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Abstract: Stable isotope concentrations in the soil, rain and ground water have been used to trace
the water extraction zones of plants in different environments. The need to identify the plant water
use by plants in afforestation programs to control desertification increases the importance of sap
water partitioning of plants in sand dune areas. However, the introduction of new plant covers
exerts pressure on the water resources and can affect the local soil water conditions. In this study,
we analyzed the isotope concentrations in rain, soil, sap, and ground water after the summer of
2010. Two experimental plots established in the Hailiutu catchment (Shaanxi province, northwest
China) were selected to gather the water samples between September and October 2010. One plot
is dominated by Salix bushes (Salix psammophila C. Wang & Chang Y. Yang) and the other by the
tree species Willow (Salix matsudana Koidz.). The total precipitation at the experimental site was
401 mm yr−1 during 2010, while 88.7 mm was collected in total for the period September to October.
Willow trees transpired 12.82 kg d−1 being almost three times larger than Salix shrubs (4.57 kg d−1).
Despite the transpiration rates of both plant species and the few rain events in the region, the soil
water beneath the plant covers is not depleted. Stable isotope signature of soil water beneath both
covers shows the fractionation front in Salix at 20 cm depth and at Willow at 40 cm depth. However,
soil water signature is closer to the groundwater than the collected rain water.
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1. Introduction

Continental arid environments are characterized by excessive heat and variable precipitation
distributed all over the year, with a tendency to a peak during summer months [1–3]. These conditions
favoured the presence of a discontinuous vegetation cover characterized by banded and spotted
shapes, large size variability, and specialized plant species [4,5]. The northern arid lands in China
are an example of this type of environment, where the landscape is shaped by eolic erosion due to
the high erodability of this soil type and the scarce ground cover protection [6–10]. Consequently,
desertification in this region registered a strong growth of barren areas before 1999. However, after
2005 the plant cover experienced a positive change reducing the areas affected by desertification
thanks to the rehabilitation and afforestation programs established in the region [11,12]. The current
implementation of afforestation and agricultural programs modified the landscape cover with
additional crop areas. These afforestation practices trigger a series of impacts to the environment due
to the inadequate selection of plant species [13,14]. This increment in vegetation cover reduces the
local surface temperature [15] and affects the local evaporation flux due to the increment of plant
transpiration which depends mostly on groundwater [16–18].

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 October 2019                   doi:10.20944/preprints201910.0186.v1

©  2019 by the author(s). Distributed under a Creative Commons CC BY license.

Peer-reviewed version available at Water 2019, 11, 2559; doi:10.3390/w11122559

https://orcid.org/0000-0002-6339-5981
https://orcid.org/0000-0002-7340-4685
https://orcid.org/0000-0002-3926-2599
https://orcid.org/0000-0002-9242-3232
https://doi.org/10.20944/preprints201910.0186.v1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w11122559


2 of 16

The evaporation (E) of arid environments is mainly composed of soil evaporation (Es) and
a small proportion of intercepted water by plant surfaces (Ei) and transpiration (Et) [19–21]. The
low precipitation rates underline the importance of soil water and groundwater availability for the
plants. Rainfall interception decreases the water infiltration rates of vegetated areas in respect to
bare soil conditions in arid and semi-arid regions [22,23]. This is the result of the quick evaporation
of the intercepted water on the leaves, branches, and stem of the plants [19,21]. The relevance of
interception increases considering the precipitation characteristics of the arid and semi–arid regions
where the low volume, high intensity, lower and irregular frequency hinder the plant water acquisition
[5]. Due to the scarce water resources in these regions the plants are adapted to quickly respond to
environmental triggers such as the irregular rains. Thus increases the soil water acquisition by the
plants and consequently its transpiration momentously [24,25].

