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Abstract

Water is a limiting factor for plant growth and vegetation dynamics in alpine sandy land of
the Tibetan Plateau, especially with the increasing frequency of extreme precipitation
events and drought caused by climate change. Therefore, a relatively stable water source
from either deeper soil profiles or ground water is necessary for plant growth. Understand-
ing the water use strategy of dominant species in the alpine sandy land ecosystem is impor-
tant for vegetative rehabilitation and ecological restoration. The stable isotope methodology
of 3D, 5'80, and 5'3C was used to determine main water source and long-term water use
efficiency of Salix psammophila and S. cheilophila, two dominant shrubs on interdune of
alpine sandy land in northeastern Tibetan Plateau. The root systems of two Salix shrubs
were investigated to determine their distribution pattern. The results showed that S. psam-
mophila and S. cheilophila absorbed soil water at different soil depths or ground water in dif-
ferent seasons, depending on water availability and water use strategy. Salix psammophila
used ground water during the growing season and relied on shallow soil water recharged by
rain in summer. Salix cheilophila used ground water in spring and summer, but relied on
shallow soil water recharged by rain in spring and deep soil water recharged by ground
water in fall. The two shrubs had dimorphic root systems, which is coincident with their
water use strategy. Higher biomass of fine roots in S. psammophila and longer fine roots in
S. cheilophila facilitated to absorb water in deeper soil layers. The long-term water use effi-
ciency of two Salix shrubs increased during the dry season in spring. The long-term water
use efficiency was higher in S. psammophila than in S. cheilophila, as the former species is
better adapted to semiarid climate of alpine sandy land.
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Introduction

The alpine sandy land of Gonghe Basin is located in the northeastern Tibetan Plateau, which is
an ecotone from semi-arid steppe to arid desert steppe and with the altitude ranging from 2600
m to 3400 m. It is one of the most severely desertified area in Qinghai Province [1]; desertifica-
tion is mainly caused by climate change [2] and human activities [3]. In order to control and
prevent land desertification, large area trees and shrubs were planted to form a shelterbelt sys-
tem to protect farms, villages, and roads. Thus, trees from the genus Populus were planted
inside oasis, Salix shrubs were planted on interdune, and shrubs from the genus Caragana
were planted on sand dunes. This approach was successful as the shelterbelt system decreased
sand storms and improved microclimate [4].

In arid and semi-arid ecosystems, which have low and unpredictable precipitation and high
evapotranspiration potential, water is a limiting factor for plant growth and it directly affects
community structure and ecosystem functioning [5-7]. The climate change model predicted
that the frequency of extreme precipitation events and drought in these ecosystems will
increase with global warming [8]. Therefore, the ability to use rainwater in spring and summer
is important for plant phenology and growth [9-10]. In addition, the stable water source from
either deep soil profiles or ground water is necessary for plant growth especially under drought
conditions [11].

Stable isotope technology has been widely applied to study water use strategy of plant spe-
cies in arid ecosystems, including main water source and water use efficiency. There is no stable
isotope fractionation during water uptake by root system or water transpiration flux in the
xylem of most plant species [5]. Therefore, the main water source for a plant can be examined
by comparing the stable hydrogen or oxygen value of xylem water with that of the potential
water source, including rain, snow, river, soil water, or ground water [5,11]. Furthermore, the
leaf carbon isotope value of C; plants is positively related to their long-term water use efficiency
[12]. The §"°C value drops from spring to fall during the growing season, and it increases with
the increase of plant age [13,14] and under drought conditions [11]. Previous studies with sta-
ble isotopes of hydrogen and oxygen indicated that plant species in arid and semi-arid regions
used different source water. Many trees, shrubs, and perennial grasses mainly used shallow or
middle soil water recharged by rain [12, 15-21]. Some shrubs mainly used deep soil water
recharged by snow [22] or deep soil water recharged by large amount of rainfall [23], and still
other shrubs and trees utilized ground water [14,21,23,24-28].

The differences in water use strategy of different species are achieved by their specific root
systems [22]. Plants such as shrubs in arid and semi-arid regions develop extensive root system
to absorb soil water. Thus, shrubs develop either vertical root systems to access deep soil water
[13,29,30] or extensive horizontal root systems to absorb shallow soil water [30,31]. A few
shrubs possess dimorphic root systems that use both shallow and deep soil water, or even
ground water [21,31,32].

