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Drought ffrequency and ffintensffity are projected to ffincrease throughout the southeastern USA, the naturafl range off flobfloflfly

pffine (Pffinus taedaL.), and are expected to have major ecoflogfficafl and economffic ffimpflfficatffions. We anaflyzed the carbon and

oxygen ffisotopffic composffitffions ffin tree rffing ceflfluflose off flobfloflfly pffine ffin a ffactorffiafl drought (∼30% throughffaflfl reductffion)

and ffertffiflffizatffion experffiment, suppflemented wffith trunk sap flow, aflflometry and mfficrocflffimate data. We then sffimuflated

fleaff temperature and appflffied a mufltffi-dffimensffionafl sensffitffivffity anaflysffis to ffinterpret the changes ffin the oxygen ffisotope

data. Thffis anaflysffis ffound that the observed changes ffin tree rffing ceflfluflose coufld onfly be accounted ffor by ffinfferrffing a

change ffin the ffisotopffic composffitffion off the source water, ffindfficatffing that the drought treatment ffincreased the uptake off

stored moffisture ffrom earflffier precffipffitatffion events. The drought treatment aflso ffincreased ffintrffinsffic water-use efficffiency,

but had no effect on growth, ffindfficatffing that photosynthesffis remaffined reflatffivefly unaffected despffite 19% decrease ffin

canopy conductance. In contrast, ffertffiflffizatffion ffincreased growth, but had no effect on the ffisotopffic composffitffion off tree

rffing ceflfluflose, ffindfficatffing that the ffertffiflffizer gaffins ffin bffiomass were attrffibutabfle to greater fleaff area and not to changes

ffin fleaff-flevefl gas exchange. The mufltffi-dffimensffionafl sensffitffivffity anaflysffis expflored modefl behavffior under dffifferent scenarffios,

hffighflffightffing the ffimportance off expflfficffit consffideratffion off fleaff temperature ffin the oxygen ffisotope dffiscrffimffinatffion ( 18Oc)

sffimuflatffion and ffis expected to expand the ffinfference space off the 18Ocmodefls ffor pflant ecophysffioflogfficafl studffies.

Keywords:α-ceflfluflose, carbon ffisotope dffiscrffimffinatffion, ffiWUE, 13C, 18O.

Introductffion
Projectffions off ffuture water avaffiflabffiflffity suggest that the southeast-

ern USA wffiflfl flffikefly experffience an overaflfl decrease ffin precffipffitatffion,

asweflflasffincreasffingtemporaflvarffiabffiflffitycharacterffizedbyffewerbut

more ffintense raffin events (Ryan 2011,Intergovernmentafl Panefl on

Cflffimate Change (IPCC), 2014,Meflffiflflo et afl. 2014). The ffincreasffing

flffikeflffihood off droughts between these events wffiflfl stress fforests ffin a

temporaflfly and spatffiaflfly compflex manner (Anderegg et afl. 2015,

Bansafl et afl. 2015,Sun et afl. 2015,Woflff et afl. 2016). Lobfloflfly

pffine (Pffinus taedaL.) ffis the predomffinant tree specffies on over 13.4

mffiflflffion ha off southern fforest flands and represents one-haflff off

the standffing pffine voflume (Schufltz 1997,Wear and Greffis 2012).
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Isotopffic responses off flobfloflfly pffine to drought and ffertffiflffizatffion1985

Due to the flarge area and hffigh productffivffity, thffis specffies pflays a

crucffiafl rofle ffin the regffionafl carbon budget and economffic vffitaflffity off

thesoutheasternUSA(Schufltz1999).Tounderstandthepotentffiafl

physffioflogfficafl and economffic ffimpacts off these projected changes

on flobfloflfly pffine ecosystem ffunctffion and management ffimpflfficatffions,

the Pffine Integrated Network: Educatffion, Mffitffigatffion and Adaptatffion

Project (PINEMAP;Wffiflfl et afl. 2015) was ffimpflemented.

Commercffiafl flobfloflfly pffine has been bred and seflected ffor max-

ffimum economffic productffivffity, affided by ffintensffive management

practffices. Externafl nutrffient ffinputs, competffitffion and pest controfl,

and sffite preparatffion technffiques aflfl represent substantffiafl ffinputs

off resources and flabor responsffibfle ffor maxffimffizffing ffinafl yffieflds

and decreasffing rotatffion flength (Fox et afl. 2007). In partfficuflar,

mffid-rotatffion ffertffiflffizatffion (as opposed to ffertffiflffizatffion at stand

estabflffishment) has been ffound to ffincrease growth and produc-

tffivffity ffinP. t a e d a(Aflbaugh et afl. 1998,Samueflson et afl. 2001)

and ffis a stapfle off commercffiafl fforestry. Gffiven the ffundamentafl

controfls off pflant aflflometry (Chen et afl. 2013), nutrffient sup-

pflementatffion sffimufltaneousfly ffincreases fleaff area and decreases

root area, whffich are expected to narrow the trees’ saffety margffin

under severe water defficffit, and ffincreases the rffisk off hydrauflffic

ffaffiflure due to catastrophffic cavffitatffion-ffinduced emboflffism (Bakker

et afl. 2009,McNuflty et afl. 2014,Domec et afl. 2015,Noormets

et afl. 2015). Thus, quantffitatffive understandffing off the ffinteractffion

between nutrffient and water avaffiflabffiflffity on pflant physffioflogfficafl

processes ffis crffitfficafl ffor understandffing carbon sequestratffion

responses and projectffing pflant resffiflffience ffin a drffier envffironment.

Both drought and ffertffiflffizatffion may ffinfluence the fleaff-flevefl

gas-exchange processes (Farquhar et afl. 1989,Brooks and

Couflombe 2009). An earfly ffindfficator off pflant water stress ffis a

decrease ffin stomatafl conductance (gs,seeTabfle S1avaffiflabfle as

Suppflementary Data atTree PhysffioflogyOnflffine ffor symbofls and

abbrevffiatffions), whffich responds to the water potentffiafl gradffient

aflong the pflant hydrauflffic pathway (Chaves et afl. 2002,Fflexas

and Medrano 2002), whereas ffits flffimffitatffion on photosynthesffis

(A) ffis ffindffirect and occurs under greater water stress (Fflexas

et afl. 2004). However, physffioflogfficafl (A) and structurafl (canopy

voflume and fleaff area) changes ffin flobfloflfly pffine affter ffertffiflffizatffion

have been shown to vary by sffite, tffime sffince ffertffiflffizatffion and

genotype (Kffing et afl. 2008,Maffier et afl. 2008,Peflfl 2015). Sffim-

ffiflarfly, the reported change off canopy conductance (Gs;canopy-

averagedgs) to ffertffiflffizatffion has been varffiabfle (Ward et afl. 2013,

2015,Bartkowffiak et afl. 2015,Wffightman et afl. 2016).