The plant root system provides anchorage for the plant and an effective water extraction system
[26]. This system absorbs the water close to the meristematic region of the root for its later use in
the leaves [27–29]. Determination of water sources for the plants has been successfully done with
the stable water isotopes oxygen-18 (δ18O) and deuterium (δ2H) [18,30–35]. The specific isotopic
signatures of soil water is the result of a fractionation process that modifies the isotope composition[36],
allowing to trace the water paths within the ecosystem [37]. The isotope signature of the absorbed
water is not modified by plant uptake until the water reaches the photosynthetic tissues. Here, the leaf
tissues will become enriched by the escape of lighter isotopes [38]. Althought the roots do not modify
the soil water during uptake, the isotope signature of xylem water is affected by mixing processes
when different water sources are used by the same plant. Analysis tools such as IsoSource [39] have
been used in sand dunes bushes, corn and cotton plantations, woody species, and estuarine vegetation
to determine the water sources of those covers [30–35]. Thus can provide information of the origin of
water within the plant and if this water can be redistributed on the soil profile.

The increment of vegetated covers on arid environments exerts pressure on the scarce water
resources. This has been the case with the introduction of Willow trees (Salix matsudana) and
Salix bushes (Salix psammophila) in afforestation programs in the Hailiutu catchment [16–18]. The
transpiration of these species increased the demand on the groundwater resource, however its influence
on the soil water conditions are poorly understood. This work aims to describe the effect of Willow
trees and Salix bushes on the soil water conditions after the summer. This will provide an indication of
the vegetation influence on the soil water conditions beneath the covers.

2. Materials and Methods

2.1. Study Site

The study site is located within the Hailiutu catchment (area: 2645 km2) in Yulin County; Shaanxi
province; Northwest China (Figure 1). This catchment is part of the Maowusu semi-desert, which
is characterized by undulating sand dunes over and dominated by a xeric scrubland. The nearest
meteorological stations (Dong Shen: N 39.833◦ – E: 109.983◦; Yanchi: N 37.800◦ – E 107.383◦; and Yulin:
N 38.233◦ – E: 109.700◦) described a semi-arid continental climate with a mean annual precipitation of
386.1 mm yr−1 and a mean annual temperature of 8.6 ◦C (seasonal range: -17.4 ◦C to 27.1 ◦C). The soil
type is classified as Calcaric Arenosols (ARc) with a high base saturation and a pH value over 8.0; with
an excessive drainage due to its sandy texture [40]. The study site is composed of two experimental
plots (see Appendix A1) located at 300 m from each other. The first plot is dominated by Salix bushes
(Salix psammophila C. Wang & Chang Y. Yang) and has an area of 625 m2 (2 5m x 2 5m). The second plot
covers 81 m2 (9 m x 9 m) and contains mainly individuals of Willow trees (Salix matsudana Koidz.) and
Poplar trees (Populus simonii Carr.). In both plots soil water, groundwater, plant parameters, and soil
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Figure 1. Geographical location of the experimental site (Willow–Salix) and the meteorological stations
Dong Shen, Yanchi and Yulin used during the study period in the Shaanxi province, China. On the
right hand side the experimental design of of both, Willow and Salix plots are shown.

variables were measured between September and October, 2010.

2.2. Hydrometric Data

Meteorological data was retrieved from the stations Dong Shen (1459 m.a.s.l.), Yanchi
(1356 m.a.s.l.), and Yulin (1058 m.a.s.l.). The climatic data was downloaded from the National
Oceanic and Atmospheric Administration (NOAA) [41]. This data set contains daily values of total
precipitation (mm d−1) and daily means for temperature (◦C), dewpoint (◦C), wind speed (m s−1),
and atmospheric pressure (mbar). Due the lack of solar radiation measurements in the selected study
period; this variable was estimated according to Allen et al. [42] for missing data. Once all data was
determined, the reference evaporation (Eo) was calculated with the FAO Penman–Monteith equation:

Eo =
∆(Rn − G) + ρaCp

(es−ea)
ra

∆ + γ
(
1 + rs

ra

) (1)

