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Abstract
Water availability controls steppe primary productivity, and it varies temporally and spatially 
in semi-arid and arid environments. In this study, we examined isotopic signatures of tissue 
water growing in three habitats and from environmental water sources. The results indicated 
that Achnatherum splendens water utilization varied both temporally and in response to 
changes in soil water conditions. A. splendens water uptake patterns were similar across the 
three habitats, with proportionally greater dependence on upper 20 cm soil water during wet 
periods. However, as soil moisture became increasingly depleted, A. splendens water uptake 
shifted from 0-20 cm to 40-60 cm soil layers. This plasticity of water use in A. splendens was 
significantly more responsive to changes in soil water conditions at the rainout treatment site 
than at the other two sites. In additional, these results suggest A. splendens does not use deep 
groundwater as the main water source in the three habitats assessed here and do not acquire 
unreliable stream water at the streamside site. Overall, A. splendens has the ability to adjust the 
soil water sources and thus adapts to spatiotemporal changes of soil water conditions. These 
results provide useful information for understanding ecosystem responses to water availability 
in arid/semiarid zones.
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ecosystem functioning, and particularly in the arid 
and semiarid region [1-3] and will increase water 
stress for plants.

Increased concerns have been focused on the ef-
fects of summer precipitation events on water-use 
strategy of perennial plants in arid/semiarid ecosys-
tems [4-6]. Variation in depth of water extraction 
by plant functions a trade-off between the activity 

Introduction
Water availability is an important factor influ-

encing numerous measures of plant growth and 
ecosystem structure including species richness, 
productivity, and community stability [1,2]. Fu-
ture climate predictions of changes in precipitation 
patterns and intense drought during the growing 
season result in reduced soil water availability and 
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of surface and deep roots. Several studies showed 
that the water-uptake pattern of deep-rooted trees 
or shrub and different plant function types, showing 
that these plant had high degree of plasticity to ab-
sorb water in response to summer precipitation to 
maintain growth, for example, F. tinctoria in trop-
ical forest [7], Juniperus ashei on Edwards Plateau 
[4] and dry forests tree species growing on shallow 
karst soils [8]. In brief, these plants with flexible 
water-use strategies can well buffer the effects of 
change in water-source availability to adapt the 
(seasonally) dry environment. The differential use 
of water source can impact ecosystem water bal-
ance [9,10], vegetation response to climate change 
and even distribution pattern [11]. However, fewer 
researches have examined the water-use patterns 
of deep-rooted grass and it is still unclear. Here, we 
set a deep-rooted grass Achnatherum splendens, 
a drought-tolerant grass with dense fibrous roots, 
as an example to investigate how its water-uptake 
patterns response to water availability in the cold 
or high altitude regions.

A. splendens steppe is an important ecosystem in 
Lake Qinghai watershed, occupying about one third 
of the whole watershed (29,660 km2) around the 
shoreline of Lake Qinghai. Its patchy distribution 
provides favorable microenvironments for other 
associated species and plays vital roles in environ-
mental protection and conversation of water and 
soil in this region [12,13]. Lake Qinghai watershed 
has experienced many ecological and environmen-
tal problems, such as lake-level decline and degra-
dation of A. splendens community. It is still unclear 
whether degradation of A. splendens community is 
due to the effects of climate change on water-use 
patterns of A. splendens or to human activities in 
this region. As a result, knowledge of water-utiliza-
tion pattern according to water availability to un-
derstand the degradation is an important research 
question.

In order to investigate the water-use patterns 
of A. splendens, we combined isotope analysis 
with soil water content (SWC) at three different 
habitats during the growing seasons: Streamside, 
non-streamside, and rainout treatment (covered 
with a plastic shelter). Our objectives of this study 
were to (1) Determine the depth of soil water 
uptake by A. splendens across different seasons, 
and (2) Examine how soil water moisture dynamics 
and recent precipitation affect A. splendens water 

uptake patterns during the growing seasons.