Such physffioflogfficafl responses are documented ffin the ffisotopffic

composffitffion off tree rffing ceflfluflose. Intrffinsffic water-use efficffiency

(ffiWUE), the fleaff-flevefl ratffio offAtogs,canbeffinfferredffrom

stabfle carbon ffisotope ratffio (δ13C), assumffing that mesophyflfl

conductance ffis reflatffivefly constant (Farquhar et afl. 1989,Warren

and Adams 2006,Fflexas et afl. 2008). In addffitffion, oxygen

ffisotope composffitffion provffides ffinfformatffion aboutgs(Barbour

2007). Thus, paffirffingδ13Candδ18O data woufld aflflow dffiffer-

entffiatffion between photosynthesffis- and stomatafl conductance-

drffiven shffiffts ffin ffiWUE (duafl ffisotope approach,Scheffidegger

et afl. 2000). However, the appflfficabffiflffity off the duafl ffisotope

method remaffins a matter off debate as the assumptffions may not

aflways be met (Scheffidegger et afl. 2000,Roden and Sffiegwoflff

2012). Aflternatffivefly, mechanffistffic modefls have aflflowed dffirect

sffimuflatffions off tree rffing ceflfluflose oxygen ffisotope dffiscrffimffinatffion

(18Oc) wffith an array off cflffimate and physffioflogfficafl varffiabfles

(Roden et afl. 2000,Barbour and Farquhar 2000,Cernusak et afl.

2016). Such modefls provffide yet another way off evafluatffing the

envffironmentafl ffimpacts on 18Octhrough sensffitffivffity anaflysffis

(e.g.,Brooks and Mffitcheflfl 2011).

Sensffitffivffity anaflysffis has been utffiflffized wffidefly and has shed flffight

on the ecophysffioflogfficafl processes ffinvoflved and the envffironmen-

tafl changes that flead to the change ffin 18Oc(Roden et afl.

2000,Brooks and Couflombe 2009,Ogée et afl. 2009,Brooks

and Mffitcheflfl 2011). It ffis perfformed to evafluate the effects

off ffindffivffiduafl parameters whffifle keepffing the others unchanged

(one-dffimensffionafl sensffitffivffity anaflysffis thereaffter). However, due

to the compflexffity off the equatffions and ffinteractffions between

the parameters, the reflatffive ffimportance off parameters deffined

can depend on the vaflues off other parameters. Thereffore, ffit

ffis necessary to understand modefl behavffior across aflfl possffibfle

parameter space, and mufltffi-dffimensffionafl sensffitffivffity anaflysffis,

a way to expflore modefl behavffior by varyffing aflfl parameters

together (Wffiflflffiams and Yanaffi 1996),canthenbeutffiflffizedto

achffieve thffis goafl.

In the current study, we evafluated the physffioflogfficafl responses

off flobfloflfly pffine to drought and ffertffiflffizatffion at the Vffirgffinffia

repflfficate off the PINEMAP Tffier III experffimentafl sffites (Wffiflfl et afl.

2015), at the northern edge off thffis specffies’ dffistrffibutffion range.

Wffith13C composffitffions off tree rffing ceflfluflose, ffin conjunctffion wffith

trunk sap flow and aflflometry data, we partffitffioned the produc-

tffivffity responses to structurafl (fleaff area) versus physffioflogfficafl

(A) components. Mufltffi-dffimensffionafl sensffitffivffity anaflysffis ffor the

tree rffing ceflfluflose oxygen ffisotope dffiscrffimffinatffion modefls, on

the other hand, expflored the modefl behavffior across growffing

scenarffios and provffided ffinfformatffion about source water change.

Materffiafls and methods

Sffite descrffiptffion and experffimentafl desffign

The study sffite was flocated ffin Buckffingham County, Vffirgffinffia

(37◦2737N, 78◦3950W), ffin the Pffiedmont physffiographffic

regffion, wffith 0–15% sflopes. Thffis sffite represented the northern-

most off the ffour drought and ffertffiflffizatffion experffiments estab-

flffished under the PINEMAP study (Wffiflfl et afl. 2015). The study

was estabflffished ffin 2012 ffin a productffion fforest, and the under-

story vegetatffion was mechanfficaflfly cfleared. A thffick and unffifform

flffitter flayer (about 5 cm) off dead needfles remaffins across the

sffite. The experffimentafl set-up was a randomffized compflete bflock

ffactorffiafl desffign wffith two flevefls off water avaffiflabffiflffity and two

flevefls off nutrffient avaffiflabffiflffity wffith ffour bflocks. There are 30 to

Tree Physffioflogy Onflffine at http://www.treephys.oxffordjournafls.org
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1986 Lffin et afl.

53 trees ffor measurements wffithffin each off the 16 pflots. Aflfl

trees survffived by 2016 ffin seven pflots, whffifle no more than two

trees dffied ffin each off the rest off the pflots. The treatments were

controfl (C, ambffient throughffaflfl wffithout ffertffiflffizatffion), drought (D,

30% throughffaflfl reductffion wffithout ffertffiflffizatffion), ffertffiflffizatffion (F,

ambffient throughffaflfl wffith ffertffiflffizatffion off a compflete suffite off nutrffi-

ents) and ffertffiflffizatffion pflus drought (FD, throughffaflfl reductffion

wffith ffertffiflffizatffion). The drought treatment consffisted off removffing

∼30% off precffipffitatffion throughffaflfl by troughs posffitffioned beflow

the flffive crown, aflongsffide tree rows. The troughs were ffinstaflfled

on both sffides off a row off trees, each 0.6 m wffide and about

0.3 m ffrom each other. They ran the flength off the entffire pflot,

ffincfludffing border rows, and the efluent was dffirected downhffiflfl

ffrom aflfl pflots usffing draffinage pffipes. Gffiven that the troughs were

∼1 m above the ground, pflots were smaflfl (0.11 ha square

pflot, wffith 32.9 m at each sffide), and the drought treatment

pflots were adjacent to and ffintermffixed wffith ambffient raffinffaflfl

pflots, vapor pressure defficffit (VPD) and wffind speed were sffimffiflar

among pflots. The radffiatffion flevefl that reached the ground was

not sffignffifficantfly affected because the canopy was cflosed when

the experffiment started. Thereffore, we assume that the effect off

troughs on soffifl evaporatffion was flow, even though ffit was not

dffirectfly quantffiffied. Fertffiflffizer was appflffied at a rate off 224 kg

Nha−1, 27kg P ha−1, 52kg K ha−1and 1.12 kg ha−1off mfficronu-

trffient mffix (6% suflffur, 5% boron, 2% copper, 6% manganese

and 5% zffinc; Cameron Chemfficafl, Vffirgffinffia Beach, VA, Southeast

Bflend) at the start off the study ffin Aprffifl 2012. Trees represented

the flocafl open-poflflffinated seed source. Addffitffionafl ffinfformatffion on

the experffimentafl set-up was reported byWffiflfl et afl. (2015).

