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The shelterbelt forest between oases and the desert plays a vital role in preventing
aeolian disasters and desertification in arid regions of northwest China. Tamarix
ramosissima (T. ramosissima), a typical perennial and native xerophyte shrub in
Northwest China, grows naturally and is widely used in building artificial shelterbelt
forests. The balance between water consumption and the availability of water
determines the survival and growth of T. ramosissima. How T. ramosissima copes with
extremely low rainfall and a deep groundwater table remains unknown. To answer this,
the transpiration and the water sources of T. ramosissima were investigated by the heat
balance and oxygen isotopic analysis method, respectively. Our results show that the
daily T. ramosissima stem sap flow (SSF) was positively correlated with air temperature
(Ta), photosynthetically active radiation (PAR), and the vapor pressure deficit (VPD). We
found no significant relationship between the daily SSF and soil moisture in shallow
(0–40 cm) and middle (40–160 cm) soil layers. Oxygen isotope results showed that
T. ramosissima mainly sources (>90%) water from deep soil moisture (160–400 cm) and
groundwater (910 cm). Diurnally, T. ramosissima SSF showed a hysteresis response to
variations in PAR, Ta, and VPD, which suggests that transpiration suffers increasingly
from water stress with increasing PAR, Ta, and VPD. Our results indicate that PAR, Ta,
and VPD are the dominant factors that control T. ramosissima SSF, not precipitation
and shallow soil moisture. Deep soil water and groundwater are the primary sources
for T. ramosissima in this extremely water-limited environment. These results provide
information that is essential for proper water resource management during vegetation
restoration and ecological reafforestation in water-limited regions.
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INTRODUCTION

Aeolian disasters in arid regions are a major hazard to crop
production and human life (Lei et al., 2003; Dong, 2004;
Wang et al., 2011). Shelterbelt forests play an important role
in weakening wind erosion, reducing sand sediment, and
preventing aeolian desertification (Ryszkowski and Kedziora,
2007). In 1978, the Chinese government and some non-
governmental organizations began one of the largest shelterbelt
forest projects of the world. After four decades, the afforestation
has reached 46.14 million hectares, increasing the local coverage
from 12 to 22% (Wang F. et al., 2020). The large water deficit
in arid regions and the urgency with which environmental
protection is required make it challenging to allocate the
scarce water resources for socioeconomic development without
compromising the health of the ecosystem (Wang et al.,
2017). Recent studies have demonstrated that soil water and
groundwater have been strongly affected by the large-scale
artificial shelterbelt forest creation, which has driven changes in
evapotranspiration and infiltration (Wang et al., 2010; Jia and
Shao, 2014; Jia et al., 2017) in the arid region and which may cause
the further degradation of oasis shelterbelts (Fu et al., 2016).

Williams et al. (2004) illustrated that 95% of
precipitation that reaches dryland ecosystems is lost through
evapotranspiration and transpiration accounts for about
64% of total evapotranspiration globally (Good et al., 2015).
Evapotranspiration is usually studied by using methods such as
lysimeter measurements, the Bowen ratio, and eddy covariance
approaches (Cassiani et al., 2015; Kucera et al., 2017; Jin
et al., 2018; Nyabwisho et al., 2020). All of these methods can
provide important information about ecosystem responses to
environmental variability, but none of these approaches can be
used to accurately evaluate the water consumption of individual
plants. Accurate estimation of plant transpiration is helpful
for understanding plant physiology and hydrology processes
(Robertson et al., 2009; Hayat et al., 2020). The stem sap flow
(SSF) is an essential indicator of water movement in plants and
can be used to indicate plant transpiration (Yue et al., 2006).
This method has been widely used in recent plant transpiration
studies (Johnson et al., 2002; Lambs and Berthelot, 2002; Chirino
et al., 2011; Steppe et al., 2015).

The main limitations for transpiration are the available energy
and the evaporative demand of the ecosystem (Novick et al.,
2016; Grossiord et al., 2017). An increase in available energy is
expected to increase evaporative demand because of the higher
air temperature (Ta), which affects transpiration. Increasing Ta
and evaporative demand strengthens the driving forces for plant
transpiration (Shen et al., 2015; Zha et al., 2017). Soil moisture
is another major restricting factor for transpiration in moisture-
stressed regions (Zhao and Liu, 2010; Gao et al., 2016). An
increase in soil moisture can alleviate water stress and increase
plant transpiration (Gao et al., 2016; Zha et al., 2017). A decrease
in soil moisture can increase the hydraulic resistance between the
soil and the root system, inhibiting water movement between the
soil and the plant leaves, which can then trigger stomatal closure
and so induce or enhance transpiration (Cochard et al., 2002).
Studies into the effects of increased soil moisture on transpiration

have reached inconsistent conclusions. For example, Zhao and
Liu (2010) found that the SSF velocity increased significantly
for Nitraria sphaerocarpa and Elaeagnus angustifolia following
rainfall, due to the increased soil moisture. Several studies have
documented that the SSF is driven by meteorological factors in
arid areas and is only weakly affected by soil water, if at all (Bovard
et al., 2005; Ma et al., 2017; Han et al., 2019). These seemingly
conflicting findings suggest that the response of transpiration to
soil moisture may depend on the availability of soil water and on
the water use strategy of plant.

