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92 Widespread tree mortality associated with drought has been observed on all

93 forested continents, and global changeis expected to exacer bate vegetation vulnerability.

94 Forest mortality hasimplicationsfor future biospher e-atmospher e interactions of carbon,

95 water, and energy balance, and ispoorly represented in dynamic vegetation models.

96 Reducing uncertainty requiresimproved mortality projectionsfounded on robust

97 physiological processes. However, the proposed mechanisms of drought-induced mortality,

98 including hydraulic failureand carbon starvation, areunresolved. A growing number of

99 empirical studies haveinvestigated these mechanisms, but data have not been consistently
100 analyzed across species and biomes using a standar dized physiological framework. Here
101 weshow that xylem hydraulic failure was ubiquitous across multiple tree taxa at drought-
102 induced mortality. All speciesassessed had 60% or higher loss of xylem hydraulic
103 conductivity, consistent with proposed theor etical and modelled survival thresholds. We
104 found diverseresponsesin non-structural carbohydrate reservesat mortality, indicating
105 that evidence supporting carbon starvation was not universal. Reduced non-structural
106 carbohydrateswere more common for gymnosper ms than angiosper ms, associated with
107 xylem hydraulic vulnerability, and may have arolein reducing hydraulic function. Our
108 findingthat hydraulic failure at drought-induced mortality was per sistent acr oss species
109 indicatesthat substantial improvement in vegetation modelling can be achieved using
110 thresholdsin hydraulic function.
111 Increasing forest mortality from global change has been observed inealiddbiomées’
112 and will have profound implications for future energy and element fitxeRredictions of
113 vegdation responses to future climate are uncertain due to the lack of realigtaditynor

114 mechanisms in vegetation mod&8 Recent researckupportsat leastwo tightly inter-related
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physiologicalmechanisms associated witke mortalityby drought(a) hydraulic failure
throughpartial or completéoss ofxylem functionfrom embolism that inhibg water transport
through the vasculaturksading totissue desiccatiqrand(b) carbon starvation vignbalance
between carbohydratemandand supplythatmay leadto an inability to meebsmotic,
metaboli¢ and defensive carbaaquirements® /15 Hydraulic failure is most typically
assessed via percent loss of xylem conductivity (PLC), and carbon starvatibianvges in
tissue norstructural carbleydrate(NSC)concentration€6, There has been significant debate
overthese cenccurringmechanisms of mortality, particularly regarding ginevalencef carbon
starvationand whether reducezhrbohydrateeservescan bedethalduring drought!-1#22,

Though a number of studies on the mechanism of drought-induced mortality in trees have
been conducted for a variety of tree speadesr the last decagdthe prevalence of these
mechanismst a global scale remainsicertain. Differences in approaefayiables measured,
andspecies and life stage studied have limgkbal assessment drowght-induced tree
mortality mechanism Here we provide the first crosspecis synthesis of tree drought
mortality mechanismsWe useda standardizeghysiological frameworko analyze drought-
induced tree mortalitgcross species aagdsessd hydraulic function a PLG andcarbohydrate
statusasNSCnormalizedrelative to controls We examinedata fom 19 recent experimental
and observational studies on &geciesfrom around the globeMosttree species welgssessed
in only one study, bubr several species, data were availdfden more than one study,
resulting in34 cases (speciestudy combinations). Howeverath were not availabler all
analysegrom all casesmore casebad NSCdata (31 casesom 24 species) than PLC data (14
casedrom 9 speciesyvhich could be uset compare NS@nd PLCat mortality withthat of

surviving controltrees(see Methods below, Supplement@ablel). In order to make our



138 synthesis comprehensive, we worked withoélihe data that were availabiecludingdatafrom
139 studies on aange of tree sizes and ontogenetic life stg§gesseedlings, saplingand large

140 trees), conducted in a variety of settingsjuding potted plants in greenhousegrowth

141 chambes, and trees grown in the fiel8{pplementary Talbdel, 2). Given the diversity of

142 studies synthesized,dbedata werenotidealfor astatistical metanalysis therefore we limited
143 our analyse to a standardomparison withireach case betweg@tantsthatdied and plantthat
144  remained health{Supplementary MethollsWe alsocomparedlifferencesn degree of

145 embolism and carbohydrate concentrations between @amisrtality andcontrol plants to