The soffifl ffis a weflfl draffined, ffine, mffixed, subactffive, mesffic Typffic

Hapfluduflt off the Lffittflejoe soffifl serffies, wffith a sffiflt floam surfface

soffifl and a cflay floam subsoffifl. The depth to ground water ffis

>200 cm. Mean annuafl precffipffitatffion ffis 1120 mm and mean

annuafl temperature ffis 13.6◦C. The flobfloflfly pffine trees were

pflanted as 2-year-ofld seedflffings ffin 2003, and the treatments

started ffin Aprffifl 2012. Precffipffitatffion, photosynthetfficaflfly actffive

radffiatffion, reflatffive humffidffity (RH) and affir temperature (Ta)were

measured usffing mfficrometeoroflogfficafl sensors mounted above

the canopy at the center off the study sffite. The VPD was

caflcuflated usffing RH andTaaffterCampbeflfl and Norman (1998).

Addffitffionafl ffinfformatffion on sffite mfficrometeoroflogy was reported

byWard et afl. (2015). Daffifly averages off wffind speed and

atmospherffic pressure recorded at the Lynchburg Internatffionafl

Affirport weather statffion, VA,∼50 km away ffrom the study

sffite, were obtaffined ffrom Natffionafl Centers ffor Envffironmentafl

Infformatffion (https://www.ncdc.noaa.gov/data-access).

Estffimatffion off aboveground bffiomass ffincrement and mean

daffifly canopy conductance

Tree heffight and dffiameter at breast heffight (DBH) off aflfl trees

ffin each pflot were measured annuaflfly durffing dormant seasons

begffinnffing ffin 2012. The aboveground bffiomass ffincrement (AGBI)

off each measurement tree was caflcuflated usffing tree heffight,

DBH, age and stand densffity affterGonzaflez-Benecke et afl.

(2014).

Leaff area ffindex (LAI) was measured usffing a LAI-2200C Pflant

Canopy Anaflyzer (Lffi-Cor, Lffincofln, NE, USA) on 1 Aprffifl and

25 August 2015 ffin each pflot. Monthfly LAI and DBH between

Aprffifl and September were estffimated by flffinear ffinterpoflatffion,

approxffimatffing the seasonaflffity reported ffor earflffier years at the

samesffite(Ward et afl. 2015). Monthfly tree transpffiratffion on

a daffifly basffis (kg_water day−1) ffin 2015 was estffimated ffrom

sap flow measurements usffing thermafl dffissffipatffion probes affter

Granffier (1985). The detaffifls on the approach were reported by

Ward et afl. (2015). As fleaff area wffithffin a gffiven stand ffis roughfly

proportffionafl to sapwood area (Domec et afl. 2009,Tor-ngern

et afl. 2017), the monthfly fleaff area off the measurement tree was

estffimated usffing pflot sffize, monthfly LAI and monthfly ratffio off the

sapwood area to the sum off sapwood area ffrom the whofle pflot.

Sapwood area was estffimated based on DBH usffing the aflflometrffic

reflatffionshffip reported byGonzaflez-Benecke and Martffin (2010).

Fffinaflfly, the mean daffifly canopy conductance (mean daffiflyGs, mofl

m−2 day−1, fleaff area basffis) off each measurement tree ffrom

May through September was estffimated usffing tree transpffiratffion,

monthfly VPD and monthfly fleaff area (Ward et afl. 2015).

Core sampflffing, ceflfluflose extractffion, precffipffitatffion coflflectffion

and stabfle ffisotope anaflysffis

Increment cores off 5 mm and 12 mm dffiameter were coflflected

ffrom three out off the ffive representatffive trees per pflot that were

equffipped wffith sap flow sensors. The cores were coflflected ffrom

the northern sffide off the trees at breast heffight (1.3 m) ffin January

2016, ffour growffing seasons affter the start off the drought and

ffertffiflffizatffion treatments. The cores were oven drffied at 60◦C,

mounted and sanded progressffivefly down to 1200 grffit. The rffing

wffidth was measured to the nearest 0.001 mm usffing a tree rffing

measurffing system (Veflmex Inc., Bfloomffiefld, NY, USA) and the

cores were cross-dated usffing the program COFECHA (Hoflmes

1983).

Latewood produced ffin 2015 was separated ffrom the 12 mm

cores, andα-ceflfluflose was extracted (Wffiefloch et afl. 2011,

Lffin et afl. 2017). The13Cand18O stabfle ffisotope ratffios offα-

ceflfluflose were determffined at the Corneflfl Unffiversffity Stabfle Iso-

tope Laboratory (http://www.cobsffifl.com) usffing a Thermo Deflta

V ffisotope ratffio mass spectrometer (Thermo Fffisher Scffientffiffic,

Bremen, Germany) ffinterffaced to a NC2500 eflementafl anaflyzer

(Carflo Erba, Itafly) and to a Temperature Conversffion Eflementafl

Anaflyzer (Thermo Fffisher Scffientffiffic, Bremen, Germany). The

wffithffin-run ffisotopffic precffisffion off the methodoflogy usffing quaflffity

controfl standards was 0.2 ffor carbon and 0.4 ffor oxygen

(K. Sparks 2015, personafl communfficatffion).

Raffinwater was coflflected at the study sffite on a monthfly

basffis durffing the experffimentafl perffiod usffing a carboy ffitted

wffith a ffunnefl. A smaflfl amount off mffinerafl offifl was appflffied to

Tree Physffioflogy Voflume 39, 2019
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Isotopffic responses off flobfloflfly pffine to drought and ffertffiflffizatffion1987

reduce evaporatffion ffin the ffiefld. Oxygen ffisotope ratffios (δ18O)

were determffined at the Stabfle Isotopes ffor Bffiosphere Scffience

flaboratory at Texas A&M Unffiversffity (http://sffibs.tamu.edu) usffing

a hffigh temperature conversffion eflementafl anaflyzer coupfled to an

ffisotope ratffio mass spectrometer (TC/EA-IRMS; Deflta V, Thermo

Scffientffiffic, Wafltham, MA, USA). Gffiven the deep ground water

tabfle (>200 cm), precffipffitatffion was assumed to be the major

source water ffor thffis sffite. Sffince flatewood ceflfluflose was used

ffor ffisotopffic anaflysffis, we consffidered precffipffitatffion ffrom May

through September a good proxy ffor source water ffin our sffite.

