by using a data logger (CR10x; Campbell 
Inc., Logan, UT, USA). The heat pulse velocity (Vh) 
was calculated according to Burgess et al. (2001) as 
follows:  

 1

2
ln 3600.h

vkV
vx

⎛ ⎞
= ×⎜ ⎟

⎝ ⎠
  (1) 

Where k is the thermal diffusivity of the fresh wood; x 
is the distance between the heater and the thermocou-
ples (fixed value of 0.5 cm in our study); and v1 and v2 
are the differences between the initial temperature at 
the two thermocouples (downstream and upstream 
flow in relation to the heater, respectively) and the 
temperature measured after a heat pulse was generated. k 
was initially fixed at 2.5 ×103 cm2/s, but this value was 
adjusted after we determined the thermal properties of 

wood. All of these corrections for wound and mis-
alignment of the probes were conducted according to 
Burgess et al. (1998, 2001). The sap flow velocity (Vs) 
was then calculated according to Burgess et al. (2001).  

1.3  Soil water content and metrological parame-
ters 

We quantified soil volumetric moisture content (θ) and 
soil temperature (Ts) by using multisensor capacitance 
probes (EnviroSCAN; Sentek, Adelaide, AU) and soil 
temperature sensors (Campbell 109SS; Campbell Inc., 
USA), respectively. Each of these instruments con-
tained five groups of probes that were embedded at 
different depths (10, 30, 50, 80, and 140 cm) and re-
corded at intervals of 10 min with a CR1000 data 
logger (Campbell Inc., USA). Each capacitance sen-
sors was frequency-normalized by calibration against 
air and water in the laboratory to ensure the precision 
measurement. A default factory calibration equation 
based on combined soil types was used, and the field 
calibration equation (sandy loam of 10 cm: 
y=1.6597x0.1876–2.2491, R2=0.969; and silt loam of 30, 
50, 80, and 140 cm: y=0.5512x0.2582–0.5272, R2=0.987, 
in which y and x are the scaled frequency and the 
volumetric soil water content in mm, respectively) 
was then applied to determine absolute values of θ 
according to the Sentek calibration manual V2.0. Data 
at intervals of 30 min and their daily average were 
calculated to determine daytime and daily variations 
in θ and Ts. Meteorological factors in the study area, 
including net radiation (Rn), air temperature (Ta), and 
relative humidity (RH), were recorded using a 
CR3000 data logger (Campbell Inc., USA). Rn was 
measured by CNR4 (Kip and Zonen, the Netherlands), 
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and Ta and RH were measured using the relative hu-
midity and temperature sensor (HMP45c; Campbell 
Inc. USA) at a height of 3 m. Vapor pressure deficit 
(VPD) was calculated based on Ta and RH according 
to Campbell and Norman (1998). The daily potential 
evapotranspiration (PET) was calculated by using 
Penman-Monteith equation based on FAO methodol-
ogy (Allen et al., 1998). For forest canopy, the zero 
plane displacement height (d) and the roughness 
length for momentum (z0) are approximated as 0.78 
hc and 0.075 hc, respectively, where hc is the height of 
the plant canopy. 

Large shifts in Ts can affect soil permittivity and 
response of capacitance sensors, thereby confounding 
the small fluctuations in θ attributable to HR. Thus, θ 
was adjusted when Ts differed from the laboratory 
calibration Ts (20°C). Ts adjustment was based on pre-
vious comprehensive calibrations in soil for a portable 
capacitance sensor operating at 60 MHz. This method 
used site-specific residual (θr; for very dry soil) and 
saturated (θs) soil water contents (Table 1). Ts correc-
tion factors for θ (ΔθT) were individually calculated 
for each depth range based on a linear regression be-
tween ΔθT and θ/θs and assumed ΔθT (at θr) =0, ΔθT (at 
0.5θs) =0.0014, and ΔθT (at θs) =0.003 (Warren et al., 
2011). 

The correction factors, ΔθT, were then applied to 
measure the soil moisture contents at each depth: 
 θcorrected=θ+θ×ΔθT × (20°C–Ts).  (2) 
In addition, the gravimetrical soil moisture content 
was measured at 25 May, 31 July, and 6 September of 
2012, and was then multiplied by soil bulk density (ρb) 
to obtain soil volumetric moisture content (θ). 