Our earlier research [13] indicated that Caragana intermedia, a dominant shrub on sand
dunes of alpine sandy land ecosystem in northeastern Tibetan Plateau, changes its water use
strategy as an adaptation to semi-arid environment, i.e., the depth of soil water use and the
long-term water use efficiency increases with the species plantation age. However, water use
strategy of dominant species on interdune in this fragile ecosystem is yet to be elucidated,
which is crucial for combating desertification and ecological restoration of degraded grass-
lands. Therefore, the objective of this study was to quantify water use strategy of two dominant
shrubs, Salix psammophila and Salix cheilophila, using stable isotope methodology and deter-
mine relation of their root systems and soil water availability on interdune of alpine sandy land
in Tibetan Plateau.
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Materials and Methods
Study Site

The field study was conducted at the Qinghai Gonghe Desert Ecosystem Research Station,
located in Gonghe Basin, northeastern Tibetan Plateau (36°16'N, 100°16'E, and altitude 2874
m). The station was co-created in 2007 by Chinese Academy of Forestry and Qinghai Desert
Control Station. The mean annual air temperature is only 2.4°C, with 91 frost-free days. The
mean air temperature is 12.6°C in the growing season (from May to September). The mean
annual precipitation is 246.3 mm, rain mainly concentrated from July to September. The major
vegetation types are temperate grassland dominated by Achnatherum splendens and shrub land
dominated by Artemisia ordosica, Nitraria tangutorum and Caragana tibetica. Shelterbelts
were formed by trees and shrubs to protect the oasis—Populus cathayana were planted in
farms and villages, Salix psammophila, Salix cheilophila, and Hippophae rhamnoides on inter-
dune and Caragana intermedia, Caragana korshinskii and Caragana microphylla on sand
dunes. Soil on interdune is sandy loam with 20.28% clay and 79.72% sand. The detailed
description of the study area can be found in our earlier study [13].

Plant Species

Salix psammophila (sandy willow) is a shrub 2-4 m high, inhabiting moving or semi-fixed
sand dunes and interdune. The species is fast growing, tolerant to drought and sand burial, and
a good sand-fixing plant [33]. Salix cheilophila (black willow) is a small tree or big shrub up to
5.4 m tall, inhabiting valley slopes, valley bottoms, and river banks. The species is a mesophyte
and hygrophyte and often used as a sand-fixing or riparian plant [34]. Both species were
planted by cuttage in 1986 in the study area. The plantation of two Salix is mixed forest with
two types of belts. The planting density was 1 m x 2 m for two Salix shrubs. Five rows of S.
psammophila formed a belt, which is adjacent to another two belts formed by three rows of S.
cheilophila. The distance between two belts was 5 m. Four plots of 5 m x 5 m were set sepa-
rately in four different S. psammophila and S. cheilophila belts, for field sampling purposes.
The mean heights of S. psammophila and S. cheilophila were 2.81 + 0.37 m and 3.69 + 0.23 m,
respectively.

Precipitation in the Growing Season of 2014

The total precipitation at the study site was 137.5 mm from May 1 to September 13, 2014. The
monthly precipitation in May, June, July, and August was 8.8, 61.6, 37.8, and 28.7 mm, respec-
tively. The maximal daily precipitation (18.9 mm) occurred on June 12 (Fig 1).

Field Sampling and Measurements

The study site is national land of the Qinghai Desert Control Station, which granted permission
to conduct the study on this site. None of the field experiments involved endangered or pro-
tected species. Soil samples were collected in spring (May 26), summer (July 17), and fall (Sep-
tember 11) in 2014 by soil auger with 6.99 cm diameter (AMS Inc., American Falls, ID, USA)
from the middle point of two adjacent rows in the four plots with the two Salix species. The
depth of soil sampling was determined by rooting depth of the two shrubs were 10, 25, 50, 75,
100, and 150 cm for S. psammophila and 10, 25, 50, 100, 150, and 200 cm for S. cheilophila. Soil
samples were placed into 8-mL glass vials (National Scientific Company, Rockwood, TN,
USA), sealed with Parafilm®™ (Alcan Packaging, Chicago, IL, USA), and stored in a 16-L medi-
cal cool box at < 15°C. Four replicates of each soil sample were placed in aluminum can and
used to measure soil water content. The wet soil sample in each aluminum can was weighed on