Precipitation is highly variable (Weltzin and Tissue, 2003;
Zhao and Liu, 2010) and so moisture levels in the uppermost
soil layers are extremely low and have strong variability in desert
regions (Wang et al., 2017). Under such conditions, plants adopt
conservative water use strategies and appear to exploit water
from deep soil layers and groundwater (Xu and Li, 2006; Chen
et al., 2017; Li et al., 2019; Pan Y.-X. et al., 2020). Modeling
studies have suggested that groundwater uptake provides more
than 80% of the total water intake used for transpiration (Gou
and Miller, 2014; Yuan et al., 2014; Wang et al., 2018) and an
increase in the groundwater table decreases plant transpiration
rates (Nippert et al., 2010). Despite the recognized importance
of groundwater in hyper-arid regions, most previous studies
have focused on regions with a shallow (1–3 m) groundwater
table (Gou and Miller, 2014; Wang and Pozdniakov, 2014; Wang
et al., 2018) and few studies have focused on regions with
groundwater depths of around 10 m. In addition, the regions
where the groundwater table is shallow, soil water is recharged
via capillary and hydraulic redistribution (David et al., 2013) and
it is, therefore, difficult to discriminate the independent effects of
groundwater on transpiration.

Stable isotope tracing is one of most effective tools for
identifying the linkages between plant ecology and physical
hydrology processes. Due to the fractionation, it does not occur,
as stable isotopes migrate in plants, which have proved to be
particularly effective for investigating the hydrological processes.
Thus, the stable isotope characteristics of terrestrial ecosystem
can provide distinct trace information for water exchange
between soil, plant, and atmosphere in the terrestrial ecosystem
(Pan Y.-X. et al., 2020), which has been extensively utilized to
quantify plant water sources (Li et al., 2019; Dong et al., 2020;
Pan Y.-X. et al., 2020).

Tamarix ramosissima (T. ramosissima) is a native desert
shrub that is well adapted to drought and salinity stress and
has been widely used in afforestation efforts in the transition
zone between oasis and desert in the arid regions of northwest
China (Xia et al., 2021). Precipitation increased in northwest
China during 1960–2010 (Li et al., 2012); however, a large
area of shelterbelt, which is dominated by T. ramosissima, has
experience degradation since the 1960s (Zhang Y. et al., 2018).
The groundwater table in some desert areas has fallen to 10–
20 m due to industrial and agricultural expansion in the upper
reaches of the river and the overexploitation of groundwater in
nearby oases (Qu et al., 2007). The SSF of T. ramosissima was
measured by Xu et al. (2008) and Li et al. (2015) and they found
meteorological factors, not moisture in the uppermost soil layers,
to be the primary drivers for the SSF in non-irrigated shelterbelt
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areas. These results implied that groundwater is the main water
source for T. ramosissima in arid regions; however, there is no
direct evidence to prove this hypothesis. To answer this, we
quantify the transpiration and examine specific water sources for
T. ramosissima by using the stable oxygen isotope methods in an
area with a deep groundwater table (>9 m). We focus on the
capacity of T. ramosissima for groundwater uptake, which has
been neglected in previous studies.

In this study, meteorological factors, soil water, SSF, root
distribution, and water sources for T. ramosissima were measured
over the growing season in 2020. The goals of this study
are to quantify the SSF for T. ramosissima, to analyze and
identify environmental drivers for the SSF, and to identify the
contributions of deep soil moisture and groundwater to T.
ramosissima transpiration.

MATERIALS AND METHODS

Study Site
This study was conducted in a downstream region of the Shiyang
River (Figure 1), which is the third largest inland river in China.
The study site is surrounded by the Badain Jaran and Tengger
deserts and experiences intensive wind and sand activity. This
region has a typical continental desert climate. The mean Ta was
8.9◦C during 1981–2010, ranging from –8.1 in January to 23.6◦C
in July. The mean annual precipitation (P) is around 113.2 mm
and precipitation is concentrated in June to September. The mean
annual potential evapotranspiration (ET0) is 1383.0 mm and the
resulting dryness index (ET0/P) is 12.2.

The experiment site was located in the artificial shelterbelt
forest on the northern edge of Minqin Oasis. The shelterbelt
was built in 2005 and the average coverage and stand density
at the time of this study were 25% and 416 plants per hectare,
respectively. Plant heights ranged from 1.5 to 2.5 m. There is
no irrigation in the shelterbelt forest. The dominant species
is T. ramosissima, an inverted cone-shaped canopy with no
trunk and multiple branches that spread obliquely from the

TABLE 1 | Characteristics of selected stems of Tamarix ramosissima (T.
ramosissima).

Stem number 1 2 3 4 5 6

Canopy (m2) 0.45 0.63 0.76 1.26 1.48 1.98

Height (cm) 124 145 152 157 165 178

Stem diameter (mm) 10.2 14.3 11.8 18.8 22.0 31.2

base (Figure 1). The understory vegetation comprises Nitraria
tangutorum, Reaumurta soongorica, and Kalidium foliatum and
the soil texture is loam.