1.4  Leaf and soil water potentials and root length 
density 

We collected leaf and soil samples at predawn and 
midday to monitor the seasonal variations in leaf and 
soil water potentials. The leaf and soil samples were 
duplicated at upper, middle, and lower layers and at 5-, 
10-, and 20-cm depths, respectively. The samples were 
immediately taken to the laboratory to determine the 
leaf and soil water potentials by using a dew-point 
water potential meter (WP4C; Decagon Devices, 
USA). The groundwater table was measured via un-

derground wells. These variables were measured at 
intervals of 5 d. On 22 July 2012, the soil block sam-
ples (10 cm×10 cm×10 cm) were obtained from 
depths of 0–160 cm (three samples per layer) at inter-
vals of 20 cm. We brought the samples to the labora-
tory and washed the soil from the roots. We divided 
the roots into each layer in two-size classes based on 
root diameter: fine root (≤2 mm) and coarse root 
(>2 mm). All of the parts of living fine roots in each 
layer were digitally scanned using a flatbed scanner 
set at 600 dpi and saved as TIF files. Root images 
were analyzed using image analysis software (Win-
RHIZO Pro 2008a, Regent Instruments Inc., Quebec, 
Canada). The root length density (RLD, cm/cm3) of 
fine roots was determined from the total root length (L) 
divided by the volume (V) of the soil block. 

Table 2  Environmental and stand characteristics of T. ramosis-
sima during the growing season* 

 2011 2012 

Temperature (°C) 21.4±3.0 20.8±2.9 
Rainfall (mm) 23.4 30.6 

Relative humidity (%) 33.0±12.5 36.2±10.5 

ψl (MPa) –1.22±0.57 –1.10±0.31 

ψs (MPa) -- –3.03±0.48 

Groundwater table (m) 1.91–3.08 1.63–2.65 

Note: *The growing season is defined as the period between a rapid 
increase and decrease in the sap flow of a branch of T. ramosissima 
(2011: 25 Apr to 23 Oct; 2012: 9 Apr to16 Oct); ψl and ψs represent the 
average of leaf and soil water potential, respectively.  

 

1.5  HR and soil water depletion 

We calculated the HR of soil water by roots based on 
diurnal fluctuations in θ in each soil layer centered at 
depths of 10, 30, 50, 80, and 140 cm for two years. 
The measured θ declined during the day as roots ex-
tracted water from the soil, but at night or lower VPD 
θ increased in the upper soil layers as water moved 
into this layer via liquid and vapor transport or root 
hydraulic redistribution (Warren et al., 2011). How-
ever, as the soil dries the decline in soil unsaturated 
conductivity is indeed faster than the concurrent de-
crease in water potential, and therefore the liquid and 
vapor flux is known to approach zero (Siqueira et al., 
2008) and the most of diurnal fluctuation in θ was 
root-mediated, i.e. HR (Domec et al., 2010). Net HR 
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was defined as the nightly increase in θ and calculated 
as the difference between the minimum θ of one day 
and maximum θ of the next day. Water depletion (WD) of 
soil from each soil layer was calculated as the differ-
ence between daily maximum and minimum θ at each 
depth (Warren et al., 2011). HR and WD were not es-
timated on the day after a rainfall. Given that θ values 
at 80 and 140 cm were constantly increasing or de-
creasing during long-term measurement, HR values 
were only averaged at depths of 30 and 50 cm. These 
values were then integrated across the profile to pro-
vide total daily HR in the soil layer at depths of 
20–60 cm. Daily WDs were integrated across depths 
to generate the daily total WD (TD; mm/d) of the up-
per 160-cm soil layer. 

