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Abstract: Tamarix taklamakaneasi®minant species in the Taklimakan Desert of China, plays a crucial role
in stabilizing sardlines and maintaining regional ecosystem stability. This study aimed to determine the watel!
use strategies Dftaklamakanerisithe Taklimakan Desert under a falling groundwater depth. FouiTtypical
taklamakanensisbkhahabitats (sandy deseft Tazhongsite saline deseatluvial plaimf Qiemo site
deserpasis ecotone of Qisdteand desefbasis ecotone of Arsite were selected with different climate,

soil, groundwater and plant cover conditions. Stableeisalog of hydrogen and oxefgwere measured

for plant xylem water, soil water (soil depths widBo® cm), snowmelt water and groundwater in the
different habitats. Four potential water sourcéls faklamakanendefined as shallow, middle and deep soil
water, as well as gralwater, were investigated usifBpgesiaisotope mixing model. It was found that
groundwater in the Taklimakan Desert was not completely rechapgecigtationbut through the river

runoff from snowmelt water in the nearby mountain ranges. Theesadil water content was quickly
depleted by strong evaporation, groundwater depth was relatively shallohesgitt 6f€. taklamakanensis
nabkhawas relatively low, thud. taklamakanengrgmarily utilized the middle (23%+1%) and deep
(31%15%)soi water and groundwater (36%+2%) within the sandy desert Raléidamakanemsanly

used the deep soil water (55%+4%) and a small amount of groundwater (25%+2%) within the saline
deseralluvial plain habitat, where the soil water content wiasehelbigh and the groundwater depth was
shallow. In contrast, within the desexsis ecotonia the Qira and Aral site§, taklamakanermisnarily

utilized the deep soil water (35%+1% and 38%+2%, respectively) and may also use groundwater because t
height of T. taklamakanensibkhawasrelatively high ithesehabitas and the soil water content was
relatively low, which is associated with the reduced groundwater depth due to excessive water resour
exploitation andtilizationby surrounding dés. Consequently, taklamakanerssiswed distinct water use
strategies among the different habitats and primarily depended on the relatively stable water sources (deep
water and groundwatergflectingits adaptations to the different habitatthearid desert environment.

These findingamproveour understandingn determining the water sources and water use strafefies
taklamakanerisithe Taklimakan Desert.
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1 Introduction

Water is an indispensable factoor fplant growth, vegetation distribution and community
composition (Rosenthal et al., 20051641 et al., 2013; Zhang et al., 2018). In the desert ecosystem,
water is extraordinarily valuable and has a decisive impact on the survival and distribution of plants.
In addition, precipitation and groundwater are the primary water sources in the desgsteam and
groundwater plays a vital role in shaping plant adaptations bepeewpitationis very limited and
unpredictable (Dai et al., 2015). In the past decades, it was commonly accepted that soil moisture was
the remains of the last precipitatiement in the desert environment (Evaristo et al., 2016). However,
previous studies have indicated that in shifting sand dunes, rainédlBafd mm cannot be utilized

by plants as it may be completely evaporated before infiltrating into the deep so{Qage et al.,

2003; Liu et al., 2006). Furthermore, soil water content (SWC) in the desert ecosystem is extremely
variable in both space and time (Zhou et al., 2017). Therefore, desert plants are generally under
chronic or periodic watedeficit conditions. Perennial plants have to adjust their water use strategies

to survive and meet their growth and metabolism requirements, and their roots must acquire
sufficient groundwater or residual soil waterttderateprolonged drough{Tiemuerbieke et al.,

2018. Likewise, desert plants are accompanied by high vulnerability to climatic change in the
extreme habitats. Moreover, climate change and-exgloitation of groundwater could severely
injure desert species and affect the frail ecosystem (Dai et al;, 204159 et al., 2018). Therefore, it

is critical to obtain a high level of comprehensatroutthe water use strategies of plants in the desert
environment.

The Taklimakan Desert is the largest shifting sand desert in China. Sand dunes throughout the
deset were formed in alignment by aeolian sand. The desert has been severely affected by human
activities and is, thus, highly susceptible to changes in water availability. As the dominant species in
this desertTamarix taklamakanensfdays a crucial role istabilizing sand dunes and maintaining
the function and structure of the desert ecosystem (Zhao et al., 2011). In the Taklimakan Desert, a
long-term accumulation of the alternate sand layers and litter layers afouakdlamakanensis
(Muhtar et al.2002 Xia et al, 2004) results in the formation of a specific biogeographic unit called
theT. taklamakanensisabkha with the heights ranging from 3 to 15 m and lengths from 5 to 50 m
(long axis) (Zhao et al., 2011). taklamakanensisabkhas mainly distibuted in the lower reaches
of the Tarim River and the hinterland of the Taklimakan Desert (Zhao and Xia, 2011). However,
degeneration and extinction Bftaklamakanensisabkhahave occurred in the desert ecosystem as a
result of human activities andirlate change, and this may directly affect the stability of the local
desert ecosystem (Zhao and Xia, 2011). Currently, little is known about the water use stralegies of
taklamakanensisat the T. taklamakanensisiabkhalocations in the desert ecosystef.clear
understanding of the water sources used.ltgklamakanensiwill help us to assess the effects of
human activities and climate change on the local ecosystem.