PLOS ONE | DOI:10.1371/journal.pone.0156586 May 31,2016 3/18



@’PLOS ‘ ONE

Water Use Strategy of Two Salix Shrubs

Daily precipitation (mm)

[\
e
1

—
W
T

—
je=
T

W
T

0 ln I | W

1-May 16-May 31-May 15-Jun 30-Jun 15-Jul 30-Jul 14-Aug 29-Aug 13-Sep

Time

Fig 1. Daily precipitation at Gonghe Station from May 1 to September 13,2014.
doi:10.1371/journal.pone.0156586.9001

an electronic balance (+ 0.01 g), dried at 105°C for 24 h, and weighed again; the soil water con-
tent (g kg™) was calculated as the loss of water.

Twigs of two Salix shrubs were sampled on May 26, July 17 and September 11, 2014. Ligni-
fied, two years old twigs (5 cm long, 3-5 mm diameter) were collected with scissor from the
sunny side of four shrubs adjacent to the soil sampling spot in the four plots with the two Salix
species. The bark was removed by scissor and the xylem was placed in 8 mL glass vials, sealed
with Parafilm®, and stored in a medical box at < 15°C. Rain water was collected on rainy days
at Gonghe Station before soil sampling. Well water was collected from a 5 m deep well located
1 km from the study plot on May 26, July 17, and September 11 and used as a surrogate for
ground water. Three replicates of water samples were placed into 8 mL glass vials, sealed with
Parafilm®, and stored in a medical box at < 15°C. Water in soil and xylem samples was vac-
uum-extracted with LI-2000 plant and soil water vacuum extract system (LICA United Tech-
nology Limited, Beijing, China). The 8D and 8'®0 value of soil water, xylem water, along with
the collected rain and well water was measured with a Flash 2000 HT elemental analyzer and a
Finnigan MAT 253 mass spectrometer (Thermo Finnigan GmbH, Bremen, Germany) in the
Stable Isotope Ecology Laboratory, Tsinghua University. The accuracy of 8D and §'*0 mea-
surement is + 1%o and + 0.2%o, respectively. A water sample was measured for three times and
the mean value of three measurements was presented.

Leaves of two Salix shrubs were sampled on May 26, July 17 and September 11, 2014. Four
replicates of mature leaf samples were collected randomly from the sunny side of the four
shrubs which twigs were sampled, placed in paper bags, and dried at 75°C for 48 h. Dry leaves
were pulverized and passed through an 80 mesh sieve. The §'°C value of leaves was measured
with the Flash 2000 HT elemental analyzer and the Finnigan MAT 253 mass spectrometer in
the same laboratory for 8D and 8'®0 value. The accuracy of 8'*C measurement is + 0.1%o. A
leaf sample was measured for three times and the mean value of three measurements was pre-
sented. The long-term water use efficiency of two Salix shrubs is calculated by their leaf §'C
value [35].

The root survey was conducted from July 15 to July 17, 2014. Three replicates of each soil
profile (50 cm x 50 cm) were dug out by shovel for two Salix shrubs. Soil samples were col-
lected at every 10 cm depth and passed through an 18 mesh sieve to collect roots until fine root
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is invisible. The maximal depth of surveyed roots was 110 cm for S. psammophila and 120 cm
for S. cheilophila. The recovered roots were divided into three categories according to the diam-
eter, which was measured with vernier caliper (+ 0.02 mm): prop roots > 5 mm, medium roots
1-5 mm, and fine roots < 1 mm diameter. The length of different types of roots was measured
with a ruler (+ 1 mm) and transformed into length density (m m™). After root diameter and
length were measured, the roots were placed into paper bags, dried at 75°C for 48 h, and
weighed on an electronic balance (+ 0.01 g). Root dry mass (g) was transformed into root den-

sity (g m™).

Data Analysis

Soil water content, root length and mass density, water use efficiency and value of D, 5'*0,
and 8"°C were expressed as mean + SE. One-way analysis of variance was used to compare the
effects of soil depth on soil water content, root length or mass density, and the effects of month
on 8'3C value and water use efficiency by SPSS 19.0 (IBM Corp., Armonk, NY, USA). If the
effects were statistically significant (P < 0.05), Duncan’s multiple-range test at the significance
of 0.05 was used to compare the difference of soil water content, root length or mass density
between different soil depths and the difference of leaf 5'*C value and water use efficiency
between different months. Water use ratio of different sources was analyzed by IsoSource 1.3.1
with 1% source increment and 0.1% mass balance tolerance [36] (download from https://www.
epa.gov/eco-research/stable-isotope-mixing-models-estimating-source-proportions). Iso-
Source is a stable isotope mixing model for portioning an excess number of sources, such as
water sources for plant uptake only if there is significant difference in different source water. It
provides the distribution of source proportions which are consistent with isotopic mass bal-
ance. The results of water use ratio to different sources were expressed as mean + SD.