1.6  Data analysis 

Environmental data collected from the area, including 
Ta and RH, were used to calculate daytime (Rn>0) and 
nighttime (Rn<0) VPDs (expressed as VPDd and VPDn, 
respectively) as well as VPD night:day ratios (VPDn/d) 
in the upper canopy at a height of 3 m. Combined with 
Rn, these data provided the driving force for water 
movement in the soil-plant-atmosphere continuum 
(SPAC). We also calculated various soil water charac-
teristics daily, including average upper (30-cm) soil 
water content (θu), TD, and the ratio of upper to lower 
soil depletion (DR). θu reflects the spatial variation in 
micro-sites and the development of water potential 
gradients necessary to drive HR. TD corresponds to 
the root area and the strength of water extraction. DR 
corresponds to the root distribution in the context of 
root extraction strength and the development of water 
potential gradients. These data were used to explain 
spatial, seasonal, and annual variability exhibited in 
HR by standard ANOVA, correlation, and regression 
analysis in Origin 8 software (OriginLab Corp., 
Northampton, MA, USA). In stepwise regression 
analyses, additional parameters were only considered 
for inclusion if an improvement of R2>0.05 was ex-
hibited and if parameter estimates were significant. 

2  Results 

2.1  Evidence of HR 

Soil pits excavate and RLD calculations revealed a 

distinct, dense, fine-root layer at approximately 40– 
60 cm in the soil profile (Fig. 1). Soil cores also re-
vealed that some larger diameter roots were estab-
lished in the groundwater. The θ obtained from soil 
pits showed a distinctly higher value similar to RLD 
samples at a depth of 40 cm (Fig. 1), and it was sig-
nificantly and negatively correlated to RLD (R2=0.67). 
Long-term measurement of averagely seasonal varia-
tion in the leaf water potential of T. ramosissima 
showed that the leaf water potential was the greatest 
and the groundwater table was the lowest (2.65 m) in 
August, whereas the rainfall and temperature were 
relatively higher during the growing season (Fig. 2). 
Continuous recordings of average daily θ for two 
years showed that the θ was greater at 30 cm (mean of 
0.32 cm3/cm3) and 50 cm (0.34 cm3/cm3) than that at 
10 cm (0.17 cm3/cm3) and 80 cm (0.28 cm3/cm3) dur-
ing the growing season from May to October. The θ in 
the shallow soil layers (10 cm) was likely controlled 
by rainfall but did not affect soil moisture at depths of 
30, 50, and 80 cm (Fig. 3). 

 
Fig. 1  Left: root length density (RLD, cm/cm3) of T. ramosissima. 
Right: volumetric water content (θ, cm3/cm3) with respect to soil 
profile depths. Data are mean+S.E., n=3. 

A pronounced diurnal fluctuation was observed in θ 
of 30 cm during midsummer in 2011 (Fig. 4a). The 
relationship between θ and corresponding Ts was not 
significant during a typically dry season (13 May to 
18 September 2011), but the relationship was signifi-
cant before and after these periods (R2 is 0.99 and 0.99, 
respectively; Fig. 4b). A remarkable increase was ob-
served at 10 and 140 cm after one rainfall event  
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Fig. 2  Monthly variation in leaf water potential (MPa) and groundwater table (m) (a) and temperature (°C) and rainfall (mm) (b) for T. 
ramosissima during the growing season in 2011. Data are mean+S.E. 

 
Fig. 3  Long-term recordings of soil volumetric water content (θ, cm3/cm3) at five different depths (10, 30, 50, 80, and 140 cm) in re-
sponse to rainfall (mm, black bars) at T. ramosissima root zone. The higher values in the early days of 2011 and the sudden increase on 
30 March, 2012 were induced by a new probe installation. 

 
Fig. 4  Diurnal fluctuations of soil volumetric moisture content (θ, cm3/cm3) at 30 cm during midsummer (16 to 25 July 2011) (a), and the 
relationship between θ and corresponding soil temperature (Ts, °C) in root zone of T. ramosissima. Hydraulic redistribution and water 
depletion of soil are represented by HR and WD, respectively (b).  
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(12.4 mm, 24 July 2012) but decreased at 30 and 50 
cm and slightly changed at 80 cm, indicating that the 
increase at 140 cm after rainfall was not caused by the 
infiltration of shallower soil water but was possibly 
transported by roots to deeper soil layers (Fig. 5a). 
The sap flow velocity in lateral roots was positive 
during day and night. However, the sap flow of 
branches showed a sharp reduction or even negatively 

coincided with rainfall. Although the sap flow rates in 
lateral roots were still negative after rainfall, the sap 
flow at night after rainfall (25 to 28 July) was 1.77 
and 2.57 times of the sap flow before the night (20 to 
24 July) during the same period (Fig. 5b). This result 
strongly suggested that “hydraulic descent” (HD), in 
which the water absorbed by lateral roots, moved 
downward to deeper soil profiles via taproots. 