Stable isotope analysis is a powerful tool that has been extensively utilized tfy identvater
sources of plants (Schachtschneider and February, 2010; Dai et al., 2015; Evaristo et al., 2016; Zhou
et al.,, 2017; Tiemuerbieke et al., 2018). Due to the influences of physical and climatic factors,
different water sources in nature haveedseisotope signatures (Craig, 1961; Schachtschneider and
February, 2010; Tiemuerbieke et al., 2018), and the stable isotope fractionation is not generally
observed in the water uptake processes of root systems from soils (Evaristo et al., 2016)e Thus, th
stable isotope information of potential water sources can be reflected by the wtgmsition of
plantxylem water (Si et al., 2014; Tiemuerbieke et al., 2018). Plant water sources can be identified
by comparing thésotope raios of plantxylem wate to the isotope concentrations of all potential
water sources (Dai et al., 2015; Wu et al., 2016; Tiemuerbieke et al., 2018). In China, the water
sources and water use strategieSavharix ramosissimalamarix laxaandTamarix chinensikave
previously keen explored in the Gurbantunggut Desert, Badain Jaran Desert, Heihe River Basin and
Dunhuang Oasis by many researchers (Cui et al., 2015; Sun et al., 2016; Wu et al., 2016; Zhang et al.,
2018), and their findings indicated that the growth of these pralies on water sources from
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different soil depths (Wu et al., 2014; Cui et al., 2015; Zhang et al., 2018). However, previous studies
on water use of. ramosissimdave mainly focused on the desert riparian belt, and the upper and
lower reaches of the Tiar River Basin (Wang et al., 2017; Zhou et al., 2017). Some studies have
observed that. ramosissimarimarily used groundwater in the Tarim River Basin, and also utilized
deep soil water below® cm (Li et al., D09 Zhao and Xia, 2011). Neverthelessechuse of the
influences of environmental factors (e.g., precipitation, groundwater depth andtogicgraphy)

and human activities in the different habitatsTofaklamakanensighe understanding of potential
water sources and water use strategiel @klamakanensis severely limited. This is particularly

the case in the desert environment, where the water use stratégieskiéfmakanensisithin theT.
taklamakanensisnabkha represent a critical research gap, even thotlgh habitas of T.
taklamakanensiarecrucial in our comprehending of the chronically adaptive mechanisms of desert
plants to the spatial pattern change of soil water.

The aim of our study was to determine the water sources and water use stratefies of
taklamakanensif four habitats (sandy desest Tazhong saline desefalluvial plain of Qiemq
desertoasis ecotone of Qira and deseasis ecotone of Aral) in the center and fringe of the
Taklimakan Desertising the stable isotope approach. Given the known differencesrmctimate,
soil and groundwater depth in the different habitats (Zhao and Xia, 2011; Zeng and Song013)
first hypothess wasthat T. taklamakanensibas different water use strategies within different
habitats. Likewise, considering that aridisya typical feature in the Taklimakan Desert and plant
roots in the surface soil layer may be inactive because of thddstiigg periods of low SWQur
second hypothess was that this species mainly utilizes middle and deep soil water and/or
groundwate especially for the habitats with extremely adfithateconditions.

2 Materials and methods

2.1 Study sites

The Taklimakan Desert is located in Northwest China and covers an area of 33.K6%L0
(377 41N, 77°71 90E), with approximately 85% of its erionment composed of shifting sand (Sun
and Liu, 2006). It is known to be a significant salu$t source area with the frequency of dust events
being up to 100 d/@Vang et al., 2005). The mean annual precipitation ranges frdii 2465.%
mm and the maeannual evaporation extends up to 3000hm, which is about 340 times larger
than the amount of precipitation. Precipitation occurring in summer quickly evaporates from the
surface soil layers under high evaporation, resultirdgitreasd surface sbivater. Tributaries and
transitional rivers, formed by the snowmetater fromthe mountains over the summer, permit the
formation of oases along the desert fringe (Bruelheide et al., 2003). Since there is no rainy season,
typically no annual plants groim this region. The predominant species are mainly shrubs, including
T. taklamakanensi®opulus euphraticaarelinia caspiaandAlhagi sparsifolia

The formation and development @f taklamakanensigabkha are mainly affected by wind
erosion and hydrdig erosion. Four sampling sites with different miglonates, soil types and
vegetation cover conditions were selected to cover the typical rafdg@addamakanensisabkha
habitats within the Taklimakan Desert (Fig.Teble 1;Dong et al., 2018). Sating site A was
located in the central Taklimakan Desert, neafTdidimakan Desert Research StatafrXinjiang
Institute of Ecology and Geography, Chinese Academy of Sciences. The plant cover of
taklamakanensisabkha was approximately 20% and th&face ofT. taklamakanensisabkha was
characterized by scattered shifting sand. Sampling site B was located near the Qiemo County in the
southeastern fringe of the Taklimakan Desert along the desert highway, which is the transition zone
between alluviaplain and desert. The plant coverToftaklamakanensisabkha was 50% and the
saline soil and strong evaporation in summer had contributed to the formation of salt crust on the soil
surface. Sampling site C was situated in the southern fringe of thendiakin Desert, with the
distance of about 10 km from the Qira County. Thgionis a deserbasis ecotone. The plant cover
of T. taklamakanensisabkha was 30¥35% and the soil surface was dominated by shifting sand
with light salinization. Sampling sife was located near the city of Aral in the northern fringe of the
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Taklimakan Desert. Thiggionis also a desedasis ecotone. The plant coverfotaklamakanensis
nabkha was 40%45% and the soil surface was moderately salinized and covered by dttbinsta
(Table 1).In the four sampling sites, the soil was mainly aeolian sand in texture.
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Fig. 1 Location of sampling sites in the Taklimakan Desert. A, B, C and D représefitursampling sites of
Tamarix taklamakanenslsabitas. A, sandy desexf Tazhongsite B, saline deseslluvial plainof Qiemosite C,

desertoasis ecotone of Qiraite D, deserpasis ecotone of Araite It should be noted that only tireportant
rivers are marked in the figure.