Materials and Methods
Study site description

The study site (100.19 °E, 37.24 °N, 3217 m.a.s.l.) 
was located in the lower reach of Shaliu River 
Basin, north of Lake Qinghai. The observation site 
was approximately 1 km away from Sanjiao C town 
(Figure 1a). The region is situated in a semi-arid, 
cold, high-altitude climate zone dominated by the 
East Asian monsoon during the growing season. 
The mean annual temperature of the drainage 
basin is 0.1 °C, and the mean annual precipitation is 
approximately 400 mm, with more than 65% of the 
precipitation falling between June and September. 
The mean annual evaporation is approximately 
1,300 mm, with over 65% occurring in the warmer 
summer season [12,14]. The study site is used as 
a winter and spring grazing pasture for yak and 
sheep between December and June, and livestock 
fences were erected there in 1981. Vegetation 
cover was composed of mixed grasses dominated 
by Stipa breviflora, Agropyron cristatum, Carex 
ivanova, Heteropappus altaicus, and Koeleria 
cristata enclosing A. splendens tussocks (Figure 
1b). The soil was mainly composed of chestnut soil, 
with high levels of spatial heterogeneity. Soil depth 
was about 0.6 m-1.0 m, with a soil clay content of 
34.8%-45.3%, soil bulk density of 1.21 gm-3, and 
a shallow soil field water capacity of 29.7%-32%, 
below this soil depth with different particles of 
gravel [15].

In order to evaluate A. splendens water uptake 
in response to changes of water conditions, we de-
signed three experimental plots within the fenced 
area, including streamside, rainout treatment, 
and non-streamside conditions. Streamside and 
non-streamside plots were approximately 1 m and 
1.5 km, respectively, away from the stream, and 
both were subject to rainfall input. Thus, these two 
plots differentiated between A. splendens using 
stream water or rainfall as the main water source.

The rainout treatment plot was designed in or-
der to typically discern the plasticity of water up-
take in A. splendens under a prolonged drought mi-
croenvironment. It consisted of a rainfall exclusion 
system (shelter with 2.4 m length × 3.0 m width × 
0.9 m height) built next to the non-streamside plot; 
To avoid lateral infiltration of soil water, a trench 
0.4 m width × 0.6 m depth was excavated around 
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Figure 1: Geographic location of the study region and the Lake Qinghai catchment on the Qinghai-Tibet Plateau. 
Green area represents the distribution of typical A. splendens steppe around the Lake Qinghai catchment (a) 
The spatial landscape distribution pattern for A. splendens was showed in the lower panel (b).

study site for a one month observation period be-
ginning on July 5, because the A. splendens commu-
nity was not subject to grazing disturbance during 
this period. This plot was subjected to two watering 
events in order to test the plasticity of water up-
take in response to water conditions: 200 L ground-

the rainout treatment plot and lined with transpar-
ent plastic film. The aboveground sides of this plot 
were open on all sides for ventilation, and the roof 
was made of a transparent plastic film positioned 
above six A. splendens tussocks to prevent natural 
rainfall. The rainfall exclusion system stayed on the 
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hours until constant weight.

Fifty-two event-based precipitation samples were 
collected during the period from April to September 
2013 at the Sanjiaocheng Sheep Breeding Farm, 
which is about 10 km away from Gangcha County 
(Figure 1a). The rainwater collector, was construct-
ed using a 10 cm diameter funnel connected to a 
glass bottle and contained a ping-pong ball to reduce 
evaporation. Each sample was collected as soon as 
the precipitation was estimated to have finished 
reducing evaporation, and meanwhile we recorded 
precipitation volume, air temperature, and precipi-
tation patterns using an automatic weather station 
at the non-streamside site. Any snow samples were 
collected and sealed with a plastic bag, then held at 
room temperature until completely melted. All pre-
cipitation samples were transferred into clean poly-
ethylene bottles (30 ml) sealed with Parafilm. In our 
analysis, groundwater was assumed to be a poten-
tial water source available to A. splendens, because 
the water table did not exceed 3 m when we collect-
ed weekly groundwater samples from a herdsman’s 
well from May to September. The well was approx-
imately 0.5 km away from the non-streamside and 
approximately 1.5 km away from the streamside 
site. The groundwater table was no less than 2.5 m 
survey from a herdsman well by meter rule. Stream 
water was also collected in concurrence with sam-
pling at the streamside habitat.