where net radiation (Rn), soil heat flux (G), vapour pressure deficit of the air (es − ea), ∆ is the
slope of the vapour-pressure relationship (kPa ◦C−1), the psychrometric constant (γ), the air density
(ρa) and the specific heat of the air (cp) were used to determine the reference evaporation (Eo). The
wind speed at 2 m height (u2) was used to determine the aerodynamic resistance (ra) and surface
resistance (rs). For daily time steps the soil heat flux is considered to equal 0 MJ m−2d−1 due the small
daily differences [42].
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Soil water measurements were carried out sporadically along the study period. The data collected
corresponds to groundwater level (h, m) and soil moisture (θ, m3 m−3). The reference values of
sandy soils for the permanent wilting point (θWP), field capacity (θFC) and saturation point (θSP) were
0.05 m3 m−3, 0.1 m3 m−3 and 0.46 m3 m−3, respectively [43]. The groundwater level was measured on
a daily basis with one Mini-Diver (type: DI 501) in each plot. Soil water content was monitored with a
Mini-TRASE sensor (type: 6050X3K1B) and the probes were located at 10 cm, 20 cm, 40 cm, 70 cm, and
100 cm depth beneath each species. On the Salix plot two more depths were monitored: 120 cm and
140 cm. The bare soil condition was monitored for both species at the same depths as Salix.

2.3. Water Sampling

Water samples were collected daily after each rain event to determine the isotopic signature of
the precipitation, groundwater, soil water, and xylem water throughout the monitoring period. Soil
water samples were taken with a Macro Rhizon (type: 4.5 mm Model) soil moisture sampler in both
plots. The samples were collected at nine depths (10 cm, 20 cm, 40 cm, 70 cm, 90 cm, 110 cm, 140 cm,
150 cm and 160 cm), while the groundwater sampling depended on the water head elevation during
the samplings. Xylem water was collected from an incision done at the twig of each tree; removing the
bark, phloem, and cambium to prevent the collection of fractionated sap water. The incision location
was far from the meristematic region, avoiding the fractionation linked to photosynthesis. Rain water
was collected during the events to prevent fractionation by evaporation on an event basis. Each sample
was sealed hermetically in 1.5 ml vials and transported to The Netherlands for their analysis. The
isotopic composition was determined with a LGR Liquid Water Isotope Analyzer (type: DLT-100) with
a precision of < 0.3 h for 18O/16O and < 1.0 h for 2H/1H and expressed in respect to the Vienna
Standard Mean Ocean Water (VSMOW). The isotopic signature of each sample was expressed in
respect to the VSMOW through the following equation [44]:

δ =
( Rsample

Rstandard
− 1

)
(2)

where δ is the isotope composition of 18O and 2H, Rsample and Rstandard are the ratios of heavy to
light isotopes (18O/16O or 2H/1H) of the sample and standard water, respectively.

2.4. Plant Parameters

For each plot the plant densities (plants ha−1), canopy heights (m), and leaf area index (LAI,
m2 m−2) were measured to describe the stand conditions. Transpired water (Et) was monitored in the
Salix shrubs establishing four ring gauges (type: Dynagage Energy Balance sensor) in an individual of
Salix; while five probes (type: Thermal Dissipation Probes) were installed in an individual of Willow.
Each probe recorded the data at 10 minute intervals and those were summarized in an hourly and
daily time step. Total mobilized water as transpiration was calculated with the product between the
sapwood area and flow velocity. Sap wood area was measured through the average diameter of Salix
twigs, and directly from a tree wood ring for the Willow tree. Wood ring area was obtained from inked
water transported by capillary rise within the active sapwood sections, obtaining an area of 274.61 cm2

(A). Transpiration flow for each plant was obtained though the empirical equation developed by
Granier [45]:

Et = 3600 × 0.0119 ×
(∂Tm − ∂T

∂T

)
× A × ρ (3)

where Et is the transpiration (g h−1), ∂T is the temperature difference (◦C), ∂Tm is the maximum
temperature difference with zero Et (◦C), A is the cross section area (cm2), and ρ is the water density
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(g cm−3).

The fine root system was described through the total root biomass (TRB, kg m−3) and the
root length density (RLD, cm cm−3). The survey involved the collection of 80 samples of soil per
species with an auger of 300 cm3 within a radius of 4.0 m. The sampling procedure was based on
eight equidistant points from the stem towards the canopy edge, extracting 10 samples per point
until a depth of 150 cm was reached. The samples were sieved to separate the soil from the roots,
photographed on a scaled paper, and dried up following the procedure proposed by Cornelissen et al.
[46] to determine the root length density (RLD, cm cm−3). The total root biomass was determined
by weighing the dry cleaned roots with a digital balance. The total root length (cm) was determined
by processing the root images with the use of the GIS free source software (www.gvsig.org). The
total root length density was obtained dividing the total root length (cm) by the core volumes (cm3) [47].