At each sampling site, four mature ividual T. taklamakanensisabkha were selected, and the
adjacent samplingnabkha (about 500 m apart) were considered representative of rsdudid
nabkha At all the sampling sitesthe average height, length and width ©f taklamakanensis
nabkhawere 3.13 (#.53), 7.37 (#0.66) and 5.72 (#0.46) m, respectively (Table 1).

Table 1 Meteorologicalandhabitatdata of the sampling sites withtine Taklimakan Desert

Tamarix taklamakanensisabkha

! . Groundwate : AMT MAP MAEP
Site Location ~ oy (my SOl surface plant cove Height Length Width ) (mm) (mm)
(%) (m (m) (m)

39.06N i

Tazhong sae0 Aeolansandy 5, 564 571 537 11.82 25.11 3559.60
83.67E soil
38.03N Salt crust and

Qiemo 4555  aeolian sandy 50 3.27 7.45 5389 10.68 27.97 2360.60
84.68E soil
37.04N Shifting sand

Qira 11.0'16.0 with light 30i 35 353 7.87 6.10 12.52 41.67 2790.20
80.69E salinization
40.42N Slight crust an

Aral 8.0010.0 moderately 401 45 3.08 7.23 5.59 10.97 51.54 1813.20
81.25E salinization

Note: AMT, annual mean temperature; MAP, mean annual precipitation; MAtERn annual evaporatiomhe climatic data are referred
from Gong et al. (2011), Fan et al. (2013), and Zeng and Song (2013).

2.2 Sample collection and angkis

Field sampling was conducted in July 2017. It should be noted that no precipitation events occurred
during the sampling period. In general, the material was sampled -alagith each sampling site,

four soil cores were collected from the folrtakamakanensisiabkh& using a handheld auger.
Finally, atotal of 16 soil cores were samplateach sampling sitBased on our prior knowledge of

soil water isotope along the soil prof{ghao and Xia, 2011we collected soil samples within the

07 500 cmdepth at an interval of 20 cm. Each soil sample was separated into two subsamples: one
subsample was packaged immediately in an airtight bottle and refrigerate@ @tuntil isotope
analysis, and the other subsample was sealed in soil tins for SWGisralythe ovemrying
method. Soil particle size fractions were measured using a laser particle sizer (Mastersizer 2000,
Malvern Instrumentd.td., Worcestershire, UK). According to the US classification standards, we
classified the soil particle size intour types: clay (<0.002 mm), silt (0.002.050 mm) very fine
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sand (0.050 0.100 mn) andfine sand (0L00i 0.250 mm).

Plant samples were collected on the same days as the soil sample collection. Six fwigs of
taklamakanensigere sampleffom eachT. takamakanensigabkha To avoidisotope fractionation
of plantxylem water, we sampled the completely suberized twigs (diamet&0.5.8m; length:
4.0 5.0 cm) for the extraction glantxylem water. As soon as sampling, the green tissues, including
all leaves and green bark, were removed quickly from the stems. Then, all plant samples were
promptly put into the screwap glass bottles, sealed with parafilm and stored in a frée2@Q)
until isotope analysis.

Groundwater samples were obtained from therlme welk approximately 1020 km from each
site. To reflect the potential contribution of snowmelt water to the groundisatepe signature, we
collected snowmelt water from bedrock canyon in the Tianshan Mountains and Kunlun Mountains.
Snowmeltwater is representative of the perennial precipitation in Thklimakan DesertBoth
groundwater and snowmelt wasampleavere rapidly put into glass vials and sealed with parafilm
and stored in a fridge at 4€ for later isotope analysis.

2.3 Stable isotope @alysis

We used deuteriuntl) and oxygenfO) isotope values of soil water and groundwater to describe
the potential water sources, which were compared withidHeand (%0 values of plant xylem
water. Soil water and plant xylem water were extractedguai cryogenic vacuum distillation
apparatugPicarroL2126l, USA) (Evaristo et al., 2016Rlantxylemwater, soil water, groundwater
and snowmelt water samples were filtered using-6.28 por e smndeachsdmpd wae r s
pipetted into a sma#icrewcap glaswial, sealed with parafilm and refrigerated at 2€C.