However, the water sampfle coflflected ffrom 29 May to, and

16 June was mffissffing. Thus we caflcuflated precffipffitatffionδ18O

(δ18Op) ffrom ffour perffiods ffin 2015: 17 June–16 Jufly, 17 Jufly–

21 August, 22 August–16 September and 16 September–6

October. The averageδ18Opwas weffighed by the amount off raffin

water coflflected durffing each perffiod.

Carbon ffisotope dffiscrffimffinatffion ( 13Cc, ) was caflcuflated as:

13Cc=
δ13Ca−δ

13Cc

1+δ
13Cc

1000

, (1)

whereδ13Ccffis the
13C ffisotopffic ratffio off the extractedα-ceflfluflose

andδ13Caffis the ffisotopffic ratffio off the affir. Gffiven that VPD at

the sffite was mostfly wffithffin flow to medffium flevefls (<2 kPa),

boundary flayer conductance was reflatffivefly hffigh (6.4 mofl m−2

s−1), and that evffidence ffor varffiabfle mesophyflfl conductance

across genotypes and water avaffiflabffiflffitffies ffis flackffing ffor thffis

specffies (Wffiflson 2014), ffiWUE was caflcuflated as:

ffiWUE=ca
b− 13Cc

1.6(b−a)
, (2)

whereaffis the dffiscrffimffinatffion agaffinst13CO2durffing dffiffusffion

through the stomata (4.4 ),bffis the net dffiscrffimffinatffion due to

carboxyflatffion (27 )andcaffis ambffient CO2concentratffion. The

annuafl averages offcaandδ
13Cawere caflcuflated ffrom monthfly

atmospherffic CO2concentratffion andδ
13Cavaflues obtaffined ffrom

the sampflffing statffion off Scrffipps CO2Program at La Joflfla Pffier, CA,

USA (http://scrffippsco2.ucsd.edu/data/atmospherffic_co2/fljo).

Oxygen ffisotope dffiscrffimffinatffion off ceflfluflose ( 18Oc, )was

caflcuflated as:

18Oc=
δ18Oc−δ

18Op

1+δ
18Op

1000

, (3)

whereδ18Ocffis the
18O ffisotopffic ratffio off the extractedα-ceflfluflose

andδ18Opffis that off the coflflected precffipffitatffion at the study

sffite. Because the pflots were spatffiaflfly coflflocated and trees were

off the same specffies and age, we began by assumffing that the

source waterδ18O across treatments was sffimffiflar, and that the

dffifferences ffin 18Ocreflected the dffifference ffin the evaporatffive

process at the fleaves affected by dffifferent treatments. We then

use sensffitffivffity anaflyses to test thffis assumptffion.

Sensffitffivffity anaflyses off 18Ocmodefls

Sffimffiflar toBrooks and Mffitcheflfl (2011), we evafluated the sen-

sffitffivffity off tree rffing ceflfluflose oxygen ffisotope dffiscrffimffinatffion

(18Oc) contrffibuted by three component processes: evapora-

tffive enrffichment at evaporatffive sffites (Farquhar et afl. 2007), the

Pécflet effect descrffibffing 18O ffin the buflk fleaff water (Cernusak

et afl. 2016) and the ffractffionatffions ffin ceflfluflose bffiosynthesffis

(Barbour and Farquhar 2000).

The evaporatffive enrffichment at the evaporatffive sffites ( 18Oe)

was caflcuflated wffith the modffiffied Craffig–Gordon modefl (Farquhar

et afl. 2007):

18Oe= 1+
+ (1+ k)1−

wa

wffi
+
wa

wffi
1+Δ18Ov −1,

(4)

where +ffis equffiflffibrffium ffractffionatffion coefficffient and a ffunctffion

off fleaff temperature (Tfl),kffis the kffinetffic ffractffionatffion coefficffient

and a ffunctffion off the ratffio offgsand boundary flayer conductance

(gb), waffis the vapor pressure off the atmosphere and a ffunctffion

offTaand RH,wffiffis the saturated vapor pressure ffinsffide fleaves

and a ffunctffion offTfland
18Ovffis the enrffichment off atmospherffic

water vapor above source water and ffis equafl to− +under weflfl-

mffixed outdoor condffitffions (Barbour 2007,Song et afl. 2014a).

As the varffiatffion off 18Ovacross the sffite was consffidered

negflffigffibfly smaflfl due to the smaflfl pflot sffize and mffixffing off affir, ffit

was caflcuflated usffingTaffinstead offTflffor each off the sffimuflatffion

scenarffios ffin the sensffitffivffity anaflysffis.

The average ffisotopffic enrffichment off buflk fleaff water at

steady state (18OL) was modefled by consffiderffing the Pécflet

effect (℘):

18OL=
18Oe

1−e−℘

℘
, (5)

where℘ffisthePécfletnumber,affunctffionoffeffectffivepathflength

(L), transpffiratffion (E), moflar densffity off water (C) and dffiffusffivffity

off H182O(D;Eq.6).Effis a ffunctffion offgs,gb, atmospherffic

pressure (pa) and fleaff-to-affir VPD (Song et afl. 2014a,Eq.7). D

ffis dependent onTfl,whffifleLffis usuaflfly an empffirfficaflfly ffitted vaflue

(Barbour 2007).

℘=
LE

CD
, (6)

E=
wffi−wa

pags
−1+gb

−1
, (7)

Fffinaflfly, 18Ocwas estffimated ffoflflowffingBarbour and Farquhar

(2000) as:

18Oc=
18OL1−pexpx+εwc, (8)

wherepexffis the proportffion off oxygen atoms that exchanges

wffith source water durffing ceflfluflose fformatffion,pxffis the propor-

Tree Physffioflogy Onflffine at http://www.treephys.oxffordjournafls.org
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1988 Lffin et afl.

tffion off source water at the sffite off ceflfluflose fformatffion (thus

ffits vaflue equafls 1 ffor trunk wood) andεwcffis the ffisotope ffrac-

tffionatffion off 27 , assocffiated wffith the oxygen atom exchange

between water and carbonyfl groups.

Equatffions4–8requffireTa,Tfl,RH,gs,gb,Landpexas ffinput

parameters. The parametersLandpexwere assumed constant

across the treatments.Lwas set to 33 mm, correspondffing

to mean vaflues reported ffor conffiffers byBrooks and Mffitcheflfl

(2011), whffiflepexwas set as 0.4, sffimffiflar toCernusak et afl.

(2005)andKeefl and Weffigt (2016). Usffing an exponentffiaflL-E

reflatffionshffip as reported bySong et afl. (2013)dffidnotffimprove

the ffit between sffimuflated vaflues wffith observatffions, except when

paffired wffith thepexvaflue used fforPffinus rffigffida(Song et afl.