Isotopic analysis
Water was extracted from soil and plant tis-

sues using a cryogenic vacuum distillation method 
[18,19]. Stable isotopic compositions (δ18O and δD) 
of all sample extracts were analyzed at the State 
Key Laboratory of Earth Surface Process and Re-
source Ecology, Beijing Normal University, using an 
LGR DLT-100 (model: 908-0008) Laser Adsorption 
Spectroscope (Los Gatos Research, Inc., Mountain 
View, CA, USA). The isotope composition data were 
expressed conventionally as δ values, which repre-
sent deviations in per mil (‰) from V-SMOW (Vi-
enna Standard Mean Ocean Water) standards for 
oxygen-18 and deuterium, such that 

δsample = 1000 × [(Rsample/RVSMOW)-1],

Where R is the ratio of 18O/16O or D/H, in the 
sample or in the standard. The measurement 
precision was ± 1.2‰ for δD and ± 0.3‰ for 
δ18O. Isotopic data from extracted plant water 
were first checked for spectral interference using 

water was added on July 21, and 250 L groundwa-
ter was added on July 31, where groundwater was 
collected from the herdsman well.

Samplings of plant, soil, precipitation and 
groundwater

We collected the white culms (non-photosyn-
thetic tissue) of A. splendens 1-2 cm below the soil 
surface at three habitats (streamside, rainout treat-
ment, and non-streamside) during a single grow-
ing season (streamside: Jun. 14, Jul. 5, Jul. 18, Aug. 
10, Aug. 24, Sep. 9; Non-streamside: Jun. 10, Jul. 5, 
Jul. 18, Aug. 9, Aug. 24, Sep. 9; Rainout treatment: 
Jul. 5, Jul. 8, Jul. 12, Jul. 18, Jul. 23, Jul. 27, Aug. 1). 
All plant samples were collected from plants with 
green transpiring leaves. The isotopic values of wa-
ter from culms and bulbs of grasses are known to 
represent sources of water uptake by plants from 
different soil profiles [16]. We sampled three repli-
cates of A. splendens at each of three habitats, with 
one to three replicates analyzed due to technical 
issues with some samples during water extraction. 
All plant tissues were immediately placed in air-
glass, sealed with parafilm, and taken to the labora-
tory in a portable icebox with freeze packs, where 
they were stored at -4 °C until vacuum extraction.

Since the roots of A. splendens are mainly dis-
tributed in the upper 0.6 m soil layer [17], soil sam-
ples were collected at different depths by a 1.5 m 
manual auger (5 cm internal diameter) at three 
habitats concurrent with plant tissue sampling. Due 
to the heterogeneity of soil depth, soil sampling 
depths were different among three habitats. For 
the streamside site, soil samples were collected at 
six depths: 0-10 cm, 10-20 cm, 20-30 cm, 30-40 cm, 
40-60 cm and 60-80 cm. At rainout treatment and 
non-streamside sites, five soil depths were collect-
ed: 0-10 cm, 10-20 cm, 20-30 cm, 30-40 cm and 40-
60 cm. At each habitat site, three soil cores were 
collected; Adjacent sampled A. splendens plants, 
then soil cores were divided into two groups. One 
group was put into a screw-cap glass vial covered 
with Parafilm for subsequent cryogenic vacuum 
distillation. These soil samples were taken to the 
laboratory in a portable icebox with freeze packs, 
where they were stored at -4 °C to prevent the 
evaporation of soil water. The other was placed in 
plastic bags, carefully sealed to measure gravimet-
ric soil water content (SWC, %) and subsequently 
oven-dried to constant weights at 105 °C for 24 
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take water from a single depth zone [22]. Thus, this 
method can only be applied to soil profiles where 
the isotopic gradient is not asymptotic or irregular. 
However, contributions to plant water uptake from 
different water sources may be misinterpreted by 
the direct inference approach. Hence, we also eval-
uated the relative contribution of each potential 
source to the plant using the IsoSource mixing mod-
el, which is based on multi-source mass balance 
[23]. Due to the similar variations between δD and 
δ18O in soil and plant tissue water, we selected δD 
to evaluate plant water-use pattern. The fractional 
increment was set at 1%, and the uncertainty lev-
el was set at 0.05 in this study, similar to previous 
studies [24,25]. Sensitivity analysis performed with 
different fractional increments (0.5, 2%) and differ-
ent uncertainty levels (0.1, 0.3, and 0.4) showed no 
significant differences from the initial model.

Statistical analyses were performed in SPSS Ver-
sion 13.0 (SPSS Inc., Chicago, USA). A general lin-

Spectral Contamination Identifier (LWIA-SCI) post-
processing software (Los Gatos Research, Inc.) 
because stable isotopic ratios of plant water can 
be easily affected by organic contamination, such 
as methanol and ethanol, which lead to spectral 
interference and produced erroneous isotopic 
values [20,21]. The calibration to account for 
organic contamination was described by Wu, et al. 
[21].