The liquid water isotope analyzer (DLIO0, Los Gatos Research Inc., Mountain View, USA) was
utilized for stablasotope measurements. The analytical precision of individual measurements was
0.254 and fRoHOOUA 8H] respectively. The stabisotope values can be expressed as:

ar o]
0 H, *%0)(%) =$%a""'e - 1g° 1000%,, (1)
° C " standard 83 o0

where Rampieand Rundargare the stablésotope values (molar ratios ofH:H and!80:10) of the
sampleand the standard water (standard mean ocean water), respectively (Dawson et al., 2002).
Given the low water content, the staldetope valuesof plantxylem water and soil water may be
erroneous because of the organic contamination from methanol andlefftaus, to eliminate the
spectral contamination, we corrected the stadtope valuesof plantxylem water and soil water

by a standard curve (Schultz et al., 2011).

2.4 Classification of water sources

A Bayesian isotope mixing model was used for itfentification of plant water sources in the
di fferent habitats. The Bayesi an?!® saodtdangihe mi x i
results are generally more robushis model tilizes the Bayesian framework ftdentify the
proportional conibution of eactsource to a mixturdhe Bayesian isotope mixing modehsbeen
implementedn the software package SIARtéble Isotopénalysis in R) Parnell et al., 2070
which was applied to determine the potential water sources thatcamgibuteto plant xylem
water

Based on the similarities the 00 andi’H valuesof soil waterand the SWQ@vithin each soil
depth in addition to th&'80 andi’H values ofplantxylem wateyrwe clasdied the four potential
sources of plantylem water when running the Bayesian isotope mixing model. iff@ andiPH
values for each soil depth were determined by the SWighted mean approach (Wu et al., 2016)
and soil water was categorized as folloyly: shallow soil wate¢0i 200 cm), which was the most
unstable andi*®0 and(®H valuesvaried significantlywith dephs; (2) middle soil watef200' 400
cm), which had lowelli*®O and (PH values with relativelyweak changes;(3) deep soil water
(4001 500 cm), which had relatively consistesbtope compositionand SWCwith no significant
differences among depthsand(4) groundwaterwhichhad relatively constamf®O andi*H values
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2.5 Data analysis

Meteorological datavere obtained from the Meteorological Information Center of Xinjiang and
China Meteorological Data Networkhttp://data.cma.cn/data/weathekBhtml). All statistical
analyses were performed usi8éS 9.2(North Caroling USA). Tukey's test(t-test)was used to
evaluate thelifferences inisotope compositios of soil watergroundwater anglant xylem water
obtained from eaclsampling site (P<0.05) The relaibnships between (i*®0 and °H were
established by using a line@gression modeFigures were plotted using the software Orig@17
(OriginLab Qorp., Northampton, USA).

3 Results anddiscussion

3.1 Climate characteristics of the sampling sites

The monthly mean tempéduae wastypically lowest in January artighestin July for all sampling

sites (Fig. 2). Theprecipitationmainly occurred between May and Augusiith approximately

80% 90% of the annual totalis the Tazhong Qiemoand Qira sites. Approximately 90% ohe

annual precipitation occurrdcbm May to October in the Aral site. Mean annual evaporation was
highest in the Tazhong site, followed by Qira site, while Qiemo and Aral sites had relatively low
amounts of evaporation. In the Tazhong site, the plantroeas very low due to the limited
precipitation and intensive evaporation (Li et al., 2015). Nevertheless, in the Qira and Aral sites,
precipitation was relatively high and evaporation was relatively low compared to the other two sites,
and thus the plarmtover was relatively high (Table 1). In the Qiemo site, precipitation was very low
and the plant cover was relatively high. Plants su¢thsagmites australiandHalostachys caspica

were also observed this site, which may be related to the flood alluw in summer.

Monthly temperature ® Monthly evaporation mm Monthly precipitation
E 40 (2) Tazhong 20 = 40 5 B 40 16y Qiemo 720 7 [ 40 5
£ . leo0 E | 302 E leo0 E | 30 2
= 304 . L4 g £ g 304 =] [
2 . 480 2 20 5 8 480 2 120 2
2 20 . o 1360 1] 10 & 20/ 1360 & [ 10 &
8 g £ 3 sece 5 E
= D ] = ® | L
S 0] . o 240 5+ 0 = = 10 . o, 202 0 =
= 11208 | 108 £ l120 € L-10
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S83E55225828 EBEEE53E8858
= 4 - - _ 20 . . 40
g 015 Qira 720 21 Y5 7 40 e Aral 720 - 5
=1 600 E 30T E 600 E | 30
£ 301 F £ §39 80 5 | 20 5
_g 480 ué r 20 g ;§ ',E E
5201 . 360 & F 102 220 360 & - 10 £
= g 2 g e ® > B}
= N 240 ® 0L & . . 1240 0 >
= 10 = = 2 104 . = =
g . 1208 +-108 £ * ° 120 g 10 §
=]
= 0!. 0= —202 § 0 £ il } 0= L_20 =
g .0 B RgE ey @ 20 K H > 3w 52 3
EEEEE52258E4 §E8555532585¢%
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Fig. 2 Monthly precipitation, evaporatioand air temperaturia the Tazhong (a), Qiemo (b), Qira (c) and Aral (d)
sites. The values represent monthly mehning1997 2015in the Tazhong site ardliring1965 2015in the Qiemo,
QiraandAral sites

3.2 SWC andstableisotope valuesof soil water

In the extremely drnydesert ecosystenthe SWCis very low andwatermovements affected by
climatefactors, soipropertiesandgroundwatefLi et al., 2010)Previous studies have indicatedtth
rainfall of aroundl5.00 mm maybeentirely evaporated by about 20 d after the rainfall event under
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arid climate conditions, therefore infiltrated water cannot be completely enclosed by the sand layer
and stored in soil for a long terrhi et al, 2006 Li et al., 2010). In our study sites, the monthly
precipitation was less than .09 mm (Fig. 2), and &ingle precipitationevent seldonexceeded