2014a). Consffiderffing the flack off measurements ffin flobfloflfly pffine

and the sffimffiflarffity off the trends exhffibffited ffin sensffitffivffity anaflyses

by these two approaches, we decffided to use the vaflues offLas

reported byBrooks and Mffitcheflfl (2011) and D. Yakffir (2017,

personafl communfficatffion). Aflthoughpexhas been reported to

vary wffithffin and across specffies (Gessfler et afl. 2009,Song et afl.

2014b,Cheesman and Cernusak 2017), we used a ffixed vaflue

consffiderffing that: (ffi) the majorffity off studffies reportpex≈0.4

(Gessfler et afl. 2014), (ffiffi) current evffidence ffor the effect off flong-

term water suppfly condffitffions onpexoff the same specffies ffis weak

(Song et afl. 2014b,Cheesman and Cernusak 2017) and (ffiffiffi) to

the extent that ffit coufld vary, the wffithffin-treatment varffiabffiflffity offpex
probabfly exceeded that between treatments (Song et afl. 2014b;

X. Song, 2018, personafl communfficatffion).gbwas caflcuflated

wffith the growffing season mean wffind speed (2.0 m s−1)and

needfle dffiameter (d) ffor flobfloflfly pffine (1.5 mm;Campbeflfl and

Norman 1998). As a resuflt, the parametersTa,RH,gsand

fleaff-to-affir temperature dffifference (Tfl-Ta,todecoupfleTflffrom

Ta) were seflected ffor one- and mufltffi-dffimensffionafl sensffitffivffity

anaflyses.

One-dffimensffionafl sensffitffivffity anaflysffis was perfformed ffirst to

evafluate the effects off ffindffivffiduafl parameters. The refference

condffitffions ffor thffis anaflysffis were chosen as the growffing season

(May–September 2015) average daytffime (6:00 h to 21:00 h)

Ta(24.3
◦C), RH (69%) andGsmeasured ffin the controfl pflots

ffin 2013 (67 mmofl m−2 s−1, unpubflffished data). AflthoughTa
and RH are expected to be sffimffiflar across the pflots, aflfl ffour

parameters were aflflowed to vary ffor better comparffison to that

off the mufltffi-dffimensffionafl sensffitffivffity anaflysffis.

Mufltffi-dffimensffionafl sensffitffivffity anaflysffis was conducted to

expflore modefl behavffior by varyffing aflfl ffour parameters (Ta,
RH,gsandTfl-Ta) together. We flffimffited the parameter space, ffin

thffis case a 4-dffimensffionafl hypervoflume, to reaflffistfficaflfly observed

or modefled ranges. Fffirstfly, onfly the observed joffint parameter

space offTaand RH, as measured at the sffite (Fffigure 1a), was

used. For ffinstance, at affir temperature off 30◦C, RH ranged

ffrom 30% to 80% ffin the sensffitffivffity anaflysffis. A second effort to

flffimffit the parameter space was to set an upper flffimffit fforgsusffing

the reflatffionshffip betweenGsand VPD (Eq.9,thesoflffidflffineffin

Fffigure 1. (a) The reflatffionshffip between affir temperature and reflatffive
humffidffity ffin 2015. The data ffincflude haflff-hour measurements between
6:00 h and 21:00 h ffrom may to September. (b) The reflatffionshffip off
VPD and canopy conductance (Gs). The soflffid flffine ffis a vffisuaflffizatffion off
Eq.9, ffindfficatffing the upper flffimffit off the canopy conductance at a gffiven
VPD. The data are based on trunk sap flow measurements at the study
sffite conducted ffin 2013.

Fffigure 1b) based on measurements at the same study sffite ffin

2013 (unpubflffished data,Fffigure 1b). To mffinffimffize the flffimffitffing

flffight effect onGswhen flffight ffis beflow saturatffion ffin the mornffing

and affternoon, onfly data between 10:00 h and 16:00 h were

used.

Gs mmofl m
−2s−1

≤
400, fforVPD≤0.35 kPa

250−145fln(VPD),fforVPD>0.35 kPa
(9)

Conffiffer needfles are usuaflfly weflfl coupfled wffith the atmosphere

(Jarvffis and McNaughton 1986), yetTfl-Taas hffigh as 5
◦Chave

been noted (Martffin et afl. 1999,Aubrecht et afl. 2016). Thus we

sffimuflated the ranges offTfl-Tausffing Eq.10, ffoflflowffingCampbeflfl

and Norman (1998).

Tfl−Ta=
γ∗

s+γ∗
Rnffi

gHa+grcp
−
VPD

paγ
∗
, (10)

whereγ∗ffis apparent psychrometrffic constant and a ffunctffion off

gs,gb, wffind speed (u)andd;sffis the sflope off saturatffion mofle

ffractffion ffunctffion and a ffunctffion offTaandpa,Rnffiffis radffiatffion

fload and a ffunctffion off absorbed radffiatffion, emffissffivffity off surffaces

and the Steffan–Bofltzmann constant,gHaffis the boundary flayer

conductance ffor heat and a ffunctffion offuandd,grffis radffiatffive

conductance and a ffunctffion offTaandcpffis specffiffic heat off affir

at constant pressure. Our anaflysffis off Eq.10ffindfficated thatTfl-Ta
was sensffitffive to radffiatffion fload and flow wffind speed. That ffis, the

range offTfl-Tawas caflcuflated usffing mffinffimafl and maxffimaflRnffi
as weflfl as mffinffimaflu. The detaffifls off the sffimuflatffion are ffincfluded

ffin Note S1 avaffiflabfle as Suppflementary Data atTree Physffioflogy

Onflffine.
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Isotopffic responses off flobfloflfly pffine to drought and ffertffiflffizatffion1989

Gffiven the smaflfl pflot sffize and proxffimffity off dffifferent treat-

ment pflots,Taand RH are consffidered the same among pflots

and treatments. Thus, any change ffin 18Ocffin the treatment

pflots was attrffibuted to changes ffingsandTfl-Tadue to our

treatments.

Statffistfficafl anaflysffis

Statffistfficafl anaflyses were perfformed ffin R sofftware (versffion 3.3.2,

R Deveflopment Core Team 2016). Two-way ANOVA was used to

evafluate the effects off drought and ffertffiflffizatffion on AGBI, ffiWUE

and 18Oc. Due to a sffingfle outflffier ffin ffiWUE, whffich was more

than three tffimes the ffinterquartffifle range above the thffird quantffifle,

Type III sum off squares was consffidered ffin ANOVA off ffiWUE,

wffithout consffiderffing the bflock effect. As the number off trees

wffith avaffiflabfle sap flux measurements varffied among pflots, we

used a mffixed-effect modefl to evafluate the effects off drought

and ffertffiflffizatffion on mean daffifly canopy conductance usffing ‘flme4’

package (Bates et afl. 2015). Drought and ffertffiflffizatffion were

treated as ffixed ffactors, whffifle bflock and month were consffid-

ered random ffactors. TheP-vaflues were obtaffined usffing Sat-

terthwaffite’s approxffimatffion ffin ‘flmerTest’ package (Kuznetsova

et afl. 2017). Gffiven that LAI ffis a stand-flevefl varffiabfle and was

measured twffice ffin 2015, the same procedure was appflffied to

LAI measurements, except that measurement date was treated

as the onfly random ffactor.