Results
Soil Water Content in Salix Shelterbelts

Soil water content in S. psammophila shelterbelt was affected significantly by depth on May 26
(P <0.01),July 17 (P < 0.001), and September 11 (P < 0.001) (Fig 2). Thus, on May 26 and July
17, the water content in deep soil (> 120 gkg™', depth 50, 100, and 150 cm) was significantly
higher than that in shallow soil (< 60 g kg™, depth 10 and 25 cm on May 26; 59.97 gkg™', depth
25 cm on July 17). On September 11, the water content (> 160 g kg') in middle soil (depth

50 cm) and the deepest soil (depth 150 cm) was significantly higher than that in shallow soil

(< 70 gkg™, depth 10 and 25 cm) and middle soil (< 60 gkg, depth 75 cm).

The soil water content in S. cheilophila shelterbelt was affected significantly by depth on
May 26 (P < 0.001) and September 11 (P < 0.001), but it was not affected by depth on July 17
(P> 0.05) (Fig 2). On May 26, the water content in deep soil (> 100 g kg'l, depth 50-200 cm,
> 100 g kg'') was significantly higher than that in surface soil (45.51 gkg ', depth 10 cm). On
July 17, the soil water content was similar at different depths (83.92-126.48 gkg'). On Septem-
ber 11, the water content in deep soil (> 100 gkg ™', depth 100-200 cm) was significantly higher
than that in the surface soil (70.51 g kg™, depth 10 cm) and middle soil (42.01 gkg', depth
50 cm).

3D and 580 Value of Xylem Water in the Two Salix Shrubs, Soil Water
at Different Depths, Rain Water, and Ground Water

The 5'®0 value of xylem water in S. psammophila and S. cheilophila is located below the global
meteoric water line (Fig 3), which indicates that the water source of the two shrubs was affected
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Fig 2. Soil water content at different soil depth for Salix psammophila and S. cheilophila. Different lower case
letters indicate significant difference in soil water content at different depths and at different time according to
Duncan’s test (P < 0.05).

doi:10.1371/journal.pone.0156586.9002

by isotope enrichment induced by evaporation. The 8D and §'®0 value of the ground water
were closest to xylem water and soil water, indicating that the two shrubs used ground water
and that soil water was recharged by the ground water. Some of the 8D and §'®0 value for rain
water were closest to that of soil water, suggesting that soil water is recharged by the rain water.
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Fig 3. The value of 6D and 5'%0in xylem and soil water of Salix psammophila and S. cheilophila, ground
water, rain water, and global meteoric water line (GMWL, 8D = 8x5'%0+1 0) [11]. SWiis soil water.

doi:10.1371/journal.pone.0156586.9003

On May 26, the value of 8D and §'%0 in xylem water (=67.05%o, —7.94%o) of S. psammo-
phila was closest to the value in ground water (—57.80%o, —7.50%o) and soil water at soil depths
of 25 cm (—47.54%o, —4.78%0) and 50 cm (—81.84%o, —10.58%o) (Fig 4). On July 17, the value of
8D and 8'°0 in xylem water (~55.23%o, —6.20%o) of S. psammophila was closest to the value in
ground water and soil water at soil depths of 25 cm (—38.43%o, —3.85%o) and 50 cm (—75.75%o,
—10.17%o). The value of 8D and 830 of soil water (—15.35%o, —1.02%o) at a soil depth of 10 cm
was closest to that of rain water (—4.04%o, 0.43%o) on July 8 (6.4 mm). The rain water and
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Fig 4. The value of 8D and 5'%0in xylem water of Salix psammophila, soil water, and ground water. Full
line is ground water. Dotted line is the precipitation of 6.4 mm that occurred on July 8. Hollow symbols are xylem
water. Solid symbols are soil water.

doi:10.1371/journal.pone.0156586.g004

ground water was accounted for 81.81% and 18.19% of its total source, respectively. On Sep-
tember 11, the value of 8D and §'®0 in xylem water (~72.69%o, —8.44%o) of S. psammophila
was closest to that in ground water (-56.80%o, —7.71%o) and soil water at soil depth of 50-150
cm (—=71.90%o ~ —80.54%o0, —8.79%o0 ~ —10.29%o) (Fig 4).