2.5. Data Analysis

Plant differences were determined using an Analysis of Variance (ANOVA) with a pvalue of
0.05. Statistical differences were determined with a Tukey HSD analysis. The plant water source of
transpiration was determined using the software IsoSource [39].

3. Results

Total precipitation in 2010 was 401.0 mm yr−1 at the experimental site, registering a slightly
wet condition in respect to the regional average of 386.1 mm yr−1. However, the precipitation was
not enough to supply the yearly Eo at the site (1339.1 mm yr−1) which is driven by the erratic
relative humidity and small amount of precipitation all over the year (Figure 2). The 938.1 mm yr−1

difference between precipitation and reference evaporation support the Arid Steppe classification due
to its annual water deficit [3,5,48,49]. September and October 2010 experienced 48.2 mm month−1

and 40.5 mm month−1 accounting for 12.0% and 10.1% of the annual precipitation, respectively.
The water availability experienced during the study period allowed the presence of soil moisture
above the permanent wilting point (θWP) for sandy soils (0.05 m3 m−3) while the field capacity
(θFC) was exceeded only in the deepest layers in both plots (Figure 3). Additionally, soil moisture
increases with depth in Salix and Willow stands, keeping higher values than under bare soil conditions.

Hourly transpiration differs in amount and timing between species. Figure 4 shows the
differences along five days where the sap flux for Willow is remarkably higher than Salix. Willow
shows a larger capacity to transpire water with peak fluxes averaging 1549.1 g hr−1; whereas Salix
peaks do not exceed 500 g hr−1 on average. Daily transpiration rates in both species depict a significant
decreasing trend (ANCOVA, F= 36.09; n= 87, p= 0.0000) and a statistical difference between total daily
rates (ANCOVA, F= 63.05, n=87, p= 0.0000), where Salix transport an average of 4.57 kg d−1 being
three times smaller than Willow fluxes (12.82 kg d−1). In addition, as transpiration is a physiological
response to environmental climatic parameters the correlation analysis (p< 0.001) shows a significant
positive correlation with temperature (0.47) and net radiation (0.35); while wind speed (0.05) and
relative humidity (-0.27) are not significant.

Rain during the study period has a wide range of isotope signatures (see Appendix A2). The
evaporation front in both stands is identifiable at 40 cm depth for both isotopes (Figure 5). The
isotope signature of deep water samples lie close to the rain water signature, depicting the effect of
local groundwater recharge having a similar signature to local rains. However, the soil above 10 cm
depth depicts a wide range in their signatures. Sap water signature in both species seems to contain
fractionated and non-fractionated water. Soil water contribution to xylem water from deep soil layers
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Figure 2. Meteorological conditions registered during 2010 at the research site based on the data of
Dong Shen, Yanchi and Yulin meteorological stations
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Figure 5. Evaporation front beneath Willow and Salix stand for oxygen-18 and deuterium water isotope
signatures at the experimental site during autumn. The width of the canopy of each species in the
graph corresponds to the standard deviation of the xylem water samples collected.

show a similar proportion in both species. Preliminary, only the 40 cm and 10 cm soil layers provides
a strong contribution in Willow and Salix respectively. Therefore “a posteriori aggregation” [39]
was performed, grouping the soil layers according to their similarities between isotopic signatures,
evaporation front presence, and proximity within the soil profile. The grouping was settled as: 0-30 cm,
30-60 cm, > 60 cm; including in the last soil layer the groundwater due its isotopic similarity with
the deeper soil waters. The IsoSource output shows all the possible solutions to match the sap water
mixture of δ2H and δ18O (Figure 6). The Willow stand shows a well-defined proportion of soil water
contributions among the three water sources. The deep water source (> 60 cm) contributes with a
proportion lower than 0.08 to the sap water mixture, while the upper soil layers (< 30 cm) provides
between 0.28 and 0.48 of the mixed water, and the intermediate soil layers (30-60 cm) own the higher
contribution values from 0.50 to 0.64. The clear differentiation between soil water sources in Willow is
not visible for Salix. This species shows overlapping contributions of the water sources mainly for the
superficial soil layers (0-60 cm), showing the deepest water source a contribution ranging from 0.21 to
0.54 (Figure 6).