 
Fig. 5  Response of the soil volumetric moisture content (θ, cm3/cm3) in different soil layers (a) and the sap flow velocity (Vs, cm/h) of T. 
ramosissima branch and lateral roots to a rainfall (12.4 mm, vertical line with arrow) (b).  

2.2  Patterns of HR 

Large vertical variations in HR were found in the soil 
profile. In the area, the highest seasonal mean HR was 
found in the upper 10 cm of soil and then declined 
beneath this layer. However, WD was decreased at 
depths of more than 80 cm and increased farther be-
neath this layer (Fig. 6). Variations in HR at the upper 
10 cm were negatively associated with WD of soil 
(R2=0.72) but were cancelled out by rainfall (Fig. 6a). 
HR of 30 cm was initiated on average during the pre-
vious two weeks before significant soil WD started 
and then peaked at 0.91 mm/d on 31 May 2012 (se-
vere drought with the lowest soil water content at the 
upper 10-cm layer) with a mean of 0.27 mm/d (Fig. 
6b). The HR patterns of 50 and 80 cm were symmet-
rical to WD, which was similar to that at 30 cm at the 
beginning but peaked at 0.43 and 0.34 mm/d before 
30 cm was reached with the mean values of 0.07 and 
0.06 mm/d, respectively (Figs. 6c and d). HR and WD 
patterns at 140 cm were similar to those at 50 and 
80 cm (Fig. 6e), and this finding was correlated with 

rainfall (R2=0.60, n=17), which may be attributed to 
HD. The HR pattern at depths of 20 to 60 cm was 
similar to that at 30 cm (Fig. 6f).  

2.3  Magnitude of HR 

The seasonal pattern based on Penman-Monteith 
equation calculations of PET and soil water content 
estimates of TD (Fig. 7a) suggested that soil TD was 
negligible during winter and early spring. However, a 
pronounced lower TD that was consistent with the 
lower soil water content of surface soil layer (Fig. 3) 
was observed during summer, and then came to a 
sharp rise in the following rainfall event. By contrast, 
HR was greater during late spring and summer, indi-
cating an average of 22% TD within the two years 
(Fig. 7b). In 2011, the monthly mean HR at 20–60 cm 
depths ranged between 0.88 mm/d in May and 0.15 
mm/d in October, with an average of 0.47 mm/d. TD 
ranged from 4.27 mm/d in June to 1.65 mm/d in Oc-
tober, with an average of 3.11 mm/d during the grow-
ing season. In 2012, HR ranged from 1.02 mm/d in 
May to 0.14 mm/d in October, with an average of  
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Fig. 6  Seasonal variation in hydraulic redistribution (HR; mm/d) of soil water by T. ramosissima roots and water depletion (WD; mm/d) 
at different depths: (a) 10 cm, (b) 30 cm, (c) 50 cm, (d) 80 cm, (e) 140 cm, and (f) 20–60 cm. The suspended bars in (e) represent rainfall 
(mm). 

 
Fig. 7  Seasonal pattern (rainy days excluded) of the mean daily (a) potential evapotranspiration (PET; mm/d) and total water depletion 
(TD; mm/d) and (b) hydraulic redistribution (HR; mm/d) and the ratio of HR to TD (HR:TD, %). Gray and black lines in (a) represent the 
seasonal fitted curves of PET (R2=0.64) and TD (R2=0.35), respectively. The black line in (b) represents the seasonal fitted curves of HR 
(R2=0.47). 

0.49 mm/d. However, TD reached a minimum of 1.55 
mm/d in June, with an average of 2.53 mm/d during 

the growing season, which was far less than that in 
2011 (Table 3). HR had an even greater effect on soil  
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Table 3  Seasonal variations in daily mean hydraulic redistribution (HR; mm/d), total water depletion (TD; mm/d), and the ratio of HR to 
TD (HR/TD) of the growing season.  

