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ecosystems (Huxman et ,a2004). Ecosystems in areas witie low mean annual precipitation
are predicted to be most susceptible to projecheshge®f precipitationassociated with climatic
warming (de Dios et g§12007). The windwvater erosion crisscross region the ChineselLoess
Plateau hathe most intensiglosses ofoil and watein the world Mean anual precipitation in

this area is about 400 mrbut meanannual evaporation 81500 mm (Tang et al., 19933p
water scarcity is the primary factor limiting plant growth and survival in this ecosystem.
Large-scale coal and oil mining ke exacerbatedhe shortage of water resources dgpleing
undergroundwater sources, and some plants already have symptoms of dieback2(&f).
Understanding the influences of projectatiatiors of precipitationon thephysiology, growth

and productivity of local vegetation is therefore needed.

Plants alleviatehe threat of drought a short termby regulatingstomatal closure. Therefore,
plantswere classified intawo droughtstrategiedased on tomatalregulation i.e., isohydry and
anisohydry (Tardie@nd Simonneau1998). Isohydric plantenaintainleaf water potential Xieas)
by rapidly closng their stomataduring drought, thus decreasg stomatal conductancesf and
photosynthetic assimilation. In contraatisohydric plants decreaséear during drought, which
may increase theivulnerahlity to hydraulic failure. Aisohydricplantsoften close their stomata
later, thusmaintaining highergs and @arbon assimilatiomnder severe drouglicDowell et al,
2008. This framework has been extensively used to explain the mortdlitiyoughtinduced
trees (Adams et al.2009; Hartmanret al, 2013; Sevanto et akR014) Some experimental results
however, contradict this elaborate framework. For example, dailys decreased more for
anisohydric sunflower tharfor isohydric maize under severe water deficitardieu and
Simonneay1998. gs and photosynthesisere similarat the end of dry period forco-existing
isohydric and anisohydriglediterranean woodgpeciegQuero et al., 2011jhe same pattern has
beenreported indifferent Vitis cultivars (ovisolo et al, 2010) These results contradict the
traditional view that anisohydric species can maintain higherdenfejas exchange undsevere
drought. Marinez-Vilalta and GarciaForner(2016) found that isohydriPinus edulis exhibited
chronic embolismwhereas anisohydriguniperusmonospermdad very little embolism, refuting
the hypothesis that anisohydidpeciesare more vulnerable thasohydric species thydraulic
failure. GarciaForneret al. (208) suggestedhatiso/anisohydry irthe regulation ofYiear may be
independent ofhe dynamics ofeaf gas exchange or the degree of hydraulic or carbon limitations
under droughtnecessitatinghe measurementsf leaf waterpotentialand gas exchange together
rather tharonly inferring gasexchange or hydraulic traits from plant iso/anisohytgbavior

The long-term acclimation ofplant to limited water supplys important fortheir growth and
survival Experimental manipulation oprecipitationhas providd a way toperform controlled
studies ofacclimation undethe long-term drought, thusmproving ourunderstandingf adaptive
strategies fodifferent plants undethe projected conditions of future clir@achangeWeltzin et
al., 2003 Huang et al., 2007 Acclimation tothe long-term droughimay involvethe adjustment
of plant morphology physiology, anatomy, growth and/or carbon partitioning among organs.
Photosynthesis is one tife most crucial physiogical processemvolved inacclimation(Chaves
et al, 2002; Flexas et al2004), and the effects othe long-term drought on photosynthetic
acclimation have been studieBor example,net rate oflight-saturated assimilatiofAn), gs,
mesophyic condictanceof CO,, maximum rate of carboxylation and maximum rate of electron
transport all decreasedhen predawnYieas Was reduced by the manipulationtbfoughfallin the
evergreerQuercus ilexbut the functional relationshibetween these parameters a¥ighs were
not affectecby water treatmest(Limousin et al, 2010) In contrast A, andgs for Q. ilex from a
mesic habitat decreased more rapidlynesic tharn dry habitatdMartin-StPaulet al, 2012) A,
under full irrigation, specifideaf hydraulc conductance andear at zero assimilation in a mixed
forest in southwestern USA decreasegEipitation decreased for both pif@mdjuniper trees,
and leafgasexchange acclimated to the level of precipitation in taplcies (Limousin et al.
2013. The bngterm water stress can also invoke acclimatoggponses that decrease the
sensitivity of photosynthetic capacity to drought in xeric butinaiparian Eucalyptusspecies
(Zhou et al. 2016). These variatiors in acclimatory responses suggeshat functional
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photosynthetic acclimation maye influenced bythe climatic and soil condition®ut can also
vary among specigsopulations.