10.00 mm, indicating that the SWCwas not fully derived fromthe precipitation(Si et al., 2014)

Thus, we gggest that thanfluence ofprecipitationonthe SWCis very smallin the study sitesThe

soil in theT. taklamakanensisabkh& was mainly composed of silt and sgRip. 3) and thiskind

of soil texture may be beneficial for a single large amouraiofall to rapidly infiltrate into the soil

and to replenish deep soil water in the Taklimakan Desert. Therefore, thevas\vafected by the
factors such as soil texture and groundwater (Figs. 3 and 4a; Si et al., 2014; Cui et al., 2015).

Soil particle size composition (%) Soil particle size composition (%)
0 0 20 40 60 80 100 0 20 40 60 80 100

100 E
g
~ 200 - E
|
53
= 300 i
3
w

400 i

500 g

0 (a) Tazhong (b) Qiemo

_ 100+ 1
g
o
= 200 | .
5y
= 300 ]
'3
w

400 4 |

500 A .

(c) Qira (d) Aral

I Clay [ Silt [ Very fine sand [l Fine sand

Fig. 3 Vertical distributions of soil particleizecompositionfor theT. taklamakanensisabkha in the Tazhong (a),
Qiemo (b), Qira (c) and Aral (d) sampling site3oil particle size composition was described in terms of the
percentages otlay (<0.002 mm), silt (0.062.050 mm),very fine sand @.050 0.100 mn) and fine sand
(0.100 0.250mm).

The SWC increased witkoil depth forthe T. taklamakanensisabkha in all sampling sits (Fig.
4a).In the Tazhongsite,the SWC values within the @00 cm soildepthwereextremely lowwhich
could be attributed primarily tthe sparseprecipitation and strong evaporatiwnithin this region
(Fig. 2). In the Qemosite, the SWC valuesithin the 0 400 cm soil deptiveresignificantly lower
than thosewithin the 4001 500 cm soil depth(P<0.09. In addition,the plant cover wass high as
50% in theT. taklamakanensisabkha& and the soil surface has a salt crussuitingin the SWC
significantly higherin the Gemositethanin the other three site®€0.05. Besidesin the 0 400 cm
soil depth,the clay contenin the QGemo site wassignificantly higherthanthosein the other three
sites (P<0.05), which can be attributed to theslatively good water retention capabilitiem the
Qiemosite (Figs. 3 ard 4a). In the Qra site, he uppersoil layer (0 200 cm)was affected bgtrong
evaporation, resulting ithe low SWC valuesThe SWC values within the00i 400 cmsoil depth
exhibitedno significantdifferencesn the400i 500 cmsoil depth(P>0.05).In theAral site,the SWC
values showed no significant variatiomsthin the G500 cm soil depth(P>0.05) and were
significantly differentfrom those inthe other three sites.

Previous studiesavedemonstratethe enrichment of thieeaw isotopesn theshallowsoil water
relative tothe deefsoil water andjroundwater because of soil surface evaporaGatdt al., 2007
Zhang et al., 2018It should be noted thab# water wasnot extractedrom the @80 cm soil depth
in the Tazhongsite and from thei®0 an soil depthn the Aral site due to the extreme low SWC in
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thesesoil layers.In the four study sites, evaporation most likely caused the enrichméti aind
80 in the shallow soil water(0i 200 cm depthFigs. 4b andc). With increased soil deptthe
influence ofevaporation would be reduced. Tiketope valusof soil waterin the 200400 cm soil
depth displayedelatively weak variations and thevaluesbelow the 400 cnsoil depthshowedno
significant variationsn eachsamplingsite (Figs. 4b andc). Accordingly, with increased soil depth,
the isotopevalue decreasedraduallyto a relatively constantaluein all sampling sitesindicating
that evaporation had little or no impact on the soil water within the deep soil layers

Soil water content (%) &°H of soil water (%o)
0 5 20 25 30 61 00 -80 —60 —-40 -20
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£, 3004 300+
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W
o
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Fig. 4 Vertical distributions ofsoil water content (a)*H (b) and GO (c) values of soil watewithin the T.
taklamakanensisabkha in the Tazhong, Qiemo, Qira and Aral sampling sfte=!). Bars mean standard errors