146 differencedn functional trait§?*2°> For each species,aobtainedavailable datdor traits that
147 are easily measured, widely available, and likely relevardrfmught tolerance, including wood
148 densityandspecific leaf aréd. We alscobtaineddata for hydraulic traits that adérectly related
149 to drought tolerance, but harder to measure, includytgm water potentiaht 50% loss of

150 hydraulic conductivity ¥so), point ofembolism entryWe), and corresponding hydraulic safety
151 marging*?’ (Supplementary MethodsWe used this datastt address the following

152 hypothesesl) given the potential role diISCin the maintenance of water transport during
153  droughf 28, both highPLC and reduced NSC reserva®commonattree deatlirom drought,
154 and 2 among species, specikevd functional traits thahave been positively related to drought
155 tolerance (e.dow xylem vulnerability to embolismpw SLA, high wood densityareassociated
156 with high NSC at tree death. According to this hypothesis we eitpador species with greater
157  xylem vulnerability(quantified by Wso, We, and hydraulic safety marginSC at death will be
158 relatively lower. TIs hypothesis is based on prior proposals that drosgyditive trees which
159 close their stomata earlier dogi drought would be more likely to show a reduction in NSC

160 associated with carbon starvatign?°-30
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Results.

Forthe casesvhere PLC datat mortalitywere availabl¢Supplementary MethodspLC
was60%or higher FigurelA), demonstrating thatlaigh degree of xylem embolisatdrought-
induced @athwas a universaspect of mortalitphysiologyin thesespecies Mean PLC was
84.3%at mortality,and PLC was significantly higher at mortality than for control treevery
case(p < 0.05, Student’'stes). For NSC, we focused our analysis on differences in NSC
concentratiorbetween trees that died from drought and controls which didi@oteasuredt
the same point in time for both groups, althoughalso cosidereddifferences over time for
trees that died (Supplementdiscussio. Reductions ilNSCat mortalitywerecommon
among species, but not universal, and no common NSC thrdehahdrtality wasdentified
For 48% ofcases and 38%f speciesvith available dataNSCs weresignificantly lowerat
mortality in dying treescompared to surviving or control trees (for observational and
experimental studies, respectiveily)at least one tissup < 0.05 ANOVA; FigurelB-D).
Amongall species, mean NSGat mortality for leaves, above-ground woody tissues (bole,
branch, stem, or twig), and roat®re13, 17 and35% lowerin dying treeghan control
measurements.

For boreal antemperate angiosperms, lower NSCs at mortality relatie®mtrol trees
wereobserved in 56% of cases and 63% of the species for at least one tissue, and NSC
reductions exceeded 50% in approximately 33% afebases and 38% of these speckagyre
1B). HigherNSCs at mortality relative to contrelwerecommon for tropical angiosperm
seedlingd!, more than 100% higher in some cases, and rediS€d werenot observedh this

group, suggesting different physiological responses to severe drought in non-tnoditapical
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tree speciesHgure1B, C). In a similar seedling study with the same tropical speb@sever,
lower predrought NSCsvereconsistentlhcorrelated with @horter time to mortalitthough
NSGCs did not decline during droudght Lower NSCs at mortalityrelative to controlsveremost
common in rootissued?, andtypically resulted from lower starch concentrations, consistent
with a starch to sugar conversion to meet metabolic and osmoregulatory demargldwight
stres$ (Supplementarfigure1). Notably, only a few ca&s exhibitedhe hypothesizetime-
series trend in NSCofinitial small increasandthen amore pronouncedecreasén NSGs
over timé&® (Supplementarfigures 2, 3, 4).

Reductions ilNSGCs at mortalitywere more prevaleribr gymnosperra than
angiospermsKigure 1, Supplementary Figurel 3, 4. Among gymnosperms, 8366 casesand
67% of speciehad lower NSGt mortalityrelative to control$or at least one tissu&igure
1D). Thisoccurred imat least onéissuefor all four species of the Pinaceadmut notfor the two
species in th€upesace&, which is consistent with divergent evolutionary pathways for
stomatakontrol between these famili€s Relative eductiors in NSG werealso generally
greater in gymospermghanangiospermse.g.Pinus sylvestris hadNSCreductions of >8% in
some tissueprior to mortality(Figure1D).