Stem Sap Flow Measurements
We measured the SSF of T. ramosissima during the growing
season from May to mid-October in 2020. The SSF gauges
(Flow 32, Dynamic Incorporation, Houston, TX, United States)
work based on the energy balance method and were used to
measure the SSF. We used the stem diameter to select appropriate
stems for measuring the SSF. Before the gauges were setup,
the mean and range of stem diameters were determined from
measurements of 216 stems from 25 T. ramosissima. Six stems
were selected for measuring the SSF from 5 T. ramosissima
(Table 1). We deployed the six SSF gauges that were not all the
same model: two SGEX9 gauges, designed for 11 mm stems; a
SGEX13 gauge, designed for 14 mm stems; a SGEX13 gauge,
designed for 18 mm stems; a SGEX19 gauge, designed for 22 mm
stems; and a SGEX25 gauge, designed for 31 mm stems. The range
of stem diameters that can be measured by the gauges is 10.2–
31.2 mm, which includes more than 93% of T. ramosissima stem
diameters. Measurements from the selected stems can, therefore,
provide the representative SSF characteristics for T. ramosissima.

The six selected T. ramosissima stems grew well throughout
the growing period and could support the weight of the sap
flow gauge that was used to measure the SSF. We smoothed the
selected stems to remove superficial dead skin and attached the
gauges to the stems at least 20 cm above the soil surface. To
prevent the sensors adhering to the T. ramosissima branches,

FIGURE 1 | The location of the experiment site in the desert-oasis transition zone in Minqin, China (A) and the representative Tamarix ramosissima (T. ramosissima)
shrubs and the equipment for the stem sap flow (SSF) measurements (B). Modified from Pan J. et al. (2020).
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natural oil and G4 complexes were smeared on the trunk at
the installation positions and on the sensors. Each gauge was
protected from the weather by using a shield wrapping of several
layers of aluminum foil to prevent solar heating. Once the sensors
were installed, the heater input voltage was adjusted according
to the operation manual. The gauge readings were recorded at
10 s intervals and stored as a 30-min mean value by using the
CR1000 datalogger (Campbell Scientific Incorporation, Logan,
UT, United States). The SSF (g·h−1) can be quantified by using
the following equation (Baker and Vanbavel, 1987; Wang D. et al.,
2020):

SSF =
Pin − Qv − Qr

Cp×dTsap
(1)

where Pin is the heater power input (W), Qv is the upward
and downward heat loss along the stem (W), Qr is the radial
heat loss (W), Cp is the specific heat of water (J·g−1K−1), and
dTsap is the temperature differential between the heater and stem
section (◦C).

Environmental Factors and Groundwater
Measurements
An automatic weather station was established at the study
site to monitor micrometeorological factors. The TE525 Bucket
Rain Gauge (Texas Electronics Incorporation, Dallas, TX,
United States) was used to record precipitation. The Ta
and relative humidity (RH) (HC2S3, Campbell Scientific
Incorporation, Logan, UT, United States) were measured at
2.7 m above the soil surface and the wind speed and
direction (WindSonic75, Gill Instruments Limited, Poole,
United Kingdom) were measured at 4.7 m above the soil surface.
The net solar radiation and photosynthetically active radiation
(PAR) were monitored at 2.5 m above the soil surface by
using a radiometer (CNR4) (Kipp & Zonen Incorporation, Delft,
Netherlands) and a photosynthetically active radiation quantum
sensor (PQS1) (Beijing Truwel Instruments Incorporation,
Beijing, China). The soil heat flux was monitored by using a soil
heat flux (HFP01) (Hukseflux Incorporation, Delft, Netherlands).
All the data were recorded at 10 s intervals and stored as 10 min
averages by using the CR3000 datalogger (Campbell Scientific
Incorporation, Logan, UT, United States). The vapor pressure
deficit (VPD) was calculated from RH and Ta (Cambell and
Norman, 1998):

VPD = (1− RH)× 0.6108× exp(
17.27×Ta
T+273.3 ) (2)

where RH is the relative humidity and Ta is the air temperature.
Five volumetric soil moisture profiles were monitored at

the study site and all the 0.5 m from the base of the T.
ramosissima selected for the SSF measurements. The five TM soil
probes (Decagon Devices Incorporation, Hopkins, United States)
measured the soil water content at 5, 10, 20, 40, 80, and
160 cm below the soil surface. The data were recorded at 10 s
intervals and stored as 10 min average values by using the
CR3000 datalogger (Campbell Scientific Incorporation, Logan,
UT, United States) and were calibrated each month by using the
gravimetric method. Soil relative extractable water (REW) was

calculated as follows (Granier, 1987):

REW =
θ − θwp

θfc − θwp
(3)

where θ is the monitored volumetric soil water content and θ fc
(m3
·m−3) and θwp (m3

·m−3) are the field capacity and wilting
point, respectively. θ fc and θwp were derived from the soil water
characteristic curve. A REW of 0.4 was considered to be the
threshold below which there was a soil water deficit.

The groundwater table was monitored at a well 50 m from
the experiment site. The groundwater depth was automatically
recorded every 30 s and stored as 30 min average values by using
a MiniDiver (DI501, Eijkelkamp, Giesbeek, Netherlands).