Data analysis
In this study, two methods were used to identi-

fy water uptake of A. splendens. One was a direct 
isotopic inference approach to determine where 
soil profile water was actively absorbed by plants. 
In this approach, isotopic compositions of plant 
tissue water and potential water pools were com-
pared to evaluate the most likely sources of water 
uptake. This approach presumes that the only 
possible water sources are soil water and plant up-

Figure 2: Average annual monthly air temperature (T, °C) and precipitation amount (P, mm, from 1958 to 2012) 
(a), temporal variations of isotopic contents in precipitation (b) and distribution of daily precipitation amount 
and air temperature (c) during April and September, 2013. Stars, dot circle and arrow represent rain plus snow, 
snow and sampling dates, respectively.
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cipitation occurred in small events (< 5 mm), while 
five dry periods of more than eight consecutive 
days without any precipitation were found (Figure 
2b).

The isotopic compositions (δD and δ18O) of 
precipitation showed large variations during the 
study period (δ18O: 4.36 to -14.1‰ with an av-
erage-weighted value of -5.94‰, and δD: 45.20 
to -96.9‰ with an average-weighted value of 
-34.7‰). Figure 2b showed several heavy precip-
itation events in late August and solid water sam-
ples (snow and snow plus rain) had negative values, 
which was associated with effects of higher precipi-
tation amount and reduced kinetic fractionation ef-
fects in solid water samples [26]. In addition, small 
precipitation events with relatively positive isoto-
pic values were observed in Figure 2b, which may 
result from strong kinetic fractionation effect on 
these small events [26].

ear model (Univariate analysis) with Tukey’s test 
was used to examine the effects of experimental 
factors, including sampling date, depth on isotopic 
composition of soil water, and gravimetric soil wa-
ter content. The significance level was 0.05 in all 
cases.

Results
Variations in precipitation amount, tempera-
ture, and isotopic composition of precipitation

Air temperature and precipitation amount both 
showed a unimodal distribution, revealing high 
air temperature and large precipitation amounts 
(Figure 2a). During the study period, the air tem-
perature varied from 2 to 17.7 °C, and high tem-
peratures was distributed in three growing months 
(June through August), the same time period during 
which precipitation was mainly concentrated, and 
the total precipitation amount from April through 
September was 357.9 mm (Figure 2c). 65% of pre-

Figure 3: Relationship of δD and δ18O in plant tissues (blue triangle), soil water and precipitation in Lake 
Qinghai Basin during the growing seasons. The GMWL (Global Meteoric Water Line, green line) with δD = (8.2 
± 0.07) δ18O + (11.27 ± 0.65) (r2 = 0.98, n = 203) is plotted for reference [30]. LMWL, LSSWL, LCSWL and LNSWL 
represent the linear fits in the precipitation (black square with solid line), soil water at the streamside (cross 
with black dot line), treatment (open circle with black dash line) and non-streamside (closed red solid circle 
with red dash dot line), respectively.
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Figure 4: Temporal variations of soil water content (open circle) and δD (closed square) in soil water, precipitation 
(PW with star), stream (SW with closed triangle), groundwater (GW with open square) and plant tissues of A. 
splendens (SA with closed circle) at the streamside (a), treatment (b) and non-streamside(c) during the growing 
seasons from June to September, 2013. Horizontal crossed bar represented ± 1 standard error (n = 1-3).
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itive values in δD) in the rainout treatment. SWC 
exhibited no clear seasonal changes in the 30-60 
cm soil profile. The effect of rainout and irrigation 
on soil moisture was greater at the treatment site 
(Figure 4b). Soil moisture and δD in 0-30 cm soil 
water showed greater variability than 30-60 cm 
soil water at all habitats. Sampling date and depth 
both significantly affected SWC and δD regardless 
of habitat, with date × depth interaction also sig-
nificantly affecting δD at the rainout treatment site 
and SWC at both streamside and non-streamside 
sites (Table 1).