Plant densities differ between stands, where the Salix stand has the higher plant density
(900 trees ha−1) with an average height of 2.6± 0.6 m. In contrast, the Willow stand has a plant
density three times smaller (300 trees ha−1) but with higher trees (3.5± 0.5 m). However, the LAI is
affected by the leaf size and canopy diameter of the individual plants, where Salix register a leaf
area index of 0.39 m2 m−2 which is twice smaller than Willow (0.68 m2 m−2). Underground stand
characteristics also differ between species. Willow trees fix a larger root biomass beneath the 45 cm
depth than Salix shrubs. Moreover, the root length density distribution shows a bimodal accumulation
in Salix: at the soil surface (0-30 cm) and at mid depth (55-70 cm). Oppositely, Willow has three sections
with high RLD values. The first two sections follow the Salix pattern, with an additional accumulation
bellow 105 cm. The fine root distribution in both species expressed as RLD, provide them a good
system for soil water acquisition for the superficial soil layers (Figure 6).
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Figure 6. Root length density and total root biomass distribution along the soil profile, and its relation
with the IsoSource distributions for all possible solutions to match the sap water mixture of Willow
and Salix based on δ2H and δ18O isotope signatures.
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4. Discussion

The isotopic values of groundwater are similar to local rain water, depicting a local groundwater
recharge documented for the Hailiutu catchment [18]. This is the consequence of the high capacity to
infiltrate water by the sandy soils [21]. Consequently, infiltrated water will be available for longer
periods because soil water evaporation at soil depths between 10–30 cm can take several weeks
[50]. The shallow groundwater recharge occurred during the previous growing season due to the
high rainfall intensities (> 5 mm d−1) between July and September. This phenomena has also been
documented by Li et al. [51] in Taihang (China), reporting a daily groundwater recharge with rains
ranging from 3.2 mm d−1 to 3.8 mm d−1. This recharge capacity has been registered in the provinces of
Shangxi and Inner Mongolia, gattering from 9% to 12% of the long term annual precipitation [22].

Conversely to groundwater, the isotopic composition of the soil water in the unsaturated zone is
affected by the interaction between vegetation cover and soil evaporation. Soil evaporation affects the
isotopic signature of soil water in the unsaturated zone providing particular signatures at different soil
layers [52–55]. Meanwhile the plant cover type reduces the soil evaporation, where lower θ in the top
soil layer (0-10 cm) were registered for Salix shrubs in comparison to Willow trees. Conversely, the
high θ under Salix in respect to Willow reflects the higher infiltration capacity of a low plant cover and
total root biomass fixed.

However, the signature beneath the plant cover differs considerably. Willow illustrates the typical
theoretical pattern of the evaporation front, while soil water isotopes beneath Salix do not clearly have
this distribution. Beneath Willow trees, both isotopes depict the theoretical evaporation front, while
beneath Salix it is visible only for δ18O. This effect is responsible of the presence of the evaporation
front generating the later heavy isotope enrichment in superficial soil layers [51,52,56–58] (see Figure 5).

The main differences in plant size, fine root distribution, and water uptake capacity between
Willow and Salix underline the importance of selecting plant species with low water requirements in
respect to their biomass for afforestation programs. Willow is capable to withdraw up to 12.8 kg d−1

of water, extracting more than 90% from soil layers above 60 cm depth. This species is capable to
make use of the superficial soil water during the fall period, even if the groundwater level is shallow.
Conversely, Salix shrubs show lower transpiration rates not higher than 5.0 kg d−1 extracted uniformly
from the whole soil profile including the groundwater. This extraction pattern shown by Salix depicts
a more efficient root system acquiring water from different soil water sources due their fine root
distribution. During this period, both species extract more than 50% of the water from the upper soil
layers, taking advantage of the sporadic autumn rains and residual soil water content. These results
are congruent with the behavior of Salix during the growing season (May-July), where Salix uses water
from both sources: soil and groundwater [18]. On the other hand, the soil water dependency during
fall of Willow trees differ in their summer behavior as documented by Yin et al. [17]. During summer,
Willow trees have access to soil and groundwater to maintain their water consumption.