Salix psammophilaC. Wang & C Y. Yang (Salicaceag and Caragana korshinskii Kom.
(Fabacedeare two typical dediuous shrubs in the wingater erosion crisscrogggionon the
Chinesel.oessPlateau Both shrubs play important raén controlling soil erosion and blocking
theinvasionof sand.S. psammophilds importantto the energy and paper industriegereasC.
korshinskii is economically important as d&ighly productive forag shrub. Effects of the
shortterm drought on seedling water relasand photosynthesisn these two specidsavebeen
studied (Liu et al., 2007; Xu et al., 2012), but liildknown alouttheresponses ahature plarg
to the longterm droughtandvaried precipitation.Thus we conducted a manipuéat experiment
with three levels of precipitationa( control with ambient precipitatior0% above ambient
precipitation (irrigation treatme)) and 50% below ambient precipitati¢drought treatment)) on
these two shrubs to address the followithgee questions (1) are A, and gs higher in C.
korshinskiithan inS. psammophilaunder severe drouglaue tothe anisohydric behaviasf C.
korshinkii and isohydric behaviorof S psammophila(Li et al., 2016)? (2)does the
shallowrooted S. psammophilarespond more strongly thanC. korshinskii to the higher
precipitation, and is it severely inhibited under drought treatmeraf™d (3) xeric species
photosynthéically acclimae to the longterm droughtetterthanriparianspeciegMartin-StPaul
et al, 2012 Zhou et al. 2016), sodoesthe droughtesistantC. korshinskii(Ma et al., 2008; Xu et
al., 2012) photosynthetidly acclimate bettetthan the doughtvulnerableS. psammophil@a

2 Materials and methods

2.1 Study area

The studyareawas conducted in théiudaogouWatershed ofthe Shenmu County, Shaanxi
Province China (3826-3851'N, 11021'- 11023'E; 1081.0 1273.9 m a.s.), which is in a

typical wind and water erosion crisscross regiorthe ChineseLoess Plateau. The mean annual
precipitation is 437 mm, with 70% falling between July and September. The annual mean
temperatures is 8.4AC, with an anni58frostfaee c u mu |
days, total annual solar radiation of 5922 MJand mearannual sunshindurationof 2836 h

(Tanget al, 1993) The area hamainly loamy, sandy and sitammed sof. Vegetation includes

plants common in loessial and desert regidgpical woody plants are mainly treesuch as

Populus simonii and Salix matsudanaand shrubssuch asS. psammophilaC. korshinskij
AmorphafruticosaandHedysarunscoparium

2.2 Experimental design

Two adjacentstandsof healthy and uniformlygrowing S. psammophilaandC. korshinskiion the
flat top of a slopen the watershed wergelectedas experimental sisePlantsat the sitehadbeen
planted 30 yearago atthedensities of 160@nd2100individuals/hn? for S. psammophilandC.
korshinskij respetively. The soil atthe sites was classified agpical sandy soil. The average
canopy size and height weser1(#.14) and 3.04(#.07) m for S, psammophilaand1.78(#0.08)
and2.24(#.21) mfor C. korshinskij respectively.

The experimeral design consisted ofnine randomly arranges0 n? plots with three
replicatesof threetreatmentgperstand. The treatments we(&) an ambientontrolthatreceived
anormalamount ofprecipitation (2) a drought treatmenwith 50% lessprecipitation,and @) an
irrigation treatmenwith 50% moreprecipitation. We selected thelower and higher amountsf
precipitation based on mean annual precipitatiothénlast30 a andon the precipitation gradient
(200 600 mm)within the distribuion of the two shrubs orthe ChineselLoess Plateau. Fdhe
drought treatment, 50% of theorecipitation was divertedby transprent \Ashaped troughs
mounted ora steeframe at an interval of 20.0 cm. The steel frame was 2.5 m above the canopy
and was supported by ten steel pofiach post was inserted 0.5 m into the soil and fixed by
concrete The interceptedprecipitation was collected and diverted by a PVC trough beside the
frame and was stored in karge tank and filtered for use asthe irrigation water The
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photosynthetic pbiton flux density at the canopy positiarasgenerally 909%95% of thatin the
control, and grourdevel temperaturavas 1€ 14€C lower during the growing seasoifror the
irrigationtreatment, water was delivered from the tank usipgrap driverby asolarpanelafter
a rainfall eventwith eight equally spaced sprinklemsountedabout2.5 m above thecanopy
Precipitation <5 mm was notcolleced by the troughs, so onlgppoximately 45% of the
precipitationwas diverted for applicationnderthe irrigation treatment Vertical asbestosheets
were buried t@ depthof 60 cm between plots testrictthe lateramovemenof waterin shallow
soil. Three neutrogprobe access tubes weriastalled toa depthof 3 m in each replicatéor
periodicallymonitoling soil moisture.The experimental setups wenstalledon 11 May 2014 for
C. korshinskii and 21 May 2014 forS. psammophila and no rainfell between the two
installations

Three representative plants centrally located within @éathwere selected asrge shrubs for
measuring physiological parameter¥iar, gas exchange and leaf area ind@Al) were
determinedor these27 plants of each specieduringthe growing seasons in 2014 and 2015, and
foliar dry mass peunit area and foliad'3C were measurecnly during thegrowing season in
2015.