Functional traitgelated to xylem embolism resistaraned stomatalantrol have been
suggested asseful predictors athe physiologcal causes afirought-induced mortaligy°2034,
Forall speciesthedeviation of NSCén trees at mortalityrom thar controls was not
significantlyassociateavith wood density ospecific leaf aregp > 0.05 linear regression
regardless of whether the relationships were assessed for angiospenmssgermsor all
species togetherFor gymnosperms, reduced NS snortalityin aboveground woody tissues

(bole, branch, stem, or twigyere associatedith lower resistance to xym embolism (i.e.
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higher¥so and¥e; r? = 0.88 and 0.91, respectively, p < 0.0xear regressigrFigure?2),
indicating thathydraulic features in gymnospermssociated witlkdrought resistance were
relatedto NSC dynamics during lethal droughiMormalizedNSGCs in other tissues eve
positively correlated with embolism resistamtenortality(leaf NSC with¥Wso, root NSCwith

Y, p < 0.05, linear regressiprand normalized NSOsa aboveground woody tissue and roats
mortality werealso positively correlated with the Wso hydraulic safety margin for gymnosperms
(p < 0.001 linear regressigrSupplementaryigure5), buttheserelationshifg werestrongly
influenced byone speciesCallitris rhomboidea (Supplementary Methods)/ariation in PLC at

mortality was not related to afynctionaltraitsassesse(p > 0.05, linear regression).

Discussion.

We found that tree mortalifyom droughtwas always associated wihbstantial loss of
hydraulic functionandthatlower NSCsat mortality werecommon but not universarigurel).
Our findings for PLC at mortalityfigure1A) are close tanodeling and theoretical predictions
of a stem PLC mortality threshold near or above 688" In all cases, we fourttiat PLC at
mortality was at least 60%, but values were much higher in a number of Tasedudies in
our synthesis were not designed to quanéfigal PLC thresholds, whicbeservduture
investigationto determine the duration and intensity of drought required to trigger mostadity
the mechanisms underlying such a thresholde ghysiologicaéffects of a particular level of
PLC likely vary among speciemediated byraitssuch as the capacity tefill embolismand
replace conducting area via new growth Nonetheless, a sustained stem PLC at or above 60%
provides ayenerallysupportedstarting poinfor modeling vegetation response across spatial

scales, a point beyond which the probabilityrafrtality increase§'%37,
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For thecases wherboth NSC and PL@data were available at mortality, all trees died
with high PLC (100%ef case} but only 62% of cases also had IBM3Cs at mortalityrelative to
controls Figure3). This suggests that trees died from either hydraulic failure alone, oulydra
failure in combination witmeduced NSE€. Thisfinding should help lay to rest the
misconception of a dichotomy between hydraulic failure and carbon starwakizh, are often
mistakenly thought to represemnttually exclusive mechanisiis Clearly, our resuls
underscore the importance of maintaining a functional plant hydraulic systeorvoral, while
suggesting aelationship between hydraulic failure and carb@amation mechanisma this
process The majority of studies included in camalysiswere not designed to distinguish the
drivers of mortality from the non-causative symptoms of dying. Thus, it is nobfe®sth our
datato conclusivelydetermine ifchanges in either NSC or Pli@cilitateddeath owere the
result of the mortality procegSupplementar{iscussiol. Results from studies in which light
and CQ concentration were manipulatedragulatecarbon fixationrdo suggest role for NSC as
a survival mechanism agaimabrtality via hydraulic failure during drought, even when NSC
does not decline during drought or is not reduced below control ¥atf¢Supplementary
Discussiol.

Given the diversity of NSC responses found at mortality, there is an obvious need to
develop frameworks for the sensitivity of plant metabolism to changes in NS€, liendliding
the potential for lethal threshofds$®. SpecificNSCthresholds for survival or mortality during
drought are not well-resolved in our data, perin the literature. Sucburvival thresholds
likely vary with factorancludingtree speciesyntogenytree tissugcanopy position
seasonalityenvironmental conditions, amdteractiors with other orgaisms butempirical

investigation of these thresholdsneedet?*%4L. Determination ofhesethresholds is hampered
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by an incomplete understanding of the role of NSC storage in plant function, andliésaigg
mechanisrf?®. However, significantljower NSCs at mortality were relatively commion a
variety of specief our analysis, such thegduced NSCs camo longer be consideredare or
atypicalresponseluring tree death