Table 1 displayed that soil water δD values 
differed significantly among sampling dates and 
depths among the three habitats (P < 0.05). The δD 
values greatly varied at the 0-30 cm layer, while δD 
values were less variable at 40-60 cm, especially at 
the rainout treatment. Except for the variations in 
isotopic contents in the rainout treatment, the δD 
of surface soil water was subject to recent inputs of 
isotopically depleted rainfall, resulting in lower iso-
topic concentrations. For instance, five consecutive 
rainy days from August 19 (DOY236) to August 23 
(DOY256) totaling 119 mm of precipitation showed 
negatively average-weighted δD values (-51.86‰), 
with soil water δD values at 10 cm more negative 
than those at other soil depths at streamside and 
non-streamside sites (Figure 2 and Figure 4).

Isotopic composition of plant tissues in A. 

A strong correlation between δD and δ18O was 
observed in precipitation, soil water, and plant tis-
sue water during our study. A plot of δD versus δ18O 
values of precipitation formed a line with a slope 
of 8.07 and an intercept of 14.8 (Figure 3), which 
was refined as local meteoric water line (LMWL) 
for Lake Qinghai Basin. The slope and intercept of 
LMWL were close to the global meteoric water line 
(GMWL, 8.2 and 11.27). The relationships between 
δD and δ18O in soil water showed subtle differenc-
es between the three habitats. The slope and in-
tercept of the aforementioned soil water and plant 
tissues water was lower than that of LMWL (Figure 
3), as follows:

δD = 5.89 δ18O -9.94 (n = 36, r2 = 0.992, p < 0.001) 
at the streamside site (LSSWL);

δD = 5.14 δ18O -21.3 (n = 37, r2 = 0.923, p < 0.001) 
at the rainout treatment site (LCSWL);

δD = 4.88 δ18O -21.6 (n = 30, r2 = 0.849, p < 0.01) 
at the non-streamside site (LNSWL).

Soil moisture and its isotopic contents across 
three habitats

Figure 4 showed that soil water content (SWC) 
and isotopic value (δD) in soil water exhibited 
distinct seasonal changes in different soil profiles 
across the three habitats, with the highest water 
content (most depleted values in δD) at the stream-
side site and the lowest water content (most pos-

Table 1: Univariate analysis of the effects of date and soil depth on δd and SWC (soil water content) in three 
habitats.

Site
δD/‰ SWC/%
source df MS F Sig. df MS F Sig.

Streamside

Depth 5 639.989 4.743 0.002 5 0.067 33.56 0
Date 5 881.556 6.533 0 5 0.028 14.291 0
Depth × Date 24 180.968 1.341 0.202 24 0.004 2.129 0.013
Error 40 134.945 49 0.002

Treatment

Depth 4 758.516 22.153 0 4 0.024 25.974 0

Date 6 655.247 19.137 0 6 0.006 6.407 0
Depth × Date 24 116.505 3.403 0.001 24 0.001 1.448 0.14
Error 34 34.241 45 0.001

Non-streamside

Depth 5 468.364 4.437 0.003 5 0.018 25.778 0
Date 4 213.574 1.023 0.014 4 0.044 62.545 0
Depth × Date 20 176.311 1.67 0.093 20 0.004 5.724 0
Error 33 105.558 45 0.001

MS: Mean Square; Significance level was 0.05.
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ber 9 (DOY 252) at streamside and non-streamside 
sites, likely reflecting a plastic response of A. splen-
dens to the recent rainfall.

Due to the influence of rainfall input at the 
streamside and non-streamside sites, isotopic data 
from plant tissues matched soil water isotopic val-
ues in the upper 20 cm and about 60 cm depth in 
June during early growth stages (Figure 4a and Fig-
ure 4c). As the upper 30 cm soil layer became wet-
ter, water sources of A. splendens gradually shifted 
to utilize 0-30 cm soil water on Aug. 24 and Sep. 
09 (Figure 4a). The isotopic differences between 
stream water and plant tissue water may suggest 
that A. splendens relied less on stream water than 
on groundwater during the growing season (Figure 
4a). Without the effects of rainfall on A. splendens 
at the rainout treatment site, plant tissue δD values 
were similar to 0-30 cm soil water on Jul. 5 (Figure 
4b). However, as the soil progressively dried out, 
plant water uptake shifted to utilize below 40 cm 
soil layers, from the upper 20 cm to the below 40 
cm during Jul. 5 and Jul. 18, respectively. Shallow 

splendens and inferred depth of water uptake
Figure 4 showed variations of δD in A. splen-