2.3 Environmental variables

Environmentalvariables were continuously monitored a nearby field microclimét station.
Solar radiation(Rs) was measured usingin Apogee20 PR¥ pyranometer (CS300Apogee
Instrumens Inc, Logan, USA), air temperature and relative humidRiH) weremeasured using
a emperature and Rhprobe (HMP155A, Vaisala Com., Helsinki, Finland), wind speed was
measured using eaamemometef(Met One Met One Instrument, InCOR, USA) and precipation
was measured using tippingbucket rain gauge (TE525MMexas ElectronigsTexas, USA).
Data weraecorded on CRIID data loggers (Campbell Scientific, Shepshed, e¥dry 10 s, and
averages or totals were stored every 10. aporpressure defiti(VPD, kPa) was calculatems
the difference between saturated vapor pres&jraiid actual vapor pressum)( wherees (Pa)
was calculated using the Murfajormula (Murray, 1967):

e=610.7 1(7-5/(t+237.3) M
es—RHxey100, 2
wheret is the temperature ); and RH is the relativeumidity (%).

2.4 Measuremens of Yiearand soil moisture

Predawn(Ypq) and midday(Ymd) Yiear Values were measuredon sunny days at about 20 d
intervak during the growing seasamin 2014 and 2015 using a pressure chamb&ig 1000,
PMS Instruments, Corvallis, USAYwo to three healthy mature leaves currentyear twigs
from the soutkacing side of eachlant (6 9 leaves per plot) were measu@deach mesuring
date. Leaves fothe Y,q and Ymg measurements were collectedthe same dagat 05:00 06:00
(LST, local standard time) and 12i0G}:0Q respectively

Soil moistureat a depthof 0.2'3.0 mwas measured ieach block aR0-cm intervalsusinga
neuron probe (CNC 503, Beijing Chaosheng Technology Co. LTBeijing, China)
approximatelyevery three weeks. Theeutronprobe was calibratl in situ by saturating the
ground near the experimental sind periodically measuringsoil moistureusing both netron
probe andyravimetricmethod at different depth¥he relationship between probe and gravimetric
measurements was usedirtfer soil moisture Soil surface (020 cm) moisture was measured by
gravimetric method.

2.5 Measuremens of gas exchange, masper unit area andd**C of leaves

We measured two parametersleéf gas exchangei, and gs, usinga portable gasexchange
system (L6400, LiCor Inc., Lincoln, USA)pn two matureeavesof currentyear twigsfrom the
southfacing side ofthree plantsper block and speciesand on the same dates thdfear was
measuredA, andgs were measured fro9:00to 12:000n a sunny dayyith the light source set
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to a saturatingphotosynthetic photon flux density @800€mol/(n?s), andambient temperature
relative humidity anémbient CQ concentratiorwere 7.4£ 127.2C , 14.1%i 62.8% and376i 402
nmol/mol, respectively, depending on theeasuementdateand time ofthe day. At the end of
each measurement, the leaves es@dbin thechamber werecollected for determining their
projectedareasthat wereimaged on a flatbedcanner and measured using ImageJ software (US
National Institutes oHealth, Bethesda, USA

After the measurement @fas exchangesamples of leavewere pooledon 29 May and 24
August 2015 withthe other mature leavesollected fromcurrentyear twigsfor measuringeaf
mass pemnit area (LMA) and foliar d**C. The leaves werevendried at75C for 48 h for
determinng dry mass.LMA was calculated ashe ratio of dry mass to projected ar&ound
dried leaveswere analyzed ford*C using a continuoudlow isotope ratio mass spectrometer
(DeltaPlus, FinnigarGermany)d*C was calculated a®llows:

dlSC:(RsampIJRstandar;ﬁ 1)X1000, (3)

whereR is the isotope rati¢**C/*?C); and Rsampieand Rstandarg@re the isotopeatios of the sample
and standard, respectively. The isotope valaes expressed in delta notation relative to the
VPDB (Vienna Peedee Belemnijestandard The standard deviation for replicate analyses was
0.3 .

2.6 LAI

LAl was monitoredfor three plants in each replicatétbck using a LAI-2200 Plant Canopy
Analyzer (LI-COR Bioscienced.incoln, USA). Three measurementsom three directions, at
intervals of 1207 were taken dtalf of projected canopy sizetweer05:30 and 08:00n a sunny

day These measurements wégiken thredimesin each growing season.

2.7 Data analyses

Effects of treatmerston soil moisture, Ypg, Ymd, An, gs, LMA, d**C and LAI on each sampling
date were tested usingneway analysis of varianceANOVA), with individual plots asa
replicate (=3) for each speciedA Tukey post hoc test was ustaidentify differences among
treatmentsvhen anANOVA identified a significant effectThe differencesbetween speciesf
Ypd, Yma, An andgs for each treatment durirtpe growing seasorin 2015were detected using an
independentt-test. Analysis of covariance (ANCOVA)was used to comparene regressions
betweengs andA,, between VPIandA, or gs, andbetweenY,q and A, or gs amongtreatmentgor
eachspecies We modeledthe sensitivities othe gas exchange parametersMBD and Ypq as
follows:

y=1minVPD+n, 4
wherem is the sensitivity of Anor gs to VPD; and n is the corresponding value &%, or gs at
VPD=1 kPa(Orenet al, 1999, and

y=ae™, 5)

wherex is the Ypg; b is the sensitiviy of A,or gsto Yyg, andais the corresponding value &f or
gs when x is close to 0 (Zhou et al.,, 2016). Standard major axis was used to compare the
difference ofm or b between speciassing SMATR (Standardied Major Axis Tests and Routings
2.0 software(Falster et al., 206).