Our findingthat reduced NS€at mortality weremore common for gymnosperms, than
for angiospermsHigure 1, Supplementary Figured 3, 4),is consistent with thesider hydraulic
safety margins of gymnospermedative to angiosperr®*2. For gymnosperms, our functional
trait analysis revealed that species with greater xylem embolism resistarfigheatSC at
mortality in boles, branches, stems, or twigs than surviving controls, indicatirgpt@es’
hydraulic traitscan affect C balanaguring lethal droughtHigure2). As embolism resistance is
often associated with an ability to kespmataopen at lower water potenti&l$® our results
suggest that tree species which can maintain stomatal conductance and pedssgihhigher
xylem tensiorduringdrought are leskkely to have reduced NSC at mortafity These resistant
tree species would be more likely to die from hydraulic failure alone witeduced NSC —
consistent with hypotheses that stomatal regulation and hydraulic transpedisanfluence
the cantribution of carbon starvation and hydraulic failurertortality mechanism among
specied®®. Caution, however, should be used in assuming stomatal regulation is highly
coupled with water potential regulation and hydraulic strédfedsnportantly, ve did not find a
relationshipbetween NSC reducticand embolism resistance fangiosperms, nor did any other
trait predict mortality physiology in these species.

Our synthesis of data from multiple studies onghgsiolog of drought-induced tree
mortality exposes severky knowledge gaps in the fieldur dataset obnly 26 speciesunder-

representshe enormous diversity tfee specietound in forests globallyparticularlysofor
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tropical forestsywheredrought-inducednortality can have substantiahplicationsfor the global
carbon cyclé Pinuswasrelativelyovertepresented in this synthesis (nine cases from three
species), although it is widely distributed and has bedaly affected by forest dieff on
multiple continent$. Also, ar dataset is dominated by data from seedlargisaplings, often
from studies conductedith potted plants, which may be predisposediéxjuickly from
hydraulic failuredue to limited rootinggolumeandlack of access to deeper soil water pools
(Supplementaryables 1, 3. Data at mortality fomore than onéfe stage were available for
only threespecies(Figurel), and the consistency of NSC and PLC respagisemrtality across
a gradient okize andntogenyvariedin thesespecies Clearly, more research on the physiology
of mortalityin large trees in the fieldnd the effect of size and ontogeny on the mortality process
is needed Nonetheless, our overall observation that hydraulic failure was universal, &d NS
reduction was notjoes not change if wenly consider data for each life staggparately In dl
cases for which PLC data weaeailable mean PLC wa$0%or greateiat mortality
irrespective of life stag@igure1A). Our finding that normalizedSC at mortalityaried
among cases and specaso holds when seedlings, saplings, and eesonsideredeparately
(Figure1B-D, Supplementaryablel).

Determiningwhether forestsvill continue taact as alobal carbon sink or transition to a
carbon sources a critical uncertaintyor the carbon cycle with large ramifications for society
and climate polic§®?3 Such a shift largely depends on tree mortality responses which could be
anticipatedoy resolving the relative roles of hydraulic and carbohydrate mechams@ssing
tree death!®®, We found that hydraulic failure was ubiquitous among the studies we compared,
that PLC at mortality in all cases with such data atdeastt0%. These results affirm that

simulating hydraulic function should be a first priofity development of mechanistic tree
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mortality algorithms in climate@egetation models to improve projections of the future terrestrial
carbon budget. Hydraulic models that capture drought daatdgee and landscape scadee
rapidly developin§°383745>47and substantial improweent invegetation model projectiomsay
bepossiblewith simulation of hydraulidriven mortality whether tree carbohyate status is
represented or noReduced NSC in tregpeciesdying from drought wasommon in
gymnosperms, but not angiospermisggesting amfluence of NSC omydraulicdeterioration

in some treg that requires further investigatiolet, the diversity of NSC responsasiongonly
26 species and the design limitations of past studies in determining cadsatibnstratéhatwe
need to furtheassess the influence of carbmetabolism and storage orortality?®. Ultimately,
animprovedrepresentationf the physiology of droughtiduced treenortality that includes
both water and carbaelations willbe crucial for forecasting the fate of forests in a changing

climate.