Reference ET0
Reference ET0 (mm·d−1) was calculated from the Penman–
Monteith equation (FAO 56) (Allen et al., 1998):

ETo =
0.4081(Rn − G)+ γ( 900

Ta+273 )u2(es − ea)

1+ γ(1+ 0.34u2)
(4)

where 1 is the slope of the saturation vapor pressure curve
(kPa·◦C−1), es is the temperature-dependent saturation vapor
pressure (kPa), Rn is the net radiation (MJ·m−2 d−1), G is the
soil heat flux (MJ·m−2 d−1), es – ea is the VPD (kPa), γ is the
psychometric constant at temperature (kPa·◦C−1), and Ta (◦C)
and u2 (m·s−1) are the temperature and wind speed, measured
2 m above the soil surface.

Root Biomass Distribution
We used the trenching method to investigate root biomass and
distribution of T. ramosissima (Komiyama et al., 1987). In the
sampling plot, a trench (1 m wide × 1.5 m long × 3.5 m deep)
with the 0.1 m distance from the base of T. ramosissima was
excavated to investigate the root distribution of T. ramosissima.
Four replicate trenches were built to collect the samples. Three
replicate soil samples (4,000 cm3) were collected at 10 cm
intervals to 3.5 m depth along one wall of each trench by using
metal square corners (20 cm wide × 20 cm long × 10 cm deep).
These samples were transported to the laboratory in plastic bags.
The fine roots (<2 mm diameter) were separated from the soil by
washing through a 0.5-mm sieve. Roots with diameter of<2 mm
were defined as feeder roots for water and mineral uptake (Wang
et al., 2015; Zhou et al., 2016). Roots were then stored in paper
bags until oven-drying at 60◦C for 48 h to a constant weight and
roots biomass was calculated by a volume basis (kg·m−3).

Isotope Sample Collection and Analysis
Isotope samples were collected in May, August, and October
2020. Each rainwater sample was collected immediately after a
rain event to avoid evaporation losses. Groundwater samples
were collected from a well 50 m from the sample plot. The
rainwater and groundwater samples were put into 50 ml sampling
bottles and sealed with Parafilm. To reduce the disturbance
on T. ramosissima transpiration measurement, we collected the
xylem samples from six T. ramosissima that was 30 m away from
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the experiment site where the T. ramosissima SSF measurements
were made. To avoid oxygen isotope fractionation in the xylem
samples, six suberized twigs were collected (diameter: 0.5–0.8 cm;
length: 3.0–5.0 cm), scraped with a knife to remove dead skin,
and then put into a sampling flask and sealed with Parafilm. Soil
samples were collected around 0.5 m from the sampled plants at
depths of 10, 20, 30, 40, 50, 60, 80, 100, 120, 160, 200, 250, 300,
350, and 400 cm below the surface by using a 10-cm diameter
auger. The collected soil samples were quickly placed into a 50-
ml centrifuge tube and sealed with Parafilm. Five soil cores were
taken at the site. The collected xylem, soil, and groundwater
samples were stored in a refrigerator at –4◦C before moisture
extraction. Water was extracted from the soil and xylem samples
by using a cryogenic vacuum distillation (Li-2000, Lica United
Technology Limited, Beijing, China). The isotopic composition
of the extracted water was analyzed by using an isotope ratio
mass spectrometry iquid water isotope analyzer (LWIA, 912-
0008-1001, LOS Gatos Research Incorporation, Mountain View,
CA, United States). Due to the fraction of hydrogen when water
moves in plants in arid areas (Ellsworth and Williams, 2007),
oxygen isotopes were used to analyze water sources for the
T. ramosissima in this study. The isotope composition (δ18O) was
calculated as follows:

δ =
Rsample

Rstandard
− 1× 1000h (5)

where Rsample and Rstandard are the 18O/16O molar ratios for the
sample and for standard water vienna standard mean ocean water
(v-SMOW), respectively. The analytical precision was<0.1h for
δ18O.

Data Analysis
Soil moisture at 0–40 cm depth responds more quickly to
precipitation than deeper soil moisture levels. Soil moisture at
40–160 cm depth has a delayed response to heavy precipitation
and generally remains stable. We, therefore, divided the soil
samples into shallow, middle, and deep layers, corresponding to
depths of 0–40, 40–160, and 160–400 cm, respectively.

The correlation analysis and linear regression fitting were used
to explore potential environmental controls for the SSF by using
SPSS software version 21.0 (SPSS Incorporation, Chicago, IL,
United States). The IsoSource model is a mixing model that is
designed to partition a large number of sources1. We used this to
quantify the relative contribution of each water source, based on
the isotope mass balance, by using details supplied in Phillips and
Gregg (2003).

RESULTS

Daily Variations of Environmental Factors
Daily variations in PAR, Ta, RH, and VPD for May to October
in 2020 are shown in Figure 2 and show a clear seasonality for
PAR, Ta, RH, and VPD over the study period. Daily PAR, Ta,
RH, and VPD ranged from 137.2 to 765.7 µmol·m−2 s−1, 4.2 to

1http://www.epa.gov/wed/pages/models/stableIsotopes/isosource/isosource.htm

29.6◦C, 13.2 to 76.5%, and 0.45 to 3.49 kPa, respectively, during
the study period. The highest monthly mean values for PAR, Ta,
and VPD (610.99 µmol·m−2 s−1, 24.8◦C, and 2.24 kPa) occurred
in June or July.