3 Results

3.1 Climatic variablesand soil moisture

Mean anual precipitation was 439.2 mim2014and 388.4 mnin 2015,andprecipitationduring
thegrowing season was 37318n in 2014 an®05.6 mmin 2015 (Fig. 1) When he precipitation
values during the growing season dodthe entireyear in2014and 2015were compared with
the correspondingalues ofthe multiyeais (1980 2014), we found that precipitatiomalueswere
almost the same as means of muétarsin 2014, but 65nm lessfor the growing season and 45
mm less for theentire yearin 2015 indicating that 2014was a normal year buR015 was a
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Fig. 1 Seasonal variatianin precipitation, solar radiation and vapor pressure deficit (VPD) during the growing
season# 2014 (a) and 2015b)

relatively dryyear.Meandaytime VPDwas higher in 2015 (1.46 kPa) tham2014 (1.24 kP3,
but mean dailysolar radiation(20.7 MJ/(mdxd) in 2014 and 20.34J/(mPd) in 2015 did not
significantly differ betweerthetwo growing seasons

Soil moisturefor all treatments was lower 2015 than in 2014 for botlpscies(Fig. 2), as
expectedSoil moisturewas relatively lowunderall treatmentsat the end of June and August in
both years, corresponding te low precipitation duringheseperiods. Thetreatmentdid not
significantly dfect soil moistureat the end of June and August for both spediEsvever, soil
moisture significantly changed in the other montBsil moisture for S. psammophilawas
generallylower under drought treatment and higher under irrigation treatiti@mthe control
duringthegrowing seasoim 2014andrainy seasoin 2015, no difference of soil moisture among
treatments at the end of growing season in 2014 and dry season in 2015 may be related with leaf
exceptin Juné August in 2014vhen soil moisture undedrought treatment was not significantly
decreased compared to the confftle result might be explained by the fact thatakperimental
setupwas installed in the near term

Salix psammophila Caragana korshinskii
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Fig. 2 \Variations of soil moisturewithin 1.0 m soil depth forSalix psammophila (a and c)and Caragana
korshinskii(b and d) under different precipitation treatments in 2014 and.Zdrs are standard erromrs=3. *
and ** indicatesignificanceamong threg¢reatmentsat P<0.06 andP<0.01levels,respectively.



LI Yangyanget al.:Responses of leaf watpotentialand gas exchange tbe precipitation manipulatioé

3.2 Leaf waterpotential

Ypda for S psammophiladuring the growing seasons2014 and 2015 generally rangedm1 0 . 1
to1 0 MBa,exceptfor at the end of June, whe¥yqwasthe lowest{ 1 OMP6a i n 2014
MPa in 2015Figs. 3a and b. Y4 for S. psammophilavassignificantly affected by the treatments
on two of the nine samplindates m 2014 P<0.05 Fig. 3a) and on fiveof the elevensampling
datesin 2015(P<0.05;Fig. 3b). Ypdfor S. psammophilaisuallyresporledmoreto irrigationthan
drought treatmengspecially on the dates whek,q was significantly affected by the treatment

Salix psammophila Caragana korshinskii
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Fig. 3 Variatiorsin predawn( Ypd) and midday( ¥'md) leaf water potentialfor Salix psammophilga, b, e and f)
and Caragana korshinski{c, d, g and hunder different precipittion treatments during the growing seasims
2014 and 2015. Bars are standard efror8. * and ** indicate significance among three treatmentB<Q.05
andP<0.01levels,respectively.
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(Figs. 3a and b; Table 1)Yyq for C. korshinskiiranged fromi 0 to3 1. 3 MPa dur i
growing seasonsnd Y4 for C. korshinskiiundercontrol andrrigation treatments was relatively
stable throughoutthe growing seasons inboth years but Y,q under drought treatment
significantly decreaseduringthe late growing seasoriin bothyears(Figs. 3c and §. Seven of the
twelve Y,q measurements in 201ahd all tenof the measurements in 201%ere significantly
influenced by the treatmen(P<0.05. Y4 wassignificantly lower under drought treatment and
higherunder rrigation treatmentduring the growing seassin 2014 and 201%speciallyon the
dateswhen Ypq was significanly affectedby the treatmerst (Figs. 3c and d; Table 1)

Yma for S psammophilaangedfrom 7 0 tof 1.6 MPaduring the twogrowing seasons and
decreasedduring the late growing seasom 2015 (Fig. 3e and ). Three of the nineYmq
measurements 2014and fourof the elevenmeasurements 2015were significanty affected
by the treatmentsP&0.05. Ymd was lowerunder drought treatment in 2014 ahiher under
irrigation treatment in 2015 compared with tleentrol on the dates whenthe treatmerst
significanty affected Ymd (Figs. 3e and f; Table 1)Ymg for C. korshinskiirangedfrom1 1 to3
12.8 MPa during the two growing seasongFigs. 3g and k. Three of thetwelve Ymg
measurements in 201Mere significantly affected by the treatme(®s0.05. Nine of the tenYmg
measurements in 20Mere significantly affected by the treatmeiP<0.05) with the highest
Ymda underirrigation treatmentand thelowestunderdroughttreatmen{Fig. 3h; Table 2