In the Taklimakan Desert, the mean annual pretipit was very low, sthe influences of
precipitation on thehallowsoil water and the stabigotope ratiosof soil water werarery small (Liu
et al., 2006; Si et al., 2014 the Tazhong and Qiemsites th e?H &ndUi*O of soil water within the
07 200 cmsoil depthweremore enriched thanthosewithin the 2001500 cmsoil depth(P<0.05. In
addition the isotope values ofsoil waterin the Tazhongand Qiemo sites were more depleted
(especially in the deep soil layers) than the valndhe Qira and Aal sites Figs. 4b andc). The
isotope values of soil water decreased w#hil depth andtheisotope values ofdeepsoil water
similar to the valueof groundwaterin the Tazhong andQiemo sites (Figs. 4 and 5), which
demonstrated that soil water wescharged by groundwatetn the Qira and Aral sites the
groundwaterdepthmay have declinedue to the excessive exploitation and utilization of water
resources in populated ardg&sn et al., 201Fenget al, 2013).Th e ?H @and G*%0 valuesof soil
waterwithin the 0 500 cm soil depth showed significant variatioRsQ.05. Specifically, b e QU
valuesof soil water were more enriched within thHe200 cmsoil depththan within the 200400 cm
soil depth, and the values warmgressivelydecreased and rd@xdtherelativeminimum within the
400 500 cmsoil depth(Fig. 4c). In addition, b e?H:U8O ratios ofsoil waterdeviated to the right of
the U°H: 8O ratios ofgroundwater (Fig. 5¢c andd). Therefore, there was no indication that soil
water was rechaegl by groundwatein the soil depth above 500 cim the Qira and Aralsites
inferring thatthe variationsn stableisotope valuesof soil water were affected bgvaporaibn and
groundwatedepthin these sites.
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3.3 Stableisotope ratios of groundwater and possible groundwater recharge sources

The global meteoric water line (GMWIPH= 8'%D+10; Craig, 1961}helocal meteoric water line
( L MWL?H= 70 POA@47 R’=0.94; Zhouet al, 2017), and he (PH:{*80 ratiosof soil water
snowmelt wategroundwateandplantxylem watemere plotted irFigure5.
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Fig. 5 Relationships betweeiiH andii*®O in snowmeltwater(n=6), soilwater(n=4), groundwate(n=6) andplant
xylem water(n=6) within the T. taklamakanensisabkha& in the Tazhong (a), Qiemo (b), Qira (c) and Aral (d)
sampling sitesAll samples weretaken during the rainless periods. Valuegyafundwater angnowmeltwater
represented lonterm average®r each sampling site.

ThelPH: 80 ratiosof snowmelt watewerewell matched with the LMW/[ whichindicatedthata
proportion of the precipitatiowas primarily contributed by the local snowmelt wdfég. 5). The
’PH: %8O ratios ofgroundwater deviated to the right of the GMWL and LMWiLthe Qiemosite
(Fig. 5b). T e 8Olratios ofgroundwatersamples were lower thahose ofsnowmelt water
sampleqFig.5b ) ,  bOtvaluehoégroiindwater were similar to those of snowmelt \(Eabte
2). Neverthelesst h &H: O ratios ofgroundwater were close the GMWL and LMWLin the
Tazhong, Qira and Aralites butthe (®H andUt8O values of grondwatemwerehigher thanthoseof
snowmeltwater in the Tazhong and Arakites Figs. 5a, ¢ and d; Table 2). This suggest that
groundwatercan berecharged by snowmelt water runoff

Ehleringerand Dawsor{1992)previously showedhat theisotope composiion of groundwater
was a weightedaverage of longerm rainfall inputs. Moreover Mathieu and Bariac(1996)
indicatedthat therecharge process ofgroundwater coulthe divided into two segmerg (1) slow
infiltration through the soil matrix and the wkated basemengnd(2) fast and direct recharge
through conducting fissured zoné&sthis study, we found thahe above theory was not completely
suitable fottheTaklimakanDesertbecaus¢he mean annual precipitatisrasverylow in this region
(Fig. 2) andthe rainfall is often totally evaporatd beforeinfiltrating into the soil Therefore,the
infrequentprecipitationalmost exhibitao effect on the growth of plantand thelirect recharge of
groundwater byprecipitationis probably uncommorHowever,groundwater can be also recharged
by river runoff fromprecipitationin nearby mountains in this region (Liu et al., 2012).
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3.4 Stable isotope ratios of plant xylem water and possible sources contributing tglant
xylem water

T h &H: &0 ratios of soil water anglant xylem water deviated to the right of the GMWL and
LMWL in all sampling sitesKig. 5). This deviation indicatéthatplantxylem water and soil water
were affected by strong evaporation due to the extremellidrsite conditionsThe (i*®O values of
plantxylem water were more depletedthe Tazhong and Qiemo sites thiathe Qira and Aral sites.
However, tha’H values ofplantxylem watemweremore depletedh the Qiemosite tharin the other
three sitesln theTazhong, QiemandQirasites, thai®H values ofplantxylem water were similar to
those of groundwater, and tG&0O values ofplantxylem water were more enriched than those of
groundwatein all sampling sites. Thé&’H andi*eO values oplantxylemwaterin the Aral site were
more enriched than those of groundwater (TablénZddition,Cleverly et al.(2002 indicated that
the SWC in the surface soil laysvas redued to low levelsandmay become inaccessible to the
plantsunder the extremely drglimate conditions. In our study, thiEH andi*®O values of plant
xylem water were significantly more depleted than those of soil water within the shallow soil depth.
Furthermorethe SWC was very low within the shallow soil depth2@0 cm)in all sampling sites
(Fig. 4). The low SWOQwerescarcelyaccessible td. taklamakanensandenriched isotopvalues

of shallowsoil waterwerelittle observedvithin the planixylem water

Table 2 Stableisotope ratiosof plantxylem water groundwateand siowmelt water

Plant ylem water Groundwaer Snowmelt water
wH (a) i*o (a) *tH (a) %o (a) *tH (a) o (a)
Tazhong 56.648 (0.631) 6.424(0.136) 157.332(1.308)  18.060(0.261)
Qiemo 16354 (0.478) 15.697(0.261) 159.232(0.749  7.242(0.176)
Qira  745.718(0.304) 12.899(0.083) i37.042(0.929) 16.472(0.2)
Aral 157.493(0.6(8) 13.37(0.141)  164.188(1.202)  78.745(0.194)

Note:Values in the brackets indicate standard errors.