On May 26, the value of 8D and §'%0 in xylem water (=60.62%o, —7.08%o) of S. cheilophila
was closest to that in ground water (—57.80%o, —7.50%o) and soil water at soil depths of 25 cm
(—51.30%o, —5.60%o) and 50 cm (—80.21%o, —10.27%o) (Fig 5). On July 17, the value of 8D and
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Fig 5. The ratio value of 3D and 5'20 in xylem water of Salix cheilophila, soil water, and ground water.
Full line is ground water. Dotted line is the precipitation of 6.4 mm that occurred on July 8. Hollow symbols are
xylem water. Solid symbols are soil water.

doi:10.1371/journal.pone.0156586.9005

8'%0 in xylem water (~58.62%o, —6.80%o) of S. cheilophila was closest to that in ground water
(=56.70%0, —7.54%o). The value of 5D and §'®0 of soil water at a soil depth of 10 cm (—14.33%o,
—0.08%o) was closest to that in rain water (—4.04%o, 0.43%o) on July 8 (6.4 mm). The rain water
and ground water was accounted for 93.6%% and 6.4% of its total source, respectively. On Sep-
tember 11, the value of 8D and §'°0 in xylem water (~81.33%o, —10.45%o) of S. cheilophila was
closest to that in ground water (—56.80%o, —7.71%o) and soil water at soil depths of 50-200 cm
(~67.59%o ~ —81.36%o0, —8.00%0 ~ —10.47%o) (Fig 5).

PLOS ONE | DOI:10.1371/journal.pone.0156586 May 31,2016 9/18



el e
@ ) PLOS ‘ ONE Water Use Strategy of Two Salix Shrubs

Table 1. Water use ratio (%) of Salix psammophila for different sources (n = 4, mean * SD).

Water source May 26 Jul. 17 Sep. 11
soil water at 10 cm depth 13.4+52 26.2+12.0 9.0+6.3
soil water at 25 cm depth 18.2+12.1 23.0+16.9 11.3+£84
soil water at 50 cm depth 15.1 £ 12.1 99+86 16.8+ 14.6
soil water at 75 cm depth 12.9+10.0 89+77 16.1 £13.1
soil water at 100 cm depth 12.6 £ 9.7 8977 16.2+13.2
soil water at 150 cm depth 14.8+12.4 9.3+0.8 14.4 +10.9
ground water 13.1+£8.9 13.8+12.0 16.1 £ 13.7

doi:10.1371/journal.pone.0156586.t001

Water Use of the Two Salix Shrubs in Relation to Different Sources

The IsoSource analysis showed that S. psammophila used evenly soil water and ground water
from different soil depths on May 26. On July 17, it absorbed primarily soil water at depths of
10 and 25 cm and ground water, accounting for 63.0% of its total water source. On September
11, this species utilized mainly soil water at a depth of 50-150 cm and ground water, account-
ing for 79.6% of its total water source. The use ratios of S. psammophila for ground water were
13.3%, 13.8% and 16.1% on May 26, July 17 and September 11, respectively (Table 1).

The IsoSource analysis showed that S. cheilophila used mainly soil water at depths of 10 and
25 cm and ground water on May 26, accounting for 70.7% of its total water source. On July 17,
this shrub used soil water and ground water evenly from different depths of soil profile. On
September 11, it mainly used soil water at a depth of 100-200 cm, accounting for 81.8% of its
total water source. The use ratios of S. cheilophila for ground water were 22.6%, 15.6% and
5.5% on May 26, July 17 and September 11, respectively (Table 2).

Root Length and Mass Density of the Two Salix Shrubs

The length density of prop roots (P < 0.05), medium roots (P < 0.05), and fine roots

(P < 0.001) of S. psammophila and S. cheilophila changed significantly at different soil depths
(Fig 6). Thus in S. psammophila stands, the length density of prop roots in the top 0-50 cm of
soil profile accounted for 83.59% of its total length density. The length density of medium
roots in the top 0-70 cm of soil profile accounted for 79.14% of its total length density. The
length density of fine roots at a soil depth of 0-60 cm accounted for 82.63% of its total length
density. In S. cheilophila stands, the length density of prop roots in the top 0-80 cm of soil pro-
file accounted for 79.74% of its total length density. The length density of medium roots at a
soil depth of 0-70 cm accounted for 81.46% of its total length density. The length density of
fine roots in the top 0-50 cm layer of soil accounted for 80.05% of its total length density.