Table 1 Number of days with significant treatment effects for irrigation and drought treatmbeh compared
with the controffor Salix psammophilandCaragana korshinskiduringthe growing seasoris 2014 and 2015

Salixpsammophila Caraganakorshinskii

Variable Irrigation Drought Irrigation Drought
2014 2015 2014 2015 2014 2015 2014 2015
Yo 1(+) 4(+) 1() 1(-) 9,1 3(+) 9(+) 7() 10() 12,10
Ymd 0 4(+) 3() 2()y2(+) 9,11 2(#) 8(+) 2() 9() 12,10
An 0 3(+) 1() 2() 8,8 0 6 (+) 0 6(-) 10, 8
s 2(+) 3(+) 0 1(-) 8,8 0 4(+) 0 5() 10,8

Note: Ypg and Ying were predawn and midday leaf watpotentialstespectively,A, and gs were light-saturated net assimilaticand
stomatal conductanceespectivelyN was the measuring times in 2014 and 2015. gdmtive (+) signs indica¢ theincreases anthe
negative(-) signs indica¢ thedecreasesf the number of days

Table 2 Averaged leaf water potentlahnd gas exchange parametérs Salix psammophilaand Caragana
korshinskiiduring thegrowing seasorin 2015

Salix psammophila Caragana korshinskii

Variable
Control Irrigation Drought Cortrol Irrigation Drought
Ypa(MPa) 70.30 70.27 (10.00) 710.34 {13.33) 10.65 70.50 (23.08) 70.91 {40.00)
Yma(MPa) 11.09 70.97 (11.01)  71.09 (0.00) 7211 11.93 (8.53) 12.51 {18.96)
A, (mmol/(m?s)) 13.85 16.71 (20.65) 12.16 {12.20) 16.24 21.66 (33.37) 11.33 (30.23)°
gs(mmol(m?s)) 119.00 142.50(19.80) 106.10{(10.85) 116.00° 159.20 (37.25) 75.80 {34.66)

Note: Y,q and Ymg werepredawn and midday leaf water potergjabspectively, and @remeasured for 11 times ®Balix psammohila
and 10 times irCaraganakorshinskii A, andgs werelight-saturated net assimilation and stomatal conductance, respectivelyeand w
measured 8 times for both species. The numbers within parentheses are the percentage increase relative to \thleieonitbl
positive valueindicatingincrease and negativalue indicatingdecrease” and" indicate significance between two specie$«0.05

andP>0.05 leves$, respectively.

Yod and Ymg were generallylower for C. korshinskiithanfor S psammophd in both years
(Fig. 3; Table 2). There was no significant correlation betwEgrand Ymq for S psammophila
(Fig. 48), but Y,q was positively correlatedwith the waterpotential gradien{ &5, Ypd Ymd,
P<0.05 Fig. 4b). Y,q waspositively correlatedvith Ymq for C. korshinskii(P<0.05;Fig. 4¢), but
Ypd Was not significantly correlated with theaterpotential gradient (Figdd).

3.3 Leaf gas exchange
Parametersf leaf gas exchang®r S. psammophilaseasonallyfluctuated,with A, andgs much

ng
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Fig. 4 Relationshipsof predawnleaf water potentia( Ypd) with midday leaf water potentia(Ymd) and water
potenti alyY, Y ¥ ifoe Balix psagpmophilda and b)and Caragana korshinski(c and d)under
different precipitation treatment&ars are standard erro@ata from 2014 and 2015 were pooled togetlrer
whichn=9 in 2014 and 11 in 2016r S. psammophilaand 12 in 2014 and 10 in 2015 ©r korshinskii

lower at the end of June ar mid-to-late August during the twgrowingseasons (Fig. 5These
decreasesorrespondd tothe lower precipitation and soil moisture duritigeseperiods (Figs. 1
and 2). Only one A, and two gs of the eight measurements tfaf gas exchange foB.
psammophilan 2014 were significantly affected lilye treatments®<0.05; Figs. 5a and bour
An and threggs of the eight measurements in 20d/8re significatly affected by the treatment
(P<0.05; Figs. 5¢ and dA, and gs respomed moreto the irrigation treatmendn the samphg
dateswhen the treatment had significant efie¢Figs.5a and d;Tables 1and 3. A, for C.
korshinskii peakedin mid-to-late August during the two growing seasonsTreatments did not
significantly affectA, or gs in 2014 (Figs. 5e and)t All eight A, and gs measurementsvere
significantly affected by the treatmearih 2015(P<0.05),with the highestA,andgs values under
irrigation treatment, followed by the control atitk lowestunderdroughttreatmentFigs. 5g and
h; Tabes1 and 2.