Resuflts

Aboveground bffiomass and fleaff area

Four growffing seasons affter ffimpflementffing the experffimentafl

treatments, ffertffiflffizatffion sffignffifficantfly ffincreased growth off flobfloflfly

pffine. Aflthough tree heffights were sffimffiflar across treatments

(P= 0.38 ffor drought effect andP= 0.24 ffor ffertffiflffizatffion

effect,n= 12), LAI (Fffigure 2a)andAGBI(n= 12,Fffigure 2b)

were consffistentfly greater ffin ffertffiflffized pflots at both ambffient

and reduced water avaffiflabffiflffity (P= 0.05 ffor both LAI and

AGBI). Theffir response to drought were not statffistfficaflfly sffignffifficant

(P=0.60andP= 0.34 ffor LAI and AGBI, respectffivefly), and

there were no sffignffifficant ffinteractffions between treatments. On

average, peak LAI under ffertffiflffizatffion was 3.45 m2m−2, or 12%

hffigher than ffin unffertffiflffized pflots, whffifle the average AGBI ffin 2015

was 21.9 kg per tree under ffertffiflffizatffion, 29% hffigher compared

wffith the refference treatment (Fffigure 2b).

Canopy conductance, ffiWUE and observed 18Oc

Mean daffifly canopy conductance (mean daffiflyGs), caflcuflated

ffrom tree transpffiratffion, ranged ffrom 0.5 to 11.3 kmofl H2O

m−2 day−1 ffrom May through September. Due to the flarge

varffiance among ffindffivffiduafl trees (e.g., the coefficffient off varffiatffion

was 0.52 ffor D treatment and 0.66 ffor the controfl), the treat-

ments dffid not sffignffifficantfly dffiffer. However, Cohen’sdwas 0.45

Fffigure 2. Arffithmetffic means (bars) and standard errors (whffiskers) off
physffioflogfficafl varffiabfles under dffifferent treatments (C: controfl, D: drought
onfly, F: ffertffiflffizatffion onfly, FD: ffertffiflffizatffion and drought). (a) Annuafl mean
fleaff area ffindex (LAI), (b) aboveground bffiomass ffincrement (AGBI), (c)
mean daffifly canopy conductance (mean daffiflyGs), (d) ffintrffinsffic water
use efficffiency (ffiWUE) and (e) the observed tree rffing ceflfluflose oxygen
ffisotope dffiscrffimffinatffion (18Oc).

∗Represents sffignffifficance at 5% flevefl,
∗∗∗represents sffignffifficance at 1 flevefl, whffiflensrepresents not sffignffifficant.

Tree Physffioflogy Onflffine at http://www.treephys.oxffordjournafls.org
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1990 Lffin et afl.

and 0.007 ffor drought and ffertffiflffizatffion treatments, ffindfficatffing

medffium and negflffigffibfle effect sffizes, respectffivefly.

Intrffinsffic water-use efficffiency was 85.6±1.2 μmofl mofl−1

(mean±SE,n= 24, seeTabfle S2avaffiflabfle as Suppflemen-

tary Data atTree PhysffioflogyOnflffine) ffin C and F treatments

and 91.1±1.0 μmofl mofl−1 ffin drought treatments (D and

FD,n= 24,Fffigure 2d). Fertffiflffizatffion had no effect on ffiWUE

(P= 0.99,n= 12), whffifle the effect off drought was sffignffifficant

(P= 0.001,n=12). There was no ffinteractffion between the

ffertffiflffizatffion and drought treatments, wffith drought affectffing ffiWUE

sffimffiflarfly at both ambffient and eflevated nutrffient avaffiflabffiflffity. The

observed oxygen ffisotope dffiscrffimffinatffion ranged ffrom 33.4

to 36.3 , wffith a sffignffifficant drought-ffinduced decrease at both

ambffient and operatffionafl nutrffient suppfly (n= 12,Fffigure 2e,see

Tabfle S2avaffiflabfle as Suppflementary Data atTree Physffioflogy

Onflffine).

18Ocsffimuflatffion and sensffitffivffity anaflyses

The sffimuflated tree rffing ceflfluflose oxygen ffisotope dffiscrffimffinatffion

was caflcuflated ffor 2015 growffing season meanTa(24.3
◦C)

and RH (69%), andGsffrom the controfl pflots ffin 2013 (67 mmofl

m−2 s−1), yffiefldffing 33.4 . Wffith summer raffins (ffrom June

through September off 2015) as source water, whffich had a

weffighted averageδ18Ooff−5.0 ,theobserved 18Ocffin the

controfl treatment was 35.4 or 2.0 hffigher than the modefled

estffimate.

The one-dffimensffionafl sensffitffivffity anaflysffis (seeFffigure S1avaffifl-

abfle as Suppflementary Data atTree PhysffioflogyOnflffine) ffindfficated

that except fforTfl-Ta, any ffincreases offTa,RHandgswoufld

decrease the sffimuflated 18Oc. The effects offTfl-Taandgson
18Ocwere sffimffiflar ffin magnffitude but opposffite ffin sffign.

The responses off 18Octo changes ffingsandTflunder a

range off scenarffios off possffibfleTaand RH combffinatffions are

shown ffin the mufltffi-dffimensffionafl sensffitffivffity anaflysffis (Fffigure 3).

The parameter space was then restrfficted to observed envffiron-

mentafl condffitffions and correspondffing ranges offgsandTfl-Ta(Eq.

9and10, respectffivefly); the unflffikefly parameter combffinatffions

are not dffiscussed. Sffimffiflar to the one-dffimensffionafl sensffitffivffity

anaflysffis, the reflatffionshffip between 18Ocandgsdecreased

monotonfficaflfly, aflthough 18Ocwas more sensffitffive to changes

ffingswhen RH was flow andTfl-Tawas hffigh (Fffigure 3d and ffi).

In contrast, 18Ocffincreased monotonfficaflfly wffithTfl-Taffin most

scenarffios. Notabfly, thffis reflatffionshffip coufld become reversed at

flow RH and hffighgs(ffi.e., the areas next to those shaded ffin dark

gray ffinFffigure3d,e,ffiandj). However, such condffitffions occurred

fless than 4% off the tffime durffing the growffing season off 2015.

Dffiscussffion

No ffinteractffions between treatments were detected ffor any off

the response varffiabfles. Thereffore, the dffirect effects off drought

and ffertffiflffizatffion are dffiscussed separatefly.