Methods

Data Synthesis. We used literature search and extensigeussion with colleagues to identify
data from 19 experimental and observational studies on 26 species, for a total o634tadge
and species combinationd)iterature search terms includ&wn-structural carbohydrates”,
“water potential”, “tree mortality”and “droughit. Our synthesis was not limited to an objective
literature search, age sought to include all published data that fit@uteriafor inclusion.
Criteria for inclusion were that studies included data on: 1) tree mortalitydronght; 2)NSC
concentrations of at least one tissue, and/or PLC of aboveground woody tissue, eitieetdnea
directly, orestimated from plant water potential (Wp) measured at mortalitpr modeled from

hydraulic conductané&®® (SuppementaryMethods) and 3) that data were either: a)
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concurrently collected for trees that died (either at or near mortaltyfram trees that either
survived the drought or were in a paired control treatment, and/or: b) availavlepirought
or pretreatment from the same trees that later d obtaineddata from each studiirectly
from contributors. Details on the specific studies synthesized can be found in Suypatgme
Tablel. Determination of the point of mortality in dg trees was defined in each original
study, as detailed in Supplementa@gble3, and we relied on data contributors to provide the
appropriate data for-ator near) mortality assessments.

NSC measurements are methodologically challenging and compsofsabsolute
concentrations can be problematic across stutliedo issues of standards, NSC technique, and
lab protocol disagreeméftl. Howeveryelative differencegtreatment vs. contr@nd changes
over timeassessed with the sateehnique irthe same laboratoryrovide robust estimates of
NSC dynamics within studig®. We limited all statistical analyses of absolute NSC data to
within each casé@etailedbelow) and we only present relative differences in NSC in figures.
For studies where data were concurrently available for trees that died arad @ostirviving
trees, we calculated a normalized NSC deviation from the difference betweenataluegar
mortality and those for control or surviving trees divided by the control or survigagalue.
For studies where data were available prior to the drought for the samé&atdaser died (or
seedlings in the same treatment harvested at measurement), normalized vaadsover
calculated as the difference between values at omnedality and initial prereatment or pre
drought values divided by the initial or pre-drought values. In both cases, normalizesl val
were expressed as a percent. For comparison of time series trends in N0, ecaécalated
normalized, proportioddSCsin trees that died by scaling values relative to the maximum

value in each time series, which was defined as a normalized value of 1. Wherepossibl
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normalizations were calculated for individual trees, and specifically &r #&ssue sampled. Fo
studies 3 and 9 (Supplementdigblel), only means and standard erfansspecies and tissues
were available, so normalized values were calculated from these metrics

Note that all types of data were not available for all cases in our synthes@ngAhe 34
cases in our dataset, PLC measured at mortality was available for nine cdgespgaigs)PLC
was estimated in five cases (two species), NSC deviation from control/sgrireas at
mortality was available for 31 cases (24 species), and percent change in N&@wedwe for
28 cases (22 species). Sample sizes for PLC and NSC data are available in&upplem
Tables 4 and 5Because PLC values are already normalized to the maximum conductivity per
sample no further normalization was conducted with these da&Ye also acknowledge that
directmeasurements of PLC agéneration ohydraulic vulnerability curves can be challenging,
and that methodrtifactscan effect resul?é>3 Although the majority of hydraulic data we
report werecollected following.ecommendeg@ractice§ Supplementary Methods,
Supplementary Tabl®), we cannot rule outhe possibilityof such artifactsnfluencing our data.

To compare physiological mortality indicators to tree species traits, we abteaitechta
for the species in this synthesis from a variety of sources. We investigatedationships
between physiology at mortality and traits related to drought toleraatcartheasily measured
and widely available, such as wood density and specifiatea (SLA). We also included
hydraulic traits more directly related to drought tolerance that were meagitinedore
challenginghydraulic vulnerability curve methods. Wood density data for most species were
obtained from the Global Wood Density datsd®>® available through the DRYAD digital
repository (www.datadryad.orgWe obtainedSLA data from the TRY database (www-try