An andgs for both speciesesponded tgrecipitation manipulatiomorein 2015thanin 2014
(Fig. 5). An andgs during the growing seasotin 2015 were higher forC. korshinskiithan forS.
psammophilaunder irrigation treatment, bé, was similarandgs wasevenlower thanthat of S.
psammophilaunder drought treatment (Table 2), indicatitmgt C. korshinskiidid not have a
higherphotosynthét capacity thars. psammophilaunder severe droughthe responseattern
and magnitudef A, andgs to precipitation manipulatiodiffered between the two speciés and
gs for S psammophilalearlyrespomled to irrigationbut seldomto droughttreatmaent. In contrast,
An andgs for C. korshinskiiresponded strongly to bothrigation and droughttreatmentgelative
to the control (Tables 1 and 2). Thesponsemagnitude of both irrigation and drougheatments
was largerfor C. korshinskiithan forS. psammophilgTable 2).Precipitation treatments did not
affectthe linear relationship betweéf andgs for these twaspecieqFig. 6).

3.4 Sensitivitiesof leaf gas exchange t&/PD and Ypd
TreatmentandVPD or Y4 did notsignificantly interact withA, andgs for either speciesP&0.05)
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Fig. 5 \Variatiors in lightsaturated net assimilatioA{) and stomatal conductanag)(for Salix psammophiléa,

b, ¢ and dyand Caragana korshinski{e, f, g and hunder different precipitation treatments durimg growing
seasonén 2014 and 2015. Bars are standard ernoe8. * and ** indicate significance among three treatments at
P<0.05 andP<0.01levels,respectively.

in the ANCOVA, so the relationshipbetweenA, and VPD or Yy4, gs and VPD or Y,q did not
differ amongthe treatmentsWhen we pooled togethethe data from all treatments, leafas
exchangelecreasg with increasingVPD and Y4, anddecreasedaster forS. psammophilghan
for C. korshinskii(P<0.05; Figs. 7 and 8)ndicating ahighersensitivty of gas exchange to VPD
and Y4 An andgs werethe highestat Yp=1 0.2 MPa forS psammophilaand atY,=10.4 MPa
for C. korshinskii Y,q at a 50% loss of maximunf\, was1 0.39 MPafor S. psammophilaand
11.25 MPafor C. korshinskij with a correspondig Y,q at a 50% lossof maximumgs of 1 0.42
MPafor S psammophilaand1 1.21 MPafor C. korshinskii Ypq corresponding to 50% lossof
maximumA, and gs was lower forC. korshinskiithan forS. psammophilasuggeshg thatthe
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photosynthetic apparatuswas more resistant todrough for C. korshinskii than for S
psammophila
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Fig. 6 Relationship betweetight-saturated net assimilatiol’A{f) and stomatal conductances)( for Salix
psammophilga) and Caragana korshinskif{b) under different precipitatiorréatmentsBars are standard errors
Data from 2014 and 2015 were pooled togetimewhich n=48 forS. psammophiland 54 forC. korshinskii
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Fig. 7 Relationshipg of light-saturated net assimilatio{) and stomatal conductanced with VPD (vapor
pressure deficitjor Salix psammophiléa andb) andCaragana korshinskifc and d)under different precipitation
treatmentsBars are standard errorBata from 2014 and 2015 were pooled togetherwhich n=48 for S.
psammophilaandn=54 for C. korshinski.

3.5 LMA, d**C and canopy LAI

Leaf d**C and LMA for S. psammophiladuring the growing seasoiin 2015were significantly
affected by thereatment{P<0.05) with d'3C and LMA lower under irrigation treatmetttan the
control. Treatmentshowever,did not significantly affectd**C or LMA f or C. korshinskii(Table
3). Drought significantly decreased LAdr S. psammophilan 2015 andor C. korshinskiiin both
two seasonsandirrigation increased LAfor C. korshinskiiduring the middle growing season in
2015 (Fig. 9).
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Fig. 8 Relationship of light-saturated net assimilatiol\{) and stomatal conductanced with predawn leaf
water potential {pd) for Salix psammophilga and b)and Caragana korshinskiilc and d)under different

precipitationtreatmers. Bars are standard erroiBata from 2014 and 2015 were pooled togethrewhichn=48

for S. psammophilandn=54 for C. korshinskii

Table 3 Leaf mass per area (LMA) and!3C for Salix psammophilaand Caraganakorshinskii during the
growingseasorin 2015

) LMA (g/m?) d*Cc( a)
Species Treatment
May August May August
Control 74.332.03 123.055.40 124.8:0.12 i 25.6t0.2°
Salix Irrigation 61.113.37 99.119.89 i25.4¢0.1° i26.0£0.1°
psammophila
Drought 72.00:2.08 125.0%10.7 725.0:0.3° 125.2+0.12
Control 63.3%1.68 104.3@2.79 125.2:0.1 126.2:0.4
Caragana Irrigati . .
o rrigation 61.77%2.92 104.731.37 125.5:0.4 125.7+0.3
korshinskii
Drought 59.42:1.23 89.92+3.48 124.%0.2 125.9%0.1

Note:MeaniSE,n=3. Different lowercase letters indicate signific@ among different treatmentsRa0.05 level.