Tree responses to drought

The 30% reductffion off throughffaflfl fled to an average off 8.4%

(24.6±0.32% vs 16.2±0.02%) decflffine ffin soffifl water content

ffin the top 15 cm (Bracho et afl. 2018) and ffincreased the

ffiWUE off flobfloflfly pffine by 7.6% (P<0.01) at both ambffient

and eflevated nutrffient avaffiflabffiflffity (Fffigure 2d). Aflthough ANOVA

dffid not deem the drought response ffingsstatffistfficaflfly sffignffifficant

due to hffigh among-tree varffiabffiflffity, Cohen’sd= 0.45 showed

the treatment response (21% beflow refference) to be off ffinter-

medffiate magnffitude. More ffimportantfly, the ffincreasffing off ffiWUE

ffindfficates a decflffine ffingsffin response to drought. Gffiven the

muted responses off LAI and AGBI (Fffigure 2a and b) to drought,

photosynthesffis (A) must have remaffined reflatffivefly unaffected. As

ffiWUE represents the fleaff-flevefl ratffio offAtogs, the ffincreased

ffiWUE under drought suggests a decflffine ffings. Thereffore, we

consffider the decflffine ffingsobserved ffin the current study as

physffioflogfficaflfly sffignffifficant.

The mufltffi-dffimensffionafl sensffitffivffity anaflysffis off 18Ocmodefls

(Fffigure 3) heflps us understand the physffioflogfficafl responses off

flobfloflfly pffine to drought. The reflatffionshffip between18OcandTfl-Ta
ffincreases monotonfficaflfly, except at flow RH and hffighgs(Fffigure 3d).

However, gffiven that such combffinatffion offTaand RH occurred onfly

rarefly (<4% off the tffime ffin the 2015 growffing season), ffit ffis unflffikefly

that such a reversed reflatffionshffip woufld affect the sffimuflated18Oc
substantffiaflfly. Thereffore, when we ffocused on a representatffive

responsesurffaceoff 18OctogsandTfl-Ta(Fffigure 4),thedecrease

offgswas expected to ffincrease
18Oc(vertfficafl yeflflow arrow ffin

Fffigure 4). AsTfl-Taprobabfly ffincreases due to the decrease offgs,
18Ocffis aflso expected to ffincrease (horffizontafl yeflflow arrow ffin

Fffigure 4). Yet, the observed 18Ocunder drought was actuaflfly

sffignffifficantfly flower than ffin non-drought pflots (Fffigure 2e), dffirectfly

opposffite to the modefl predffictffion (Eqs4–8,Fffigure 4). Gffiven that

the effectffive path flength has a flffimffited ffinfluence on 18Oc(Ogée

et afl. 2009) and that drought had a flffimffited effect on tree growth ffin

our current study, the most pflausffibfle expflanatffion ffor the observed

change ffin 18Ocffis a change ffin theδ
18Ooffsourcewater.Asto

where exactfly the18O-depfleted water ffin the drought treatment

came ffrom, we can onfly specuflate, because soffifl water was not

sampfled durffing thffis study.

The wffinter precffipffitatffion (366 mm ffrom November 2014

through March 2015), refleased mostfly as snow thaw, amounted

to 180% off the water-hofldffing capacffity off the soffifl (as per

gSSURGO (Grffidded Soffifl Survey Geographffic Database,https://

gdg.sc.egov.usda.gov/)), and coufld thus easffifly have reset the

soffifl waterδ18O vaflues by the start off the 2015 growffing season,

ffincfludffing the drought treatment pflots. Due to the ffinput off

more enrffiched summer precffipffitatffion (seeFffigure S2avaffiflabfle as

Suppflementary Data atTree PhysffioflogyOnflffine) and evaporatffion

off surfface soffifl water, ffit ffis expected that surfface soffifl water

was more18O-enrffiched than subsoffifl water at our study sffite

durffing the 2015 growffing season. In partfficuflar, surfface soffifl water
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Fffigure 3. The mufltffi-dffimensffionafl sensffitffivffity anaflysffis ffor sffimuflated oxygen ffisotope dffiscrffimffinatffion off tree rffing ceflfluflose (sffimuflated 18Oc), varyffing wffith
affir temperature (Ta), reflatffive humffidffity (RH), fleaff-to-affir temperature dffifference (Tfl-Ta) and stomatafl conductance (gs). The area shaded ffin dark gray
ffindfficates unflffikefly sffimuflatffion resuflts due to the canopy conductance–VPD reflatffionshffip descrffibed by Eq.9, whffifle the area shaded ffin flffight gray ffindfficates
sffimuflatffion beyond the flffimffits offTfl-Ta.

Fffigure 4. The sffimuflated oxygen ffisotope dffiscrffimffinatffion off tree rffing ceflflu-
flose (sffimuflated 18Oc) wffith varyffing fleaff-to-affir temperature dffifference
(Tfl-Ta) and stomatafl conductance (gs) at sffite mean affir temperature
(Ta= 24.3

◦C) and reflatffive humffidffity (RH = 69%) off 2015 growffing
season. The arrows ffin the pflot ffindfficate the dffirectffions off changes ffings
andTfl-Taunder shffifftffing water and nutrffient avaffiflabffiflffity.

off the drought pflots was flffikefly more enrffiched ffin18Odueto

evaporatffion, by a sffimpfle caflcuflatffion usffing Rayfleffigh equatffion.

Wffith comparabfle fleaff area and 30% fless new water ffinput, ffit

ffis easy to see that the drought pflots woufld depflete the newfly

avaffiflabfle surfface water sooner than non-drought treatments,

and depend more on water stored ffrom prevffious raffin events,

as reported prevffiousfly (Tang and Feng 2001). It ffis aflso flffikefly

that water ffrom the earflffier precffipffitatffion events, wffith flowerδ18O,

ffis cfloser to the surfface ffin drought than ffin non-drought pflots,

ffurther contrffibutffing to a possffibfle shffifft ffin source water. In a

sffimffiflar study wffith precffipffitatffion reductffion ffrom an arffid sffite ffin

New Mexffico, USA,Grossffiord et afl. (2017) reported seasonafl

water source change ffor both pffiñon pffine (Pffinus eduflffis)and

oneseed junffiper (Junffiperus monosperma) by sampflffing xyflem and

soffifl water dffirectfly. Even though the current study was conducted

ffin a mesffic ecosystem, ffin a much wetter cflffimate (see Sffite

descrffiptffion and experffimentafl desffign), theδ18O off flatewoodα-

ceflfluflose suggested a sffimffiflar change off drought-exposed trees

to a dffifferent water source.