Table 2. Water use ratio (%) of Salix cheilophila for different sources (n = 4, mean * SD).

Water source May 26 Jul. 17 Sep. 11
soil water at 10 cm depth 16.7+7.1 17.0+ 8.8 22+21
soil water at 25 cm depth 31.4+£20.2 18.8+13.2 29+27
soil water at 50 cm depth 92+77 13.1+£11.2 7.6+6.8
soil water at 100 cm depth 77+6.4 11.5+9.7 27.9+19.9
soil water at 150 cm depth 6.2+52 11.7+£99 28.0+19.9
soil water at 200 cm depth 6.2+52 12.3+10.5 25.9+19.9
ground water 226+12.2 15.6 £ 13.6 55+0.5

doi:10.1371/journal.pone.0156586.1002
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Fig 6. Root length density of Salix psammophila and S. cheilophila at different soil depth. Different lower case
letters indicate significant difference in root length density at different soil depths according to Duncan’s test
(P <0.05).

doi:10.1371/journal.pone.0156586.9006

Similarly, the mass density of prop roots (P < 0.05), medium roots (P < 0.001), and fine
roots (P < 0.001) of both S. psammophila and S. cheilophila changed significantly at different
depths (Fig 7). Thus in S. psammophila stands, the mass density of prop roots at a soil depth of
0-40 cm accounted for 87.03% of its total mass density. The mass density of medium roots in
the top layer at 0-70 cm depth accounted for 84.68% of its total mass density. The mass density
of fine roots in the soil layer at a depth of 0-70 cm accounted for 85.48% of its total mass den-
sity. In S. cheilophila stands, the mass density of prop roots at a depth of 0-80 cm accounted
for 84.46% of its total mass density. The mass density of medium roots in the top 0-70 cm of
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Fig 7. Root mass density of Salix psammophila and S. cheilophila at different soil depth. Different lower case
letters indicate significant difference in root mass density at different soil depths according to Duncan’s test
(P <0.05).

doi:10.1371/journal.pone.0156586.g007

soil profile accounted for 81.88% of its total length density. The mass density of fine roots at a
soil depth of 0-50 cm accounted for 80.05% of its total mass density.

Leaf 5'3C Value and Water Use Efficiency of the Two Salix Shrubs

The leaf §"°C value of S. psammophila (P < 0.001) and S. cheilophila (P < 0.001) were signifi-
cantly different in different months (Fig 8). The leaf §'°C value of S. psammophila dropped sig-
nificantly from May 26 (-25.20%o) to July 17 (—26.57%o) and to September 11 (-27.16%o). The
leaf 8'°C value of S. cheilophila dropped significantly from May 26 (~25.85%o) to July 17
(—28.32%0) or September 11 (—28.49%o).
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Fig 8. Leaf 5'3C value and water use efficiency of Salix psammophila and S. cheilophila. Different lower
case letters indicate significant difference in leaf 3'3C value and water use efficiency in different months
according to Duncan’s test (P < 0.05).

doi:10.1371/journal.pone.0156586.g008

Water use efficiency of S. psammophila (P < 0.001) and S. cheilophila (P < 0.001) were sig-
nificantly different in different months (Fig 8). Water use efficiency of S. psammophila dropped
significantly from May 26 (10.16 umol CO, mmol™ H,0) to July 17 (8.74 umol CO, mmol™
H,0) and to September 11 (8.12 umol CO, mmol ' H,0). Water use efficiency of S. cheilophila
dropped significantly from May 26 (9.49 pmol CO, mmol ! H,0) to July 17 (6.93 umol CO,
mmol ! H,0) or September 11 (6.75 pmol CO, mmol ! H,0).