4 Discussion

4.1 Strategies of stomatal regulation and carbon assimilation in two shrubs

S psammophilas an isohydric plant, whereds. korshinskiiis an anisohydric plantbased on
seasonal changes iHia, daily stomatal regulaty capacity and stem hydraulic vulnerability
(Dong and Zhang, 2001; Jiang and Zhu, 2001; Xu et al., 2012; Li et al., 2016). Seasonal
fluctuations in Ypa and Ymg for S psammophilawere small and Ypq and Ymg were rot
significantly affectedby droughtand correlatedor most samphg dates(Fig. 3). Ypd and water
potential gradént were significantly correlated suggestingthat S. psammophilacould
maintainypq and adjustedts water potential gradient when soilvater potential dcreasd,
behavingas a typical isohydric plan{Tardieu and Simonnead 998 MartinezVilalta and
GarciaForner 201§. In contrast, seasonéllictuations inYpqs and Y'mg and the effects adrought
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Fig. 9 Leaf area index oBalix psammophilda) and Caragana korshinski{b) under different precipitation
treatments during the growing season2014 and 201%Bars are standard errors;3. Different lowercase letters
indicatesignificant differenceamong differentreatments aP<0.05level.

on Ypd and Ymg Were larger for C. korshinskii than for S. psammophila(Fig. 2). The linear
regression betweekl,q and Y'mg was significantput Ypg was not significantly correlated with the
water potential gradienfor C. korshinskij suggesting that'mq decrease@ssoil water potential
decreaseand that this shrub behavesks an anisohydric plantTardieu and Simonnead998
MartinezVilalta andGarciaForner 2018§.

An and gs were higher forC. korshinskiithan forS psammophilaunder irrigationtreatment
perhaps due to thiigher leaf N content (1.84% f&@. korshinskiiand1.05% forS. psammophila
of this leguminousspecies A, was similar forC. korshinskiiand S. psammophilaand gs was
lower for C. korshinskiithan forS. psammophilaunderseveredrougt (Table 2),inconsistent
with the higher A, and gs for anisohydric than for isohydric plants undetremedrought. This
pattern has been reportddr various crops, woody species ardtis cultivars {Tardieu and
Simonneay 1998 Lovisolo et al, 201Q Quero et al., 201}l further suggesting that
iso/anisohydridbehaviorbased orthe regulation of Yiear may bedifficult to associatewith their
gas exchangbehavior(MartinzeVilalta andGarciaForner 2016).

4.2 Responss of Yiearand gas exchange tprecipitation manipulation

The parametersof Yiear and gas exchangéor both shrubs responded to thecipitation
manipulation but the pattemmof resporse differed between the two specidde responseof S.
psammophilato irrigation and drought treatmeist was asymmetrical. Ypq, An and gs for S
psammophilawere higherunder irrigation treatmentthan under the control but were similar
between dought and control treatments.Ypd, Ymg, An @and gs for C. korshinskiiall responded
symmetrically to irigation and drought treatmerst All these variables were higheunder
irrigation treatmentand lower under drought treatmenthan underthe control (Figs. 3 and 5;
Tables 1 and 2 Thesedifferent patternsof respose between the two shrubsay bedueto the
hydraulic constraints, especially root distribution @hdacclimation of water uptakiey roots.

S. psammophilahas shallow roots, with roots not exceeding 1.5 m, buhe roots spread
horizontaly by up to3-fold of the canopy sizeThis root configuration réscts S, psammophila
to watersuppliesin shallow soil (Liu et al., 2010%0 Yiear and gas exchander this species are
very sensitive tdrrigation. Stronger stomatal regulation ithe isohydricS. psammophilamay
have limited responsesof Yiea, An and gs to drought on most of the measuring datesC.
korshinskiihas ataproot system with dense lateral ro@sdroots canreach deeper tha.0 m
for 121 15yearold plants (Niu et al., 2003)A hydrogen isotope experiment in the Ulanbuh
Desertfound thatC. korshinskiimainly acquiredwater from deptiof 0i 30 and 6090 cmduring
late autumn (Zhu et al., 2010), suggestitimat its root systemtook up water fromboth shallow
and deep layersThis versatilestrategy for acquiring water likely accounts fbesymmetrical
patterns of the resporsef Yiear, An andgs to irrigation and drought treatments. The asymmetrical
patternof response oS psammophilao the water treatmenigs our study was similar tadhe
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patternin the isohydric P. edulisin southwetern USA, whereas theymmetrical pattemfor C.
korshinskii differed from that for anisohydricJ. monosperma(Limousin et al., 2013) The
photosyntheticcapacityof J. monospermavas similar in irrigation and control plots and was
significantlylower uncer drought treatment (Limousin et al., 201Bhese differences iresponse
to precipitation manipulatiobetween two anisohydric species maydoe to a greateelianceon
deep soil water id. monospermahanin C. korshinskii