Year May Jun July Aug Sep Oct Average 
PET (mm/d)  7.91±2.12 8.21±1.69 7.59±2.15 6.81±0.69 5.15±0.61 7.37±1.43 
HR (mm/d)  0.67±0.33 0.53±0.24 0.40±0.21 0.19±0.10 0.15±0.11 0.47±0.22 
TD (mm/d)  4.27±1.71 3.45±1.11 2.86±1.46 3.34±1.24 1.65±0.40 3.11±1.10 

2011 

HR/TD  17.00 16.45 16.51 6.87 10.46 13.46 
PET (mm/d) 7.52±1.71 8.05±1.75 8.36±2.14 8.18±1.87 6.93±1.59 5.01±1.11 7.34±1.69 
HR (mm/d) 1.02±0.38 0.74±0.45 0.43±0.35 0.44±0.30 0.17±0.16 0.14±0.16 0.49±0.34 
TD (mm/d) 1.99±0.57 1.11±0.28 2.40±1.28 4.62±0.93 3.35±1.03 1.68±0.47 2.53±1.16 

2012 

HR/TD 51.15 53.33 22.55 10.12 6.58 8.76 25.42 
Note: PET, potential evapotranspiration; HR, hydraulic redistribution; TD, total water depletion; HR and TD are expressed as mean±S.E. 

 

WD within 1.5 m and this effect changed seasonally. 
Early in the drought period (June), HR replaced a 
maximum of 53.33% of monthly mean TD from the 
soil layer, and reduced with increasing soil dryness, 
and even reached to 120% at some days. The monthly 
mean of the ratio of HR to TD in 2012 is twice as 
much as in 2011, which may attribute to the high soil 
water depletion at May and June with relatively shal-
low groundwater table (Fig. 2). 

2.4  Factors associated with HR 

Significant vertical and interannual variations were 
observed in the seasonal initiation and the total HR 
(Fig. 6). The statistical results revealed that climate  
and soil factors accounted for at least 33% and 45% of 
HR variation in depths and years, respectively (Table 
4), influenced specifically by VPD, Ts, TD, and DR. 
The related measured patterns of HR to VPD were 
weakened, whereas TD and θ were enhanced as the 
depth increased (Table 4a). The annual HR was posi-
tively correlated with VPD in the two years and soil 

WD in the drier year (23.4 mm, 2011), but this result  
was opposite to that exhibited in the wetter year (30.6 
mm, 2012; Table 2). Pearson correlation coefficient 
and stepwise regression performance were better in 
the drier year than in the wetter year (Table 4b). 

3  Discussion and conclusion 

Tamarix is a facultative but not an obligate phreato-
phyte. Similar to native riparian trees, Tamarix can 
transpire large quantities of water (Sala et al., 1996; 
Cleverly et al., 1997; Nagler et al., 2005). However, 
constant physiological function has been reported for 
Tamarix even during dry seasons in contrast to many 
co-occurring native phreatophytes (Cleverly et al., 
1997; Devitt et al., 1997; Gries et al., 2003; Pataki et 
al., 2005). Tamarix can obtain multiple water sources 
and can possibly resist drought (Nippert et al., 2010). 
In this study area, the annual average precipitation is 
less than 40 mm, whereas the potential evapotranspi-
ration is greater than 3,000 mm. Under high tempera-  

Table 4  Statistical summary of the measured patterns of hydraulic redistribution (dependent variable) to environmental and climate 
parameters during the growing season of T. ramosissima stand 
(a) Spatial variation in depths every year 

 Parameters significantly correlated with HR Regression analysis 
Depth (cm) n VPDn VPDd DR Ts TD SWC Model parameters F R2

adj 
30 169 0.45 0.41 ns –0.45 –0.21 –0.21 VPDn, Ts, VPDd 56 0.50 
40 168 0.38 0.36 ns –0.47 –0.22 –0.26 Ts, VPDd 77 0.48 
50 150 ns ns 0.42 –0.45 –0.26 –0.30 Ts, VPDd, DR 25 0.33 

(b) Seasonal variation across depths within years  

 Parameters significantly correlated to HR Regression analysis 
Year n VPDn VPDd DR Ts TD SWC Model parameters F R2

adj 
2011 143 0.65 0.72 ns 0.33 0.63 0.61 VPDd, TD, Ts 127 0.73 
2012 181 0.36 0.36 0.21 –0.47 –0.25 –0.32 Ts, VPDd 74 0.45 