There were 24 precipitation events during the study period,
which produced a total rainfall of 63.8 mm. The total event
precipitation was less than 5 mm for 19 of these and these low
rainfall events resulted in a cumulative total precipitation of
28.8 mm, which is 44% of the total precipitation (Figure 2E).
Precipitation exceeded 5 mm for five events and cumulative
precipitation from these was 36 mm, which is 56% of the total
precipitation. We found that the precipitation events with less
than 5 mm of rainfall did not strongly affect soil moisture.
Precipitation events with more than 5 mm of rainfall increased
the soil moisture at 5 and 10 cm depth, but soil moisture at
depths of 20 and 40 cm was less strongly affected. The maximum
precipitation event (11.3 mm) induced a rapid increase in soil
moisture at 5 and 10 cm depths, which reached their maxima
for the observation period following this event, but the REW
remained below 0.4 (Figure 2F) at these depths and remained
unchanged at other soil depths.

The depth of the groundwater table fluctuated with farmland
irrigation and ecological water conveyance (Figure 2H). The
depth of the groundwater table remained stable from May to
June in 2020 and declined between June and September as
groundwater was extracted for irrigation. The groundwater table
depth reached its lowest value of 9.3 m on September 13.
Ecological water conveyance to the lower reaches of the Shiyang
River meant that the groundwater table increased between
September and December.

The cumulative ET0 was 596.7 mm and daily ET0 ranged from
0.8 to 7.5 mm·d−1, with an average of 4.1 mm·d−1 during the
experiment period (Figure 2G). ET0 increased rapidly at the end
of May and this increase continued into the summer. From the
end of August, ET0 decreased steadily (Figure 2G).

Daily Variation of the Stem Sap Flow
The temporal variability of the daily SSF is shown in Figure 3.
The average daily SSF for T. ramosissima during the experiment
period was 523.8 g·d−1. The increase in SSF at the beginning
of the growing season coincided with a period of rapid leaf
expansion. The SSF remained relatively constant after full leaf
expansion. The maximum SSF value was 931.8 g·d−1 and
occurred on July 6. From August, late summer, to the end of
the growing season, the SSF showed a clear decreasing trend.
It is also notable that the SSF is lower on rainy days than on
non-rainfall days.

Relationships Between the Stem Sap
Flow and Environmental Factors
Linear regression analysis showed that the daily SSF is strongly
correlated with meteorological factors. There is a significant
positive linear correlation between the daily SSF and PAR and
PAR explains 42.7% of the SSF variance (Figure 4A). The daily
SSF data are significantly positively linearly correlated with Ta,
and particularly with Tamax, which explains 65.2% of the SSF
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FIGURE 2 | Temporal variations in (A) photosynthetically active radiation (PAR), (B) average air temperature (TaAve), maximum air temperature (TaMax), and minimum
air temperature (TaMin), (C) relative humidity (RH), (D) vapor pressure deficit (VPD), (E) precipitation and soil moisture, (F) soil relative extractable water, (G) reference
evapotranspiration, and (H) groundwater depth during the study period in 2020. Data are plotted at daily resolution.

variance (Figures 4B–D). The daily SSF is significantly correlated
with VPD, which explains 51.5% of the SSF variance (Figure 4F).
The SSF data for T. ramosissima are negatively correlated with
RH (Figure 4E).

There is no significant correlation between the daily SSF
and soil moisture in the shallow (0–40 cm) and middle
soil layers (40–160 cm). Figures 4G,H shows that there is
no significant correlation between the SSF and θ0−40 cm or

FIGURE 3 | Daily variations in the SSF and precipitation.

θ40−160 cm, indicating that soil moisture may not have been the
main factor affecting the SSF during the growing season in 2020.

Diurnal variations in PAR, Ta, VPD, and SSF are shown in
Figure 5 to further explore relationships between the SSF and
these meteorological factors. The half-hourly averaged values
from the experiment period were used in this study to minimize
the uncertainty. The SSF increased sharply after sunrise and this
preceded the increase in PAR by approximately 1.5 h. Both the
Ta and VPD rose rapidly after sunrise. The increase in Ta and
VPD lagged behind the increase in PAR and the peak value for
both occurred 3 h after the PAR peak. Although the shapes of
the diurnal curves are similar for the four variables, the time
of the day for peak values is different. The peak time for PAR
lagged behind that for the SSF by approximately 1.5 h and the
PAR peak is narrower than the SSF peak. The Ta and VPD
peaks occurred at almost the same time, but lagged behind the
SSF peak by about 4.5 h. The SSF decreased to a relatively
low level after sunset and then remained fairly constant, with
a curve that remained ahead of the PAR curve by a factor of
1 h. In contrast, Ta and VPD decreased steadily until sunrise on
the following day.