dens across three habitats, with plants growing in 
the streamside site having δD values ranging from 
-35.18 to -49.22‰ with a mean value of -43.15‰. 
The same measurements ranged from -18.5 to 
-40.94‰ with a mean value of -31.38‰ at the 
non-streamside site and from -16.77 to -43.16‰ 
with a mean δD value of -32.14‰ at the rainout 
treatment site. The isotopic contents of ground-
water and stream water varied from -49.92‰ to 
-52.42‰ and from -22.06 to -47.78‰, respec-
tively. This trend likely reflects the rainfall history 
of this region, antecedent soil moisture, and dif-
ferences among habitat conditions of these three 
sampling sites (See next discussion section). The 
more depleted plant tissue δD values suggest that 
A. splendens utilizes below 40 cm soil water with 
more isotopically depleted soil water at the rainout 
treatment site (Figure 4). In addition, plant tissue 
isotopic values closely matched those of upper 30 
cm soil water on August 23 (DOY256) and Septem-

Table 2: Percentages of potential water sources (%) for A. splendens growing at three habitats (streamside, rainout 
treatment and non-streamside) during the growing season.

Site Source* Jun.14 Jul.05 Jul.18 Aug.10 Aug.24 Sep.09

Streamside

10 19(0-49) 1.6(0-7) 30.7(0-54) 0 19.5(0-93) 21.3(0-86)
20 21.9(0-86) 2.7(0-11) 25.4(0-80) 0.5(0-2) 19.6(0-94) 6.1(0-19)
30 13(0-63) 6.3(0-24) 10.6(0-51) 0.1(0-1) 13.5(0-42) 12(0-40)
40 10.3(0-50) 79.6(64-92) 11.3(0-54) 0.8(0-3) 18.7(0-69) 18.3(0-76)
60 20.2(0-99) 9.7(0-36) 9.2(0-45) 98.2(97-99) 13.3(0-57) 21.3(0-85)
80 15.6(0-76) 12.8(0-62) 0.4(0-2) 15.4(0-68) 21.1(0-81)

Treatment

10

Jul.05 Jul.08 Jul.12 Jul.18 Jul.23 Jul.27 Aug.01

25.8(0-78) 67.9(49-77) 12.6(0-45) 5.5(0-22) 33.3(0-67) 3(0-12) 8.1(0-33)

20 26.4(0-83) 13(0-51) 16.3(0-59) 9.6(0-38) 32.6(0-73) 4(0-16) 62.2(47-73)
30 25.6(0-98) 6.8(0-27) 23.9(0-91) 10.5(0-42) 13.9(0-45) 12.9(0-50) 13.2(0-53)
40 14.5(0-43) 6.8(0-26) 25.9(0-81) 17(0-66) 10.1(0-32) 21.7(0-82) 9.9(0-40)
60 7.7(0-22) 5.5(0-22) 21.3(0-54) 57.4(34-77) 10.1(0-32) 58.4(18-87) 6.6(0-27)

Non-
streamside

10

Jun.10 Jul.05 Jul.18 Aug.09 Aug.24 Sep.09

45.1(21-63) 22.4(0-77) 94.2(93-96) 19.6(0-59) 23.2(0-68) 20.3(0-55)

20 20(0-79) 24.6(0-88) 1.5(0-5) 17.7(0-51) 25.5(0-93) 16.6(0-49)
30 13.8(0-55) 25.3(0-99) 1.9(0-7) 22.5(0-74) 12.6(0-31) 15.5(0-45)
40 12.1(0-47) 20.3(0-68) 1.5(0-6) 19.7(0-48) 15.4(0-40) 25.2(0-97)
60 9.1(0-36) 7.4(0-23) 0.8(0-4) 20.5(0-51) 23.4(0-69) 22.4(0-65)

*Average source percentage calculated from the Iso Source mixing model by Phillips, et al. [23] is showed following 
the range of minimum and maximum percentages (in parentheses).
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tionation effects, such as equilibrium and kinetic 
fractionation [31]. In addition, the slope and inter-
cept for the rainout treatment site (5.14 and -21.3, 
respectively) and non-streamside site (4.88 and 
-21.6, respectively) were lower than those for the 
streamside site (5.89 and -9.94, respectively), sug-
gesting that evaporation was greater at the rainout 
treatment and non-streamside sites than that at 
the streamside site. Additionally, both δD and δ18O 
values of plant tissue water scatter along those of 
soil water, which suggest that plants mainly ex-
tracted water from various soil profiles [32,33].