Discussion
Seasonal Dynamics of the Main Water Source of the Two Salix Shrubs

The two Salix shrubs growing on interdune of the alpine sandy land used soil water at different
depths depending on their availability in different seasons. Moreover, the reliance on the
ground water was different between the two Salix shrubs. Salix psammophila used evenly soil
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water at a soil depth of 10-150 cm and ground water in spring, shallow soil water recharged by
rain at a soil depth of 10-25 cm and ground water in summer, and medium and deep soil water
and ground water at a soil depth of 50-150 cm in fall (Fig 4, Table 1). However, S. cheilophila
used shallow soil water recharged by rain at a soil depth of 10-25 cm and ground water in
spring, soil water at a soil depth of 10-200 cm and ground water in summer, and deep soil
water recharged by ground water at a soil depth of 100-200 cm in fall (Fig 5, Table 2). There-
fore, ground water and deep soil water recharged by ground water were the main long-term
stable water sources for the two Salix shrubs. Moreover, S. psammophila and S. cheilophila also
used shallow soil water recharged by rain in spring and summer, respectively (Fig 1). Similarly,
Caragana intermedia growing on sand dunes always utilized shallow soil water at a soil depth
of 0-50 cm during the growing season [13]. Thus, desert shrubs use different water sources
depending on the availability of the resources during the growing season, including soil water
recharged by rain or ground water.

The resource-dependent water use strategy of the two Salix shrubs in alpine sandy land of
Tibetan Plateau is similar to that reported in other trees and shrubs in arid and semi-arid
regions. Some trees and shrubs only used soil water recharged by rain. Chrysothamnus greenei
absorbed only soil water recharged by rain in the San Luis Valley, Colorado [37]. Pinus sylves-
tris var. mongolica primarily used soil water at a soil depth of 20-60 cm both at the top of fixed
sand dunes and in the interdune lowland in Horqin Sandy Land [26]. Other trees and shrubs
used both of deep soil water and ground water. Salix matsudana and Sabina vulgaris mainly
used deep soil water and ground water in Mu Us Sandy Land [24]. Nitraria tangutorum in the
Golmud of Qaidam Basin mainly utilized soil water at a soil depth of 50-100 cm and ground
water from June to September [38]. Some trees and shrubs used different water source in the
growing season. Juniperus osteosperma absorbed shallow soil water in early spring and gradu-
ally increased its dependency on deep soil water with increase in soil drought in Utah [16].
During the high abundance of upper soil water in early spring, Haloxylon ammodendron pri-
marily utilized shallow soil water on sand dunes of Gurbantonggut Desert, whereas in summer,
when the upper soil water was depleted, this species mainly utilized ground water [21]. In Qai-
dam Basin, N. tangutorum and Tamarix ramosissima used soil water at a soil depth of 50-70
cm, whereas Ephedra sinica and Calligonum mongolicum utilized evenly soil water at a soil
depth of 0-90 cm. Moreover, these four shrubs increased the use of ground water in the late
growing season [39]. In addition, some plant species used different water source in different
years, depending on annual precipitation. Sarcobatus vermiculatus and Chrysothamnus nause-
osus used soil water recharged by rain in a wet year but deep soil water and ground water in a
dry year in the San Luis Valley, Colorado [37]. Pinus sylvestris var. mongolica only absorbed
soil water during higher precipitation year but used soil water and relied on ground water dur-
ing lower precipitation year in Horqin Sandy Land [27]. However, few trees always used
ground water. Ulmus pumila always utilized stable ground water in Hunshandake Sandy Land
[14]. Therefore, ground water is an important water source for trees and shrubs in arid and
semi-arid regions, especially during the dry period. Global climate change may result in
decreased mean precipitation and extreme increase in drought in arid regions [8]. Under such
conditions, plant species that use stable ground water or deep soil water may be better adapted
than those that only use shallow soil water during the period of drought.