The diurnal hysteresis loops for the SSF and PAR and Ta
and VPD are shown in Figure 6. The arrows in Figure 6
denote the rotation directions of the hysteresis loops. Hysteresis
loops with clockwise rotations were observed for the averaged
relationships between the SSF and PAR and Ta and VPD in a
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FIGURE 4 | The relationship between the daily SSF and eight environmental factors: (A) PAR, (B) TaAve, (C) TaMax, (D) TaMin, (E) RH, (F) VPD, (G) soil moisture
content0-40 cm (SMC0-40 cm), and (H) soil moisture content40-160 cm (SMC40-160 cm) during the growing season in 2020.

FIGURE 5 | Average diurnal cycle for half-hourly averaged SSF, PAR, Ta, and VPD during the growing season in 2020.

day, indicating that variations in PAR, Ta, and VPD lagged behind
those in the SSF.

Soil Moisture Characteristics at
0–400 cm Depth and Water Sources for
Tamarix ramosissima
The mean soil moisture was 0.06 cm3

·cm−3 over depths of 0–
400 cm. Soil moisture varied with depth and with the sampling
time (Figure 7A). At 0–80 cm, soil moisture increased with

an increasing depth. Soil moisture increased sharply at 140–
250 cm depth, where the highest clay content was encountered
and decreased over 250–400 cm depth.

The root biomass (<2 mm) was observed up to 350 cm depth
with approximately 66% of fine root biomass at the depth of 0–
100 cm (Figure 7B) and 43% of fine root concentrated in the
shallow soil layers (0–40 cm). The fine root biomass in middle
(40–160 cm) and deep soil layers (160–350 cm) accounted for 33
and 22% of total fine root biomass, respectively.
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FIGURE 6 | Average relationships between half-hourly averaged SSF and (A) PAR, (B) Ta, and (C) VPD during a day. The arrows indicate the direction of rotation.

FIGURE 7 | The variation of (A) soil water content, (B) fine root biomass of T. ramosissima (0–350 cm), and (C) δ18O in the vertical soil profile during the 2020
growing season.

The δ18O values for soil moisture that was sampled at different
depths and at different observation times are shown in Figure 7C.
The mean δ18O values for soil water in the shallow soil layers
that were sampled in May, August, and October are 6.1341,
6.2017, and 5.789h, respectively. These values are significantly
higher than the values for other soil layers (P < 0.05). The
δ18O values for soil moisture in the middle soil layer decreased
continuously with depth and exhibited moderate seasonality.
The mean values for this soil layer are –5.16077, –4.51675, and
–4.4872h for May, August, and October, respectively. The δ18O
values for deep soil moisture were relatively stable and exhibited
no significant seasonality.

The δ18O values for the groundwater samples did not vary
significantly in May, August, and October and the mean value
for these months was –6.92h (Table 2). The δ18O values for the
xylem that was sampled from T. ramosissima in May, August,
and October were –6.32, –6.80477, and –7.1041h, respectively.
The oxygen isotope values for the xylem water samples were
close to the values for the deep soil moisture (160–400 cm)
and groundwater (910 cm) samples, indicating that the xylem
water was mostly absorbed from moisture in deep soil layers and
from groundwater.

The IsoSource model showed that deep soil moisture and
groundwater were the main water sources for the T. ramosissima
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TABLE 2 | The oxygen isotopic values for xylem and potential water sources.

δ18O May August October

Xylem water (h) –6.3233 –6.80477 –7.1041

Shallow soil water (h) 6.1341 6.2017 5.798

Middle soil water (h) –5.16077 –4.51675 –4.4872

Deep soil water (h) –6.30665 –6.7867 –7.0936

Groundwater (h) –6.5167 –6.9358 –7.3166

FIGURE 8 | Water uptake from shallow, middle, and deep soil layers and from
groundwater for T. ramosissima during the 2020 growing season.

(Figure 8). In May, August, and October, the relative combined
contributions of deep soil moisture and groundwater to the total
T. ramosissima water intake were 93, 96, and 95%, respectively.
T. ramosissima uptake water from the shallow and middle soil
layers was very low in May, August, and October.

DISCUSSION

Characteristics of Tamarix ramosissima
Stem Sap Flow
The results presented here demonstrate that the cumulative and
daily SSF for T. ramosissima was very low during the experiment
period. Over the whole growing season, the cumulative SSF and
the average daily SSF are lower than the SSF values that have
been reported for T. ramosissima in other regions (Li et al., 2018;
Chen et al., 2019). Xu et al. (2009) used the same methods as
this study and found that the mean daily SSFs for T. ramosissima
with stem diameters of 3.5 and 2.0 cm in the Taklamakan Desert
region were 6.322 and 1.179 kg, respectively, representing 12.1
and 2.4 times the results found in this study, respectively. This
large difference may be explained by differences in irrigation. In
the Taklamakan Desert region, T. ramosissima depends heavily
on artificial irrigation from water wells and soil moisture levels
are relatively high (Xu et al., 2009). In contrast, the artificial
shelterbelt in this study area is in a natural region, without
irrigation. An additional explanation for the low SSF found at the
Minqin site may be that the trees are older, which is suggested by
the lower vigor of the trees here. Research has shown that plant
age leads to differences in photosynthetic rate, leaf area, stomatal

conductance, and SSF (Ryan et al., 2006; Forrester et al., 2010).
Younger plants grow faster and use more water per unit leaf area
than older plants (Medeiros and Pockman, 2010). T. ramosissima
in the Taklamakan Desert region is 8 years old (Xu et al., 2009),
while T. ramosissima in this study region is 15 years old and,
therefore, more mature and less vigorous, which may contribute
to the lower SSF values.