Although differences in soil moisture occurred 
across sampling dates and habitat sites, the general 
trend for SWC was similar. Soil moisture of 0-20 cm 
soil layers exhibited a large, fluctuating range that 
sensitively responded to rainfall recharge except at 
the rainout treatment site and evaporation effect 
(Figure 4). Precipitation input taken great effect on 
soil moisture of whole profile, e.g., long-lasting rain 
on September 9 (Figure 4a). Differences in evapo-
ration among the three study sites were deduced 
from decreases in soil moisture (Figure 4). This may 
be related with differences in vegetation cover, 
which was higher at the streamside site than at the 
other two sites during the study period. These re-
sults were similar to those previously reported by 
Asbjornsen, et al. [22], who demonstrated that soil 
water from sites with different amounts of vegeta-
tion cover display distinct soil moisture and isoto-
pic concentrations in soil profiles due to differential 
impacts by evaporative process.

Plasticity of A. splendens water-use uptake
The plasticity of plant water uptake from differ-

ent sources may have competitive advantages to 
thrive in arid and semi-arid environment, because it 
can allow the plant to exploit enough water to main-
tain growth in environments with more dynamic 
soil moisture conditions [28,34]. In this study, A. 
splendens displayed high plasticity in water uptake 
from soil profiles associated with seasonal water 
variations and when situated in different habitats 
conditions (Figure 4). This plasticity was closely re-
lated to root architecture, consistent with the re-
sults of [35], who found that the Stipa grandis also 
showed a flexible, resource-dependent water use 
strategy in response to changing availability of soil 
water.

Depth of soil water acquisition by plants is 

soil moisture increased sharply to 17.7% and 27.3% 
after two watering events on Jul. 21 and Jul. 31 (Fig-
ure 4b).

Similar to the above direct analysis, Table 2 dis-
played that A. splendens utilized different propor-
tions of soil water at different habitats during the 
growing season. A. splendens mainly depended on 
water (from 53.9% at the streamside site to 78.9% 
at the non-streamside site) from 0-30 cm soil water 
and absorbed a smaller proportion of water from 
60 cm soil profile during the early growing seasons. 
The proportions of plant water uptake shifted in as-
sociation with variations of soil moisture (Table 2 
and Figure 4).

Discussion
Variations of soil moisture and stable isotope 
in precipitation, soil water, and plant tissue

Precipitation is the main source of water inputs for 
A. splendens steppe ecosystems in arid and semi-ar-
id regions of the Lake Qinghai watershed. Precipi-
tation isotopic concentrations exhibited significant 
variations during the sampling periods (Figure 2a), 
indicating that distinct moisture sources (e.g., sum-
mer monsoons vs. recycled water vapor from inland) 
resulted in different precipitation isotopic signatures 
in this watershed [14,26,27]. Meanwhile, soil water 
isotope compositions and soil moisture varied spa-
tiotemporally at our study sites (Figure 4), in ways 
consistent with influences from both evaporative 
processes and precipitation events [28,29]. Water 
from heavy, long-lasting precipitation events infil-
trated into 40-60 cm soil layers, resulting in more 
isotopically depleted soil water during late August 
and early September, increasing the homogeneity of 
isotopic contents in the soil column (Figure 4). More-
over, isotopic concentrations in plant tissue water of 
A. splendens had great seasonal variations across 
the three habitats (Figure 4), suggesting this species 
obtained water from various parts of the soil profile.

The LMWL established in Figure 3 was similar 
to the GMWL defined by Rozanski, et al. [30]. De-
viations from GMWL are known to be controlled 
by local meteorological conditions such as wind 
speed, relative humidity, temperature, and evapo-
rative fractionation [27,30]. In this study, the slope 
and intercept of the δD-δ18O linear regression for 
soil water at three habitats greatly deviated from 
LMWL and GMWL, indicating that soil water had 
previously experienced strongly evaporative frac-
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ter content across soil layers, as isotopic inference 
assumes that plants absorb water from relatively 
high SWC [43]. Our results showed that A. splen-
dens more strongly differed in water use strategies 
in response to moisture conditions at the rainout 
treatment site than at the other two habitat sites 
(Figure 4b). Soil water content drastically varied 
due to two watering events on Jul. 21 and Jul. 31; 
This in turn had a pronounced effect on the isotopic 
compositions of plant tissue water, suggesting that 
A. splendens utilizes more water from upper soil 
layers after watering events. These results are sim-
ilar to those in previous studies [5,44], who found 
that plants shifted their main water sources from 
upper soil layers during the wet season to deeper 
layers during the dry season.