Note: Model parameters include canopy vapor pressure deficit (VPD) during the day (VPDd) or night (VPDn), soil water content (SWC), total daily 
depletion (TD, 0–160 cm), the ratio of upper soil (0–50 cm) depletion to TD (DR), and soil temperature (Ts). Pearson correlation coefficient and step-
wise regression were considered significant at P<0.01. Note that HR developed into three layers in (a) only in 2012. 
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tures, the natural precipitation is depleted by evapora-
tion before rainwater infiltrates into the deeper soil 
layers. Groundwater and soil water at depths of 
20–60 cm are the main sources of water used by plants 
in the study area when runoff is unavailable during 
dry periods (Zhao et al., 2008). In the present study, 
the results showed that T. ramosissima could retain 
high θ at depths between 20 and 60 cm (Fig. 1) as well 
as a high leaf potential even at low groundwater table 
or high evaporation demand in dry periods (Fig. 2). 
Given the effect of rainfall on plant and soil, moisture 
balance is highly small in extremely arid regions (Xu 
and Li, 2006). Thus, the high θ at depths between 20 
and 60 cm in dry periods could not be attributed to 
high rainfall; instead, groundwater uptake by plants 
could be possibly involved. However, groundwater 
uptake is possibly limited by the low densities of fine 
roots at deep soil layers under conditions of high 
evaporative demand given that the majority of fine 
roots (≤2 mm in diameter) of Tamarix is present near 
40–60 cm (Fig. 1). Thus, high θ between 20 and 
60 cm resulted from root systems absorbing deeper 
soil water and even groundwater, which are trans-
ported and released into the upper dry soil layer, i.e. 
“hydraulic lift” (HL) (Richards and Caldwell, 1987). 

Although liquid and vapor transport of water 
through the soil without passing through the roots can 
significantly contribute to diurnal patterns of water 
flux (Warren et al., 2007), nocturnal increases in θ in 
the upper soil layer are often attributed to root water 
efflux, i.e. HR (Brooks et al., 2006). For example, the 
decrease in soil unsaturated conductivity is faster than 
the concurrent decrease in water potential as the soil 
dries; therefore, liquid water flux through soil ap-
proaches 0 (Siqueira et al., 2008). Prediction models 
have also shown that water fluxes associated with root 
HR are significantly greater than such fluxes associ-
ated with direct soil transport (Ryel et al., 2002). The 
relationship between θ and corresponding Ts is not 
significant during a typically dry season, suggesting 
that diurnal fluctuations of θ are root-mediated caused 
by HR and not liquid water transport induced by Ts 
fluctuation (Warren et al., 2011). Therefore, we attrib-
uted the nocturnal increases in θ to HR in this study. 
Adventitious roots and a clumped pattern of shal-

low-rooted herbaceous plants around the crown of T. 
ramosissima were observed but absent in the clearing 
area, suggested that coexisting plant species mainly 
absorb hydraulically lifted water released by adventi-
tious roots of T. ramosissima to ensure survival, i.e. 
water parasitism (Richards and Caldwell, 1987; 
Dawson, 1993). However, the sap flow measurements 
of lateral roots did not provide direct evidence sup-
porting HL of T. ramosissima (Fig. 5a). These results 
indicated that the HR pathway is not found in lateral 
roots, but in adventitious roots, with a diameter of 
2–5 mm and length of 60–100 cm between depths of 
40 and 60 cm. 

The seasonally variation of TD suggested that soil 
water depletion can be negligible during winter but 
pronounced lower during summer (Fig. 7a), being 
consistent with the lower soil water content of surface 
soil layer (Fig. 3), and then came to a sharp rise in the 
following rainfall event (Fig. 7a). Daily mean HR at 
depths of 20–60 cm ranged from 0.01–1.77 mm/d, 
with a mean HR of 0.43 mm/d. Thus, the effect of HL 
on plant water use is important, in which a stable θ is 
retained to satisfy high evaporation demands during 
dry season (Figs. 3 and 5a). This result is similar to 
the empirical range from 0.04 to 1.3 mm/d but sig-
nificantly less than the simulative range from 0.1 to 
3.23 mm/d (Neumann and Cardon, 2012). The fraction 
of total daily WD from the upper 160-cm soil layer 
was replaced by HR in the upper soil layer; HL was 
increased during extremely drought periods, with an 
average of 22% (Fig. 7b), and even reached to 120% 
during the dry season. The possible reasons for this 
difference is that roots can absorb water directly from 
groundwater, and this finding was also noted in strong 
HL of East African umbrella thorn (Ludwig et al., 
2003) and oak in southern Portugal (Kurz-Besson et 
al., 2006).  