Influence of Environmental Factors on
the Stem Sap Flow
Plant transpiration is limited by the available energy and by
evaporative demand (Jarvis, 1976; Schulze et al., 1994; Zha et al.,
2017). Thus, the SSF is directly influenced by meteorological
factors. PAR is the part of the incident solar radiation that is
used by plants for photosynthesis and the SSF is closely related
to photosynthesis (Bovard et al., 2005; Clausnitzer et al., 2011;
Tie et al., 2017). PAR, Ta, and VPD explain 42.7, 65.2, and 51.5%
of the daily variance in the SSF, respectively. Our results show
that PAR, Ta, and VPD are the controlling factors for the daily
SSF. The main reason for this is that Ta and VPD increase with
an increasing PAR, which induces an increase in the potential
difference across the leaf-to-air water boundary. This conclusion
is similar to that in previous studies (Bovard et al., 2005; Shen
et al., 2015; Tie et al., 2017; Zhang Q. Y. et al., 2018).

Plant transpiration is conducted via stomatal processes and
the hysteresis between environmental factors and the SSF can
be regarded as the adaptation of plants to environmental factors
caused by water limitation (Matheny et al., 2014; Ma et al.,
2017; Zha et al., 2017; Hong et al., 2019; Wang et al., 2019).
Our results show that the daily cycle for PAR, Ta, and VPD
(24 h) lags behind that for the SSF (Figure 6), which is in
agreement with previous studies (Ma et al., 2017; Hong et al.,
2019; Wang et al., 2019). Generally, the maximum PAR occurs at
noon, while the maximum temperature and the maximum VPD
usually appear in the afternoon. In the morning, as atmospheric
evaporation demand (PAR, Ta, and VPD) increases, the SSF
gradually increases. As the SSF increases, the transpiration rate
of T. ramosissima increases until it exceeds the supply of soil
moisture. When PAR, Ta, and VPD reach their peaks, plants
close some stomata, as a form of self-protection, to prevent
excessive water extraction from the trunk. Failure to do this
could result in xylem vessel embolism and the collapse of the
hydrological conductive system of the xylem (Zeppel et al., 2004;
Chen et al., 2011).

Previous studies have shown that the relationship between
the SSF and soil water content is not consistent. For example,
some studies have shown that soil moisture is the dominant
controlling factor for the SSF (Shen et al., 2015; Ma et al.,
2017; Zha et al., 2017). Our results show that, in this study,
there was no significant correlation between the SSF and soil
moisture in shallow (0–40 cm) and middle (40–160 cm) soil
layers during the growing season, which is consistent with
previous findings (Hölscher et al., 2005; Horna et al., 2011;
Jiao et al., 2016; Tie et al., 2017). The relatively low soil
water content in the shallow (0–40 cm) and middle soil layers
(40–160 cm) means that there is no significant relationship
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between the SSF and soil moisture in these soil layers. Desert
plants do not respond directly to rainfall, but rather respond
to the availability of soil water (Reynolds et al., 2004; Robertson
et al., 2009). In water-limited regions, most precipitation occurs
in smaller precipitation events (resulting in less than 5 mm
rainfall), which moisten the uppermost soil layers. Soil moisture
is readily and directly lost to the atmosphere from these layers
through evaporation (Beatley, 1974; Dougherty et al., 1996).
Heavy precipitation events (resulting in more than 10 mm
rainfall) occur less frequently in arid areas, but serve to recharge
moisture levels in deep soil layers and so increase the plant SSF
(Schwinning and Sala, 2004; Cheng et al., 2006). Our results
show that the soil water content in the shallow and middle soil
layers ranged from 0.07 to 0.12 cm3

·cm−3 and from 0.06 to
0.07 cm3

·cm−3 during the experimental period, respectively. As
shown in Figures 2C,D, smaller rainfall events had little effect on
soil moisture and the soil REW was less than 0.4 throughout the
experiment period. Similar to this, Hayat et al. (2020) found that
when the soil moisture was below a threshold, the transpiration
rate of Salix psammophila did not increase with increase in the
soil moisture content.

Our data show that T. ramosissima SSF was higher on sunny
days than on rainy days and the greater the rainfall, the lower
the SSF. This may be due to precipitation-driven changes in PAR,
Ta, VPD, and RH. The range and thickness of clouds are greater
on rainfall days than on non-rainfall days and this reduces PAR
and Ta. Rainfall events also lead to an increase in RH, which
can contribute to the saturation of leaf surfaces and to crease in
leaf turgor (Zhao and Liu, 2010; Zha et al., 2017). In addition,
stomata tend to close when environmental conditions change
and leaf water status may be responsible for the decrease in the
SSF during rainfall events (Granier, 1987; Irvine et al., 1998).
Wang D. et al. (2020) illustrated that the SSF was much lower
on high rainfall days than on sunny and smaller rainfall days for
Caragana korshinskii and Salix psammophila. The reason for this
is that greater precipitation depth and longer duration leave the
vegetation canopy in a humid state for a long time and since solar
radiation is mainly used to evaporate water from the vegetation
canopy (Kume et al., 2006), this leads to a longer stomatal closure
and a decrease in the SSF.