Site

147.463(0.407)  i7.285(0.155)

In this study, fieldsampling was conducted during the summer (July),pifeeipitation was
judged to benon-significantfor plant growthbecause of thextremely rare precipitatian summer
(Chen et al., 2003and typically no water was found to be stored withirstivéacesoil layer Fig. 2;
Thomaset al, 2008. The mtential sources gblant xylem water werddentified by employing a
Bayesian isotope mixing model, and the results are shown in Figbuethermorethe probability
densitygrapts for each endnemberwerealso indicatedyhich were superimposed on thgrapts
of their relativecontributiors to plant xylem water.Yakir and Yechieli(1995) showed thailants
may differentially utilize water fronthe soil water of differentdepths The useof potentialwater
sourcegnaybe anadaptive selection bgesertplantsto improve their stvival underthe extremely
dry climate conditions Tiemuerbiekeet al., 2018. Therefore,plant xylem water is likely to
represent mixture of different watesources.

T. taklamakanensigndicaed ashift in water use strateggmongthe different habitatdn the
Tazhongsite, thelPH: 8O ratios ofplantxylem water were similar to the values of soil warethe
soil depths 0f180i 240 cm and below 420 cm and in the layer of groundwater(Fig. 5a).
Furthermore, the contributions of shallawiddle and deep soil water and groundwater the
xylem water ofT. taklamakanensiplants were 10% (+2%), 23% (+1%), 31% (x5%) and 36%
(x2%) in this site respectively ig. 6). These results indicatéhat T. taklamakanensigrowing in
the sandy desert habitat, had water sources that origifratedthe multi-layer soil water and
groundwaterNeverthelesgjue to the extremely rare precipitation and very strong evaporatian (Fig
2), the plant covein theT. taklamakanensisabkhawas very lowthe SWC within theshallow and
middle soil layerswasextremely lowm(<1%; Fig. 4), and thus the plamtannotutilize the soil water
from the shallowsoil layer. The groundwater depth was relatively shallow 6.0 m)in the
Tazhongsite(Table 1). Groundwater can recharge the deepvstédrdue to caplhary action (Zhao et
al., 2010). Furthermore, we also found tlataklamakanensibad a developed absorption root
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system belovihe200 cm soibdepth and the root system camenextendthe soil depth obelow $0
cm (Fig 7). Therefore, wenferred that middle and deep soil waterand groundwater werée
primarywater sourcesf xylemwaterof T. taklamakanensiglantsin the Taklimakan Desert
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Fig. 6 Relative contributions of shallow, middle and deep soil water and groundwater to the xylem water of
taklamakanensiplants based othe Bayesian isotope mixing moddihe respective probability densipyoportion
plots of each possible water soufgehere thex axis represents theontribution ofeach possible water sourtte
plant xylem water(%) andthe y axis represents the frequency [%Y)e superimposed on the plots of relative
contributionsof different water sourceto the xylem water off. taklamakanensiplants. Error bars represent
standard errorsThe patcheof black, red, green and blue repent the relative contributienf shallow soil water,
middle soil water, deep soil water and groundwaténéxylem waterof T. taklamakanensiglants respectively

In the Qiemo site, T. taklamakanensisabkha were mainly distributed in the transiti zone
between the alluvial plain and the des€ht e ?H:(%80 ratios ofplant xylem water wereimilar to
the values observed for groundwater and water below the soil depth 860cm (Fig. 5b). The
contribution of deep soil water thexylem waterof T. taklamakanensiglantswas55% (+4%), and
thecontributions oshallowandmiddle soil water angroundwater wre7% (£1%), 13%(+£1%) and
25% (x2%), respectively (Fig6). This suggested thalant xylem waterwas mainly derived from
the deep soil wiar andfollowing the groundwater. Additionallyin the Qiemosite, the surfacesoll
layerhad thick salt crusidue tothe flood alluvium and evaporation in sumraed the groundwater
depth was shallow (4i5.5 m) resulting in he SWC was relatively higand the plant cover was
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alsorelatively high (50%)Thesefindingsfurther confirnedthatT. taklamakanensisainly used the
deep soil water and groundwatethis saline desertalluvial plainhabitat

[y, I \ 111
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260 ci

Fig. 7 Sketchof root distribution in the profés of differentT. taklamakanensiglants {, Il andlll) in the samdT.
taklamakanensisabkha