Tree responses to ffertffiflffizatffion

The reported effects off nutrffient avaffiflabffiflffity on ffiWUE ffin trees have

been mffixed (Eflhanffi et afl. 2005,Baflster et afl. 2009,Brooks and

Couflombe 2009,Brooks and Mffitcheflfl 2011,Cornejo-Ovffiedo

et afl. 2017). Off the flffimffited measurements offδ13C ffin flobfloflfly

pffine ffoflffiage, the most reflevant ffin the current context ffis a

companffion study at a sffimffiflar experffimentafl sffite ffin Georgffia, USA

that showed a short-flffived ffincrease ffin ffoflffiarδ13C(Samueflson et afl.

2014). Thffis effect was detected onfly ffin the year off treatment,

whffich ffis consffistent wffith our current observatffion off no response

to ffertffiflffizatffion ffin ffiWUE 4 years ffinto the experffiment. In the

current study, the mean daffiflyGsdffid not respond to ffertffiflffizatffion

(Fffigure 2c), wffith a negflffigffibfle effect sffize (Cohen’sd= 0.007).

When combffined wffith the flack off an ffiWUE response, thffis sug-

gests that fleaff-fleveflAwas aflso not affected by ffertffiflffizatffion.

Gffiven that both AGBI and LAI ffincreased under ffertffiflffizatffion (at

both ambffient and reduced water avaffiflabffiflffity;Fffigure 2a and b),

Tree Physffioflogy Onflffine at http://www.treephys.oxffordjournafls.org
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1992 Lffin et afl.

we concflude that the ffincrease ffin AGBI was drffiven by LAI rather

than by fleaff-flevefl photosynthetffic capacffity, consffistent wffith earflffier

reports (Samueflson et afl. 2001,Gough et afl. 2004).

As dffiscussed earflffier,gsdffid not respond to ffertffiflffizatffion. How-

ever, a smaflfler meanTfl-Taffis expected due to greater seflff-shadffing

ffrom ffincreased LAI under ffertffiflffizatffion (Fffigure 2a). Such change

may flead to a decrease ffin 18Oc(green arrow ffinFffigure 4).

Thereffore, we expect the sffimuflated 18Octo remaffin unchanged

or decrease sflffightfly under ffertffiflffizatffion. As the observed change

ffin 18Ocwas not statffistfficaflfly sffignffifficant (Fffigure 2e), the modefl

predffictffion was consffistent wffith observatffions.

Impflfficatffions ffor tree rffing ceflfluflose 18O studffies

Whffifle uncertaffintffies remaffin ffin capturffing ffractffionatffions ffin the

post-photosynthesffis processes ffor tree rffing ceflfluflose 18O

(Gessfler et afl. 2014), good overaflfl agreement between sffimufla-

tffion and observatffion off flatewood ceflfluflose off evergreen specffies

ffrom temperate zones has been reported (Ogée et afl. 2009).

In the current study, gffiven the uncertaffintffies ffin estffimatffingLand

pex, and the assumptffions offTfl=Ta,
18Ov=−ε

+and source

waterδ18O equafls to precffipffitatffionδ18O, the dffifference between

sffimuflated and observed 18Ocffin the controfl pflots was around

2 , ffindfficatffing a reasonabfle sffimuflatffion. However, the flack off

actuafl source water measurements dffid not aflflow us to test

our estffimate that droughted trees accessed more18O-depfleted

water, and we were not abfle to evafluate the response dynamffics

because onfly one year off tree rffings were sampfled. Thereffore,

we advffise ffuture ffinvestffigatffions to measure aflfl potentffiafl sources

off water such as soffifl and xyflem water, and to take advantage off

the ffuflfl tffime serffies off tree rffing ffisotopffic records, ffincfludffing that

off pretreatment, when embarkffing on research ffinvoflvffing tree rffing

stabfle ffisotopes flffike ours.

Aflthough a flffimffited number off parameters are needed ffor
18Ocmodefls, theffir ffimpacts on sffimuflatffion are not ffimmedffiatefly

obvffious. Our one-dffimensffionafl sensffitffivffity anaflyses ffindfficated

sffimffiflar responses to those reported by others (Roden et afl.

2000,Brooks and Couflombe 2009,Brooks and Mffitcheflfl 2011).

In contrast, the mufltffi-dffimensffionafl sensffitffivffity anaflysffis expflored

modefl behavffior across the possffibfle parameter space and shows

reflatffionshffips that are not seflff-evffident (Fffigure 3). For exampfle,

the effect offgson
18Ocvarffies wffith RH, beffing stronger at

flow RH (despffite beffing partfly counteracted by the negatffive

effect off VPD ongs). Thffis reflatffionshffip offers a potentffiafl mech-

anffistffic expflanatffion ffor the observatffions off decoupflffing between

canopy gas exchange and tree rffing ffisotope composffitffion (e.g.,

Offermann et afl. 2011). Second, our current anaflysffis hffighflffights

the ffimportance off expflfficffit consffideratffion off fleaff temperature

ffin the 18Ocsffimuflatffion. In earflffier studffies,Tflwas assumed

equafl toTa(Brooks and Mffitcheflfl 2011), ffincorporated ffinto

the study usffing observatffions (Song et afl. 2013), sffimuflated

empffirfficaflfly (Cernusak et afl. 2009,Munksgaard et afl. 2016)

or gffiven hypothetfficafl vaflues (West et afl. 2008). But the effect

offTflon
18Ochas not been dffiscussed. Sffimffiflar togs,the

sensffitffivffity off 18OctoTflvarffies wffith RH, especffiaflfly at flowgs.

Thus, ffignorffing fluctuatffion offTflffin hffigh RH envffironments may

bffias estffimates off 18Oc. In thffis flffight, the new generatffion off

thermafl ffinffrared cameras may sffimpflffiffy measurements off fleaff

temperature (Aubrecht et afl. 2016), provffidffing a more empffirfficafl

means off assessffing the fleaff temperature effects that were

modefled here. Fffinaflfly, as source water may be dffifferent between

drought treatment and the controfl, duafl-ffisotope approach coufld

not be appflffied and the mufltffi-dffimensffionafl sensffitffivffity anaflysffis

provffides an aflternatffive toofl. Such quantffitatffive anaflysffis off 18O

between dffifferent envffironmentafl drffivers as weflfl as theffir ffinter-

actffions ffis novefl and dffirectfly reflevant ffor ecosystem modefls.

As the parameter space ffin thffis study ffis specffiffic to our sffite

condffitffions, we expect that mufltffi-dffimensffionafl sensffitffivffity anaflysffis

woufld expand the ffinfference space off the 18O modefls ffor pflant

ecophysffioflogfficafl studffies when appflffied ffin other scenarffios.

Suppflementary data

Suppflementary dataffor thffis artfficfle are avaffiflabfle atTree Physffiofl-

ogyOnflffine.
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