It is noteworthy that water uptake strategies of 
A. splendens greatly differed in different habitats, 
indicating that A. splendens can flexibly adapt the 
water uptake pattern dependence on water avail-
ability to survive. We conclude from our results that 
A. splendens located near streams do not rely on 
stream water as a main water source, but instead 
depends on soil water (Figure 4a). This is further 
supported by the fact that when the stream dried 
up on Aug. 10 due to prolonged drought (Figure 
4a), A. splendens acquired high proportions of its 
tissue water (98.2%) from 60 cm soil layers (Table 
2). This pattern was likely observed in three mature 
tree species by Dawson, et al. [45] and in Eucalyp-
tus camaldulensis by Thorburn, et al. [46], who sug-
gested that streamside trees depend on more reli-
able water sources such as groundwater and soil 
water due to its lower vulnerability to changes in 
stream flow and water quality.

Our results from the direct inference ap-
proach also show that A. splendens does not ob-
tain groundwater as a main water sources at the 
three habitats (Figure 4). These results are incon-
formity to previous study by Chen, et al. [12], who 
demonstrated that A. splendens is considered as a 
good indicator of groundwater for local herdsman. 
Drought conditions by rainfall exclusion during our 
study period may not have been extreme enough 
to cause significant competition for limited soil wa-
ter resources and the need to utilize groundwater. 
Nonetheless, the maximum rooting depth of this 
species may extend more than 1.6 m at a location 
where the groundwater table was no less than 2.5 
m (survey from a backhoe excavated trench at our 

related to root density distribution and active root 
area [36,37]. As reported by Wang, et al. [17], root 
biomass of A. splendens mainly distributed in the 
upper 30 cm soil layer with densely surficial fibrous 
roots and root density sharply declining with 
increasing depth. The high density of fibrous roots 
near the soil surface may be beneficial for efficient 
absorption of soil water and nutrients [38]. In the 
present study, the surficial functional roots of A. 
splendens were activate and mainly acquired 0-20 
cm soil water recharged by precipitation several 
days prior to our sampling, as demonstrated by 
soil and plant tissues water isotopic signatures 
(Figure 4a and Figure 4c). This allowed the plants 
to sustain leaf expansion and plant growth during 
seedling establishment in early June. In the early 
July, as the 0-30 cm soil moisture gradually became 
depleted by root extraction and evaporation, in 
turn decreasing soil water availability, the depth 
of water uptake shifted to 40-60 cm soil layers. 
However, the proportions of A. splendens uptake 
from 0-20 cm soil layers still markedly increased 
after long-lasting, heavy precipitation events in late 
August and early September (Table 2), indicating 
significant plasticity in A. splendens water uptake. 
This pattern is similar to that seen in species with 
functionally dimorphic roots, such as tree or 
shrub in arid and semi-arid environment such as 
Juniperus ashei, which exhibit clear seasonal shifts 
in water source in response to changes in soil 
water availability [4,39,40]. This plasticity of water 
uptake pattern among different soil layers appears 
to be of importance for species coexisting and 
growing in water-limited environments [35,41]. 
Thus, we suggest that soil water uptake patterns 
in A. splendens facilitate community survival and 
efficient use of soil water sources to reduce water 
stress during prolonged droughts.

Previous studies have identified changes in wa-
ter use strategies in response to varied conditions 
of water resources via an isotopic inference ap-
proach [41,42]. However, when the isotopic gradi-
ent varies with an asymptotic and irregular pattern, 
such as in soil profiles receiving more isotopically 
depleted rainfall, artifacts of input water differen-
tiation can produce misinterpretations of depth of 
water uptake, obscuring plant water use strategies 
in response to changes of water source. We ob-
served the possibility of such results in A. splendens 
responses to rainfall (Figure 4a, Figure 4c). Such 
artefacts may be overcome by quantifying soil wa-
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ate steppes of Lake Qinghai. Our results showed 
the effect of plasticity dependence on soil water 
source was typical in the drought conditions. The 
plasticity of water uptake for A. splendens had 
stronger competitive advantage for limited water 
source and nutrients.
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