In addition to HL, HD is another main facet of HR. 
In T. ramosissima branches, the sap flow velocity is 
negative and decreases in one of the lateral roots when 
the surface soil is wetted by rainfall, suggesting that 
water uptake from the upper soil profile contributes 
greatly to plant water consumption given that the 
plants depend mainly on deep roots to obtain water 
supply during drought (Fig. 5a). It was also observed 
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that an evident increase was at the depths of 10 and 
140 cm; and instead, a decrease was at 30 and 50 cm a 
slight change was at 80 cm (Fig. 5b). These results 
indicated that rainfall was absorbed by adventitious 
roots and transferred downward by taproots to drier, 
deeper soil layers. The magnitude of daily mean HD 
ranged from 0.002–0.43 mm/d, with a mean of 
0.07 mm/d (Fig. 6e). Although HD is less than HL, the 
effect of HD on soil moisture balance should not be 
ignored. During rainy days, the transpiration demand 
of plants can be low (Fig. 7a), resulting in less effec-
tive competition between atmosphere and dry soil for 
water within the plant, which enables daytime HD 
(Fig. 5a) and increases the deep soil water content (Fig. 
5b) and TD (Fig. 6b). These effects likely prolonged 
root functionality and enabled low seasonal leaf water 
potential during the wet season (Prieto et al., 2012). 

The increase of θ at the depth of 140 cm after a 
rainfall event can be ascribed to the lateral flow of 
water and capillary rise from the groundwater table, 
and also the proximity of the river would explain it. 
However, the channel was dry in July, which implies 
that the soil water recharge by groundwater is limited 
by lower burial depth (2.41 m on 25 July), even capil-
lary rise cannot extend to 80 cm above the groundwa-
ter table based on experience estimation using 0.73 
divided by soil particle radius with mean of 0.01 cm 
(Zhou et al., 2004). Thus, the increase of θ at depth of 
140 cm after a rainfall event is induced by the HR 
rather than the lateral flow of water and capillary rise. 
These results also suggested that T. ramosissima is a 
highly opportunistic water user that can effectively 
use soil water wherever available.  

Significant vertical and interannual variations were 
observed in the seasonal initiation and magnitude of 
HR (Fig. 6). The regression analysis demonstrated that 
climate and soil WD accounted for at least 33% and 
45% of HR variation in depths and years, respectively 
(Table 4), specifically driven by VPD, Ts, TD, and DR. 
VPD is the main driving force of HR (Warren et al., 
2007), and this factor regulates water demand to in-
crease soil WD and is associated with HR. TD, DR, 
and Ts influence HR and its pattern by reducing soil 
water potential or temperature gradient. The effect of 
Ts on HR is consistent (Table 4) as indicated by θ (Fig. 

4b). Warren et al. (2011) suggested that Ts fluctuations 
can also drive nighttime soil vapor transport, account-
ing for a maximum of 40% of the nocturnal increase 
in upper soil layers; thus, the effect of Ts on HR 
should be considered in an HR model.  

In summary, our results suggested that HR (includ-
ing HL and HD) occurs in T. ramosissima. However, 
the HR pathway is not via the lateral roots as we 
measured, which did not provide direct evidence sup-
porting HR of T. ramosissima; instead, HR occurs via 
adventitious roots with a diameter of 2–5 mm and a 
length of 60–100 cm. The large amount of redistrib-
uted water may correspond to a considerable fraction 
of daily soil WD and substantially improved plant 
water status. The climate factors, specifically VPD 
and soil water potential or temperature gradient, ac-
counted for at least 33% and 45% of HR variation 
with soil depths and years, respectively. 
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