In the Qirasite, th e 2H:U'80 ratios ofplant xylem water werenost similar t¢dhose of soil water
below the soil depth of80 cm ig. 5¢). Moreover the contribution ofleepsoil waterto the xylem
water of T. taklamakanensiplantsaccouned for a largeproportionof water utilization, with the
percentag®f 35% (+1%), andthe contributions o$hallow andmiddle soil wateand groundwater
were 7% (+1%), 25% (+1%) and 33% (+1%), respectivelyFig. 6). In the Aral site, th e ?H:(%80
ratios of plant xylem water weremore eniched than those of groundwater, and they were most
similar to those observed for soil water below the soil dept@@tm(Fig. 5d). Thecontribution of
deep soil wateB8% (+2%) constituted the largeptrcentage ofylem waterof T. taklamakanensis
plants The contributions of shallow and middieil waterandgroundwatemwere 9% (+2%), 22%
(x1%) and 31% (+1%), respectively (Fig. 6). However, previous studies indicated thae
groundwatedepthin theQira and Arakites wa<1.0i 16.0 and 80i 10.0 m, respectivelyFan et al.,
2013;Zenget al, 2013) Li et al. (2009) showed that taklamakanensisould notsurvive wherthe
groundwater depth wamore tharl5.7 m. Furthermord,. taklamakanensisabkha were relatively
highin the Qira and Arakites(Table 1).This suggestethat deepsoil waterwasthe primarywater
sourceof T. taklamakanensis the desertoasis ecotonbabitat andthatgroundwater may also be
an essentialvater source

Since theggroundwater depttvasrelatively deepin the Qira ard Aral sites,we inferredthat soll
watercannotbe completelyrecharged by groundwatdthis result may be partially explained by the
locations of theQira and Aralsites wherethe water resource demands have been continuously
increasing such that the ayndwaterdepth may be in declineln addition, T. taklamakanensis
nabkh& were higheiin the Qira sitethanin the Aral site, and the groundwater depththe Qirasite
was deeper than that the Aral site. This also partly explagdwhy T. taklamakaneris can absorb
soil water belowthe depth o#80 cmin the Qira sitewhile absorb soil water belotlie depth o400
cm in the Alar site Thesefindings confirmed thatT. taklamakanensigan toleratethe arid
environmentFurthermore these resultssupportedour hypothesis thal. taklamakanensistilizes
the middle and deep soil water and/or groundwateand demonstratethat the roots of T.
taklamakanensisn the surface soil layer may be inactive because thfe low SWC. This
inactivationseens to be an agdive choiceof plants undedry and wateideficient conditionsn
thedeserienvironment

3.5 Implication of T. taklamakanensisiabkhas

Groundwaterand deep soil water wethe dominantwater sourcgfor the survivalof plansin the
TaklimakanDeserf where the groundwater deptangel from 3.0 to 5.0 m (Zenget al, 2013.
Most T. taklamakanensisiabkha were primarily distributed within thefringe regiors of the
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Taklimakan Desertandthe height and length of thesabkha rangel from 3.0 to 15.®M m and
from 5.0 to 50.M m (long axis) respectivelyMuhtaret al, 2002) In the study siteghe average
height and length of. taklamakanensisabkha were about3.00 and 7.@ m, respectivelyT.
taklamakanensigan grow on the high sand dunesnd primaily utilize deep soil water and
groundwater to maintain their survival ameet theigrowth needsNevertheless, as the heightlof
taklamakanensisabkh& increasd (above 130 m) andthe groundwater depth dropptrbelow
the extent of the rootg, taklamakanensisabkha@ maybegindegenerang andT. taklamakanensis
plants may die, which will intensify the desertificatigfia et al.,2004).Groundwatedepthdid not
limit their survival and growt in this study Therefore,T. taklamakanensisabkha mayreflectthe
changes in the groundwatdepthand may also act as indicatorsasfvironmental change in the
desert environment.

Horton and Clark (2001 showedthat T. taklamakanensisnay not only obtain groundwater
throughthe deep roots but alscanacquirewater fromthe unsaturated areas of s@@leverlyet al,
20(2). Grieset al. (2003)indicated thafl. taklamakanensiwas establishedy the germinationof
plant seedn thelowland zones and caralsobe established througtlonal growthin the crestsand
slopes of the sand dumé@Muhtar et al, 2002. During the filed sampling, we found that
taklamakanensig/as established througblonal growth and its taprootextended horizontally by a
certain distance and then gradually exeshdownward(Fig. 7). Furthermore, we found that the
sameT. taklamakanensisabkha severall. taklamakanensiglantswithin a certain distance shared
the samdaproot systemHjg. 7). These results also confirmed the reasons for the capability of
taklamakanensito grow on the high sand dunes

4 Conclusiors

In this study, we used the stable is@amalysisto investigatethe water use strategies of
taklamakanensiggrowing on the T. taklamakanensisabkha in the different habitats. In the
TaklimakanDeserf groundwater was recharged by ther runoff from snowmeltwaterin nearby
mountain rangesT. taklamakanensigirowing in the differenthabitatshad different water use
strategies anthey canchangetheir wateruse pattermaccording to thelimatechaacteristics size
of T. taklamakanensisabkha groundwater depth, plant cover asull texture.In thesandy desert
habitat where thesurfaceSWCwas depletedTl. taklamakanensigrimarily utilized themiddle and
deepsoil waterand groundwateln thesalinedesertalluvial plainhabitat where the SWC increased
with soil depth, T. taklamakanensisnainy utilized the deep soil wateand following the
groundwaterln thedesertoasis ecotonel. taklamakanensigrimarily utilized thedeepsoil water
andmay alsausegroundwaterThus, he potential water source$T. taklamakanensiserelargely
dependent on thgroundwater depthand specific habitas. The water usestrateges of T.
taklamakanensimirroredits adaptation talifferenthabitats in tk desrtecosystem
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