Lower evaporation rates during the study period depict a lower water need for both species,
that is visible in the diminution of sap flow rates. This water need reduction affects the water uptake
of Willow, which registered a lower contribution of deep soil water sources while the water uptake
by superficial roots is more constant. On the other hand, Salix shows a high dynamic root system
which extracts water from all the available sources indifferently from the upper soil layers and a
strong contribution of the deep sources. This contribution is linked to the root distribution, keeping a
high root length density in comparison to the Willow tree. The groundwater dependency of Salix [18]
implies a permanent deep water extraction during summer and fall, extracting more deep water than
Willow trees during the fall season.
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Shallow groundwater levels prevent desiccation processes in scarce rainfall environments,
providing a vast water source for adapted plants that use the water economically [59]. Even if both
species do not differ in the root amount; their vertical distribution shows different root spots. Salix
root distribution displays two zones, supporting the hierarchy theory proposed by [60]. The Salix can
withdraw water from rains as stemflow, while the deeper roots can obtained from a constant source
(groundwater in this case). The fine root distribution beneath the Willow exemplifies woody patches
capacity to use rain water in a short time response [56], as well as the hierarchy theory of Schwinning
and Sala [60]. The fine root distribution of Willow with three dense regions with RLD higher than
0.1 cm cm−3 allow them to use different soil water source depending on soil water availability.

Despite the few rains, water used of both plant species do not deplete the soil water on the
soil layers above 100 cm. This can be linked to the presence of hydraulic lift, where the root system
prevents the soil water depletion on upper soil layers thanks to the redistribution of deeper soil water
(in this case, groundwater). The hydraulic lift allows the formation of water pools along the soil
profile in water scarce environments [61,62]. This process requires the movement of soil water by the
potential difference between roots and the soil [61–64], allowing the diffusion of water through the
roots cell membranes. The hydraulic lift had been identified in different plant species such as Prosopis
tamarugo, Artemisia tridentata, Acer saccharum and Madicago sativa [61].

The hydraulic lifted water has an isotope signature close to the groundwater. It is relocated
during night periods and once it is on the superficial soil layers evaporation will happen affecting the
isotope signature of soil water. This water relocation is maintained by Willow trees, which despite the
larger transpiration rates the soil water is not shortened. Liste and White [62] mention a Willow as a
tree with the water redistribution capacity, providing evidence related to the potential of Willow to use
groundwater through this process. Other tree species such as Eucalyptus kochii has the capacity to
redistribute groundwater [63], or use it as an strategy of competition in saline conditions like Juniperus
phoenicea and Pistacia lentiscus [65].

5. Conclusions

Local rain events have the capacity to reach the shallow groundwater table due the high
infiltration capacity of the sandy soils, while the remaining soil water in the non-saturated zone is
affected by the evaporation depending on the plant cover characteristics. Differences on the isotope
water concentration of sap water among species and soil depth allows the differentiation of three
water sources for the plants. The water use by Salix does not show a strong differentiation among
water sources. This species is capable of extract soil and ground water with different proportions
according to water availability. On the other hand, Willow trees are able to extract soil water and
groundwater with specific proportions. This capacity is linked to the root distribution along the soil
profile. Despite the species preferences to withdraw water, during the study period both Salix and
Willow extract more than the 50% of the daily water from the upper soil layers. Thus depicts the
capacity of these plant species of make use of the sporadic autumnal rain events in the sandy areas of
northern China and their capacity to relocate groundwater along the soil profile during the non rainy
periods. The presence of both plants species (Willow and Salix) reduces the effect of soil evaporation,
allowing the presence of a higher soil water content than under bare soil conditions. This augment
in soil water can be linked to water redistribution thanks to the presence of fine roots along the soil
profile and hydraulic lift by the plants.
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Appendix A

Figure A1. Photographs of the experimental sites and different sampling procedures carried out in
Yulin County; Shaanxi province – China. Picture A: panoramic view of the bush lands dominated by
Salix plants. Picture B: bare soil conditions close to the experimental plots. Picture C: experimental
plot with Willow trees. Picture D: Thermal dissipation probe installed in a Willow Tree. Picture E: Root
sampling within Willow plot. Picture F: print screen of the fine root measuring procedure.
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Figure A2. Daily measurements of precipitation, evaporation and groundwater depth during the
monitoring period.
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