C. korshinskiirespon@d more strongly tha8. psammophilao the precipitation manipulation
outperformedS. psammophilaunder irrigation treatmentand was severely inhibited under
drought treatment (Table 2). Leaf N contentwas hgher for C. korshinskii than for S
psammophd due to its functiorof fixing N, which may help toincrease photosynthetic capacity
under irrigation inthe nutrientlimited areaThehigh infiltration capacity ofthe sandy soils athe
sites may also have allowedainwaterto quickly infiltrate to deg soil, which wouldbe difficult
to accesdy the shallowrootedS. psammophilaOur previousdatafor the growth of these two
shrubs (Ai et al., 2017) also demonstratkdt seasonalncrease inaboveground biomassas
larger for C. korshinskiithan for S, psammophilaunder irrigation treatmentut smallerunder
droughttreatment supporting the validity obur datafor gasexchangeThe greater plasticity of
Yieatand gas exchangder C. korshinskiimay increase its fithess in highly variable environments
partly contributing tothe wide distribution of this species on the Chinese Loess Plal&éau.
stricter stomatal regulation armdore conservativeesponseof gas exchange to drougfdr S.
psammophilahowevermay increase its adaptation in droughtidesert arem sothe two shrubs
may havdlifferent strategiefor adaping to a longterm drought.

4.3 Acclimation of leaf gas exchange to the lorigrm alteration of water supply

The sensitivies of leaf A, andgs to VPD or Y,q did not differamong thetreatmentdor either
species suggestingthat VPD and precipitation manipulationdid not alter the functional
relationship between leaf gas exchange and water sirieese findings areonsistenwith those
reportedfor theevergreertreesQ. ilex andArbutus uneddan a MediterranearMacchia ecosystem
(Nogué and Alegre, 2002 Ripullone et al., 2009;Limousin et al., 2010; Mission et al., 2010),
suggestingthat two years of variationn soil moisturedid not acclima¢ photosynthetic gas
exchangen the pgants Studies ofQ. ilex across gprecipitation gradientMartin-StPaulet al.,
2012, pifon and juniper treesinderprecipitation manipulatioin southwestrn USA (Limousin
et al, 2013) andxeric EucalyptusspeciegZhou et al., 2016)however, have repted acclimatory
responses in the sensitivity of photosynthetic capacity atolongterm drought. These
contradictions among studiemay bedue to the differences inspecies developmental stage
(seedling saplingandmature tregand degree of water stees

Longterm structual adjustment maxlleviatethe effects of drought on photosynthesis gand
(MasedaandFernandez 2006. The treatmentsf precipitation manipulatiomfluencedLMA for
S psammophilawhich was lowerunder irrigation treatmenihe higher photosynthetic rate and
lower integrated wateuse efficiency (lowerfoliar d'3C) for S. psammophilaunder irrigation
treatment than undethe control may therefore bepartly attributed tothe changesin foliar
structural propertiesLeaves witha lower LMA generally have higher rats of A, and lower
wateruse efficientes (Lamont et al., 2002Gulis et al., 2003 LMA for C. korshinskiiwas not
significanty influenced by thdreatments, so the respoesd leaf gas exchange tbeirrigation
anddrought treatmestwere likelydue tofactors other thathe alteration of foliar structure. LAI
was significantlylower underdroughttreatment thamnderthe cortrol for both shrubs and/as
partly higher under irrigation treatment in 201(Fig. 8), indicatingan acclimatory responssf
canopy structureChanges tdnydraulic conductance in segilant systera may beresponsibldor
alteredleaf gas exchangia precpitation manipulation(Ripullone et al., 2007; imousin et al.
2013; Zhou et al., 2026 so foliar and canopy properties may seagepotentiakregulabrs of
water uptakeby roots and hydraulic transport, possibbffecing photosynthesisn these two
shiubs.

Finally, this study identifiedhe behavior of maturghrubsin a natural environmetih response
to projected variationin precipitation,but our experimentsvere conducted onlyfor two years
Long-term experiments are thus needed to characténzalrought resistance and resilience of
thesefragile ecosystems to projected climate change.
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5 Conclusions

Two consecutiveyearsof precipitation manipulatiodid not alter the strategyf stomatal control
in the two shrubs A, was similar forisohydric S. psammophilaand anisohydricC. korshinskij
andgs waseven highefor S. psammophilaunder severe droughpconsistent with the viewhat
An and gs under extreme drougtare higherfor anisohydric plantsParameterof Yiear and gas
exchange Ypa, Ymd, An andgs) for S psammophilavere most strongly influenced birigation
treatmentand for C. korshinskii were significantly influenced by both irrigation and drought
treatments Yiear and gas exchangegere more plastito irrigation and drought treatmts for C.
korshinskii Precipitation manipulationlid not alter the sensitivity of leaf gas exchange to VPD or
soil moisture ineither speciesAcclimation to changem soil moisturefor the two species was
primarily due tothe changes in foliar structar(e.g, LMA) and/or canopy structuree(g, LAI)
rather than photosynthetic gas exchangesg&fiadingsmay be useful fomodelirg watercarbon
exchangen canopy and elucidatinghe adaptive strategies of these two shrubfutare changes
in precipitaton.
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