Root Distribution Pattern of the Two Salix Shrubs

The maximal depths reached by the root system of S. psammophila and S. cheilophila were 1.1 m
and 1.2 m, respectively, on interdune of the alpine sandy land. The length and biomass of prop
roots was mainly distributed in the top 0-50 cm and 0-80 cm of the soil for S. psammophila and
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S. cheilophila, respectively. The length and biomass of medium roots was mainly distributed in
the top soil layer at a depth of 0-70 cm for both species. The length of fine roots was concen-
trated at a soil depth of 0-70 cm for S. psammophila and 0-90 cm for S. cheilophila (Fig 6). How-
ever, the root biomass was mainly distributed at a depth of 0-70 cm and 0-40 cm, respectively
(Fig 7). Therefore, root distribution of the two Salix shrubs was dimorphic, allowing them to use
soil water recharged by rain or ground water. Similarly, the root system of S. vulgaris is distrib-
uted from soil surface to soil layers above the ground water table (1.2 m) in Mu Us Sandy Land,
and therefore, this species is able to absorb soil water at many depths as well as utilize the ground
water [24]. In the present study, prop and fine root distribution was different in the two Salix
shrubs. In general, the root mass of S. psammophila was higher than that of S. cheilophila. The
prop roots of S. cheilophila reached deeper soil layers compared to S. psammophila, whereas the
biomass of the fine roots was greater in S. psammophila, although the fine roots were longer,
reaching deeper soil layers in S. cheilophila. Therefore, S. psammophila utilizes deeper soil water
efficiently by its higher biomass of fine roots, whereas S. cheilophila developed longer roots but
invested less in their biomass to access water at greater depths.

Water source of different shrubs is closely related to their root distribution pattern in desert
ecosystems. Deep-rooted shrubs use stable resources of deep soil water or ground water. For
example, Ericameria nauseosa depended on ground water and Sarcobatus vermiculatus used
ground water during dry periods but absorbed deep soil water after large rainfalls in the San Luis
Valley of Colorado [23]. Tamarix chinensis, Alhagi sparsifolia, Elaeagnus angustifolia, and
Nitraria sphaerocarpa absorbed soil water at depths greater than 80 cm in Dunhuang [40]. Shal-
low-rooted shrubs use shallow soil water. For example, Senecio filaginoides and Mulinum spino-
sum in the Patagonian steppe absorbed soil water from soil layers at a soil depth of 10 cm [19].
Some shrubs with a dimorphic root system are able to use both shallow and deep soil waters [13].

Seasonal Dynamics of Water Use Efficiency of the Two Salix Shrubs

The leaf §'°C value in the two Salix shrubs growing on interdune of Gonghe Basin indicated
the presence of seasonal dynamics of long-term water use efficiency, which were higher in
spring than in summer and fall (Fig 8). The soil water content at soil surface was lower than
that in deeper soil layers in spring (Fig 2) because of low precipitation (Fig 1). The data suggest
that both Salix shrubs increase water use efficiency to adapt to drought. Similarly, the long-
term water use efficiency of C. intermedia was highest in spring on sand dune of Gonghe Basin
[13]. However, the water use efficiency of P. sylvestris var. mongolica was constant for two
years in Keerqin Sandy Land, indicating that it did not suffer severely from water stress [27].

The results of our study indicate the intra-specific difference in water use efficiency between
the two Salix shrubs growing on interdune of the Gonghe Basin. The water use efficiency of S.
psammophila was higher than that in S. cheilophila (Fig 8). Difference in water use efficiency of
different plant species is related to their life form. Salix psammophila is a psammophyte
whereas S. cheilophila is hygro-mesophyte. Similarly, the evergreen S. vulgaris had higher water
use efficiency than S. matsudana and A. ordosica in Mu Us Sandy Land [24]. The long-term
water use efficiency of the evergreen Ammopiptanthus mongolicus, N. tangutorum, and C. kor-
shinskii was higher than that of A. ordosica in Ulanbuh Desert [41]. In arid and semi-arid
regions, shrubs with higher water use efficiency may be better adapted to extreme drought
caused by global climate change.

Conclusions

In alpine sandy land of the Tibetan Plateau, S. psammophila and S. cheilophila growing on the
interdune used soil water at different soil depths or ground water, depending on water
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availability in the growing season. Salix psammophila continuously used ground water in the
growing season and relied on shallow soil water in summer. Salix cheilophila relied on shallow
and deep soil water in spring and fall, respectively, and used ground water in spring and sum-
mer. The two Salix shrubs had dimorphic root system, which is coincident with their water use
strategy. Salix psammophila and S. cheilophila are able to access deeper soil water efficiently
thanks to higher biomass and greater root length of fine roots, respectively. The long-term
water use efficiency of the two Salix shrubs increased under drought conditions in spring. The
long-term water use efficiency of S. psammophila was higher than that of S. cheilophila, which
might be due to its better adaptation to the semi-arid climate in alpine sandy land. These find-
ings will contribute to development of vegetative rehabilitation and ecological restoration of
arid and semi-arid regions. It is suggested that large area plantation of two Salix shrubs should
be limited to avoid excessive consumption of ground water in alpine sandy land of Tibetan
Plateau.
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