db.orgf®>8 for nearly all nortropical species. We calculated species means for SLA from alll
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data available for each species of interest for our analysis. Dateefgoseudoplatanus were
available from the mortality study populatién ForCallitris rhomboidea andEucalyptus
smithii, SLA data were not availablé@dditional sources of wood dsity dataare detailed in
Supplementary Methoddydraulic trait data for the stem water potential at 50 PLC (¥s0) and
hydraulic safety margin (¥so —minimum ¥)?*27, were obtained from multiple sources
(Supplementarirable5, Supplementariethods. Data for the embolism entry point (‘We) were
not available in the literature, so we calculated We from relevanhydraulic vulnerability curvéor
each case by applying a Weibull fit to the data, and determiningittiereept of the line
tangent ta¥so (Supplementarfable5)?’*°. Hydraulic trait data were unavailable for
Eucalyptus radiata, Eucalyptus smithii, andNothofagus nitida. No trait data were available for
the tropical angiosperm species from stud$upplementary Tablg) for any of the traits we
assessed

Themajority ofdatasets generated and analyzed during the current study are available
from the corresponding author on reasonable reqUestt data obtainedor the current study
from the TRY Database were used under license and as restrictions apply tiltisliay of
these dataheseare not available from the corresponding author, but can be requested from the

TRY Databaséwww.try-db.org).

Statistical Analyses. We used MATLAB R2012a (The Mathworks, Inc., Natick, MA, USA) for
all statistical analyses, with a. = 0.05. All NSC and PLC comparisons were performed using
ANOVA or Students ttest individually for each case, between dead (or dying) and
control/surviving trees or between post-drought dead and corresponding pre-droughtwtiues

tissue as a factor for analysis of NSC. Since our NSC normalization ceedttefsue
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comparisons within the same case, these analyses were performedrmmrmalized NSC data
to mairtain the correct ratio among tissues, a conservative approach. Our within-indoadeal
analysis on relative differences in anarmalized NSC does not bear the risk of error introduced
by different NSC techniques or labs, or uncertainty in standards for determbsalyite NSC,
and furthermore the inferences are based on large effect sizes comparedte pessurement
erroP®%L In experimental cases that included temperature ercG@entration treatments in
addition to drought, we included gefactors in ANOVA tests to determine if PLC and NSC
should be pooled or split among levels of these factors (Supplemé&atagl). For NSC, these
analyses also included tissue as a factor. Functional trait relationshipsowithlized NSC data
at mortality were analyzed with linear regression. Cook’s distanceal@dated for all points

in significant linear regressions, aadalue greater than three times the mean of the Cook’s

distance was used to identify outliers for exclusion.

References and Notes

1. Allen, C. D.et al. A global overview of drought and heatduced tree mortality reveals
emerging climate change risi@ forests.Forest Ecology and Management 259, 660-

684, doi:10.1016/j.foreco.2009.09.001 (2010).

2. Intergovernmental Panel on Climate Change (IPCC). Impacts, Adaptatibviuberability.
Contribution of Working Group Il to the Fifth Assessment Report ofRIGC.

Cambridge University Press, Cambridge, UK, 1132 pp. (2014).



411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

3. McDowell, N. et al. Mechanisms of plant survival and mortality during drought: why do
some plants survive while others succumb to droulyei?Phytologist 178, 719-739,

doi:10.1111/j.1469-8137.2008.02436.x (2008).

4. Adams, H. Det al. Ecohydrological consequences of drought- and infestéatigigered tree

die-off: insights and hypothesdscohydrology 5, doi:10.1002/ec0.233 (2012).

5. Anderegg, W. R. L., Kane, J. M. & Anderegg, L. D. L. Consequences of widespread tree
mortality triggeed by drought and temperature stré&ure Climate Change 3, 30-36

(2013).

6. McDowell, N. G.et al. The interdependence of mechanisms underlying climate-driven
vegetation mortalityTrendsin Ecology & Evolution 26, 523-532,

doi:10.1016/j.tree.2011.06.003 (2011).

7.McDowell, N. G. et al., Multi-scale predictions of massive conifer mortality due to chronic

temperature riséNature Climate Change 6, 295-300, doi:10.1038/nclimate2873 (2016).

8. Friedlingstein, Pet al. Uncertanties in CMIP5 Climate Projections due to Carbon Cycle

FeedbacksJournal of Climate 27, 511-526, doi:10.1175/jcli-d-12-00579.1 (2014).

9. Friend, A. Det al. Carbon residence time dominates uncertainty in terrestrial vegetation
responses to futudimate and atmospheric CORr.oceedings of the