Water Sources for Tamarix ramosissima
Transpiration
The importance of groundwater and moisture levels in deep soil
layers for plant transpiration in the arid region has been reported
(Cui et al., 2010; Huang et al., 2015). To maintain transpiration
when the moisture content of the shallow and middle soil layers
is extremely low, T. ramosissima needs to take-up water from
deep soil layers and groundwater. Although the δ18O values for
T. ramosissima xylem water have a slight seasonality, deep soil
water and groundwater are the main water sources, which are
a finding that are consistent with previous studies (Chen et al.,
2017; Li et al., 2019; Dong et al., 2020). In generally, water
sources for plants are affected by soil water conditions and by
plant root systems (Asbjornsen et al., 2007; Dong et al., 2020).
T. ramosissima has a well-developed root system: lateral roots

(diameter < 2 mm) are mainly distributed through 0–40 cm
soil depth, allowing them to fully absorb shallow soil moisture.
However, the scarcity and variability of rainfall and the strong
evaporation from the upper soil layers make moisture levels at
shallow depths extremely low. Studies have demonstrated that
when soil moisture is below a threshold, the lateral, absorbing
roots in the upper soil layers are a state of dormancy and
plants are more likely to use deep soil water and groundwater
(Ehleringer and Dawson, 1992; Flanagan et al., 1992; Xu and
Li, 2006). T. ramosissima has very deep roots that can reach
10 m belowground (Yu et al., 2013; Dong et al., 2020). Plants
may recharge groundwater to deep soil layers via root hydraulic
redistribution in arid areas (Guo et al., 2012; Yu et al., 2013).
These characteristics make it possible for T. ramosissima to
readily take-up groundwater and deep soil water.

Water Use Strategies of Tamarix
ramosissima
Due to low rainfall, high atmospheric evaporative demand,
and a deep groundwater table, most desert shrubs experience
severe water shortages during their life cycle (Xu and Li, 2006).
Based on basic plant physiology, we might expect precipitation
to strongly impact on the transpiration of T. ramosissima. In
this study, T. ramosissima transpiration increases significantly
in response to heavy rainfall (Figure 3), probably because
the rainfall resulted in only an insignificant increase in soil
water (Figure 2F). The root distribution of T. ramosissima
means that it can access groundwater to support its subsistence
during the dry period by using deep roots (Yu et al., 2013;
Gou and Miller, 2014; Dong et al., 2020). This is called
the water acquisition strategy of the plant (Brouillette et al.,
2013). The water uptake pattern of the plant is controlled by
resistance (rhizosphere resistance and root resistance) and by the
potential gradient within the soil-plant-atmosphere continuum
(SPAC). In general, the uptake of groundwater requires extra
energy to overcome gravitational pressure and uptake from
soil water is generally more favorable than from groundwater
during the wet period. However, the increase in rhizosphere
resistance and root resistance, which are attributable to the strong
decline in soil water potential, exert a remarkable influence
on water uptake (Gou and Miller, 2014). The influence of
gravity on water uptake was insignificantly compared with
the strong decline in soil water potential during the dry
period. The greater energy costs for groundwater uptake in
regions with a deep groundwater table (9.1 m) mean that
using this water source only allows the plant to survive, not
necessarily to flourish (Hacke et al., 2000) and the plant
still suffers from water stress even though the roots can
access groundwater.

Plants may adapt to water limitations with water-conservation
strategies (Brouillette et al., 2013). Desert shrubs reduce their
water consumption by closing their stomata when exposed to
dehydration stresses. At this study site, the dry period was
accompanied by high VPD during the growing season, which
probably led to a decreased stomatal conductance and more
significant control of the stomatal conductance on the SSF of
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T. ramosissima. The water supply was generally insufficient to
balance the high T. ramosissima transpiration demand at mid-
day, resulting in a clockwise hysteresis loop. The hysteresis
effect reflects plant acclimatization to water limitations, owing
to stomatal conductance being inherently decided by plant
hydrodynamics (Matheny et al., 2014).

CONCLUSION

Understanding the relationship between plant transpiration and
the ecosystem water supply is a necessary for managing the
limited water resources in arid regions. The SSF of T. ramosissima
has a clear seasonality. Due to water scarcity in the shallow and
middle soil layers, T. ramosissima mainly uptake water from deep
soil layers and from groundwater. PAR, Ta, and VPD are the
controlling factors for T. ramosissima SSF.

This study also sheds light on that groundwater and deep soil
water play an important role in ecological development in water-
limited regions. For sustainable development, future afforestation
efforts should evaluate the carrying capacity of groundwater.
Drought-enduring native plants and a suitable planting density
should be considered when planning revegetation initiatives,
so as to prevent excessive consumption of deep soil water
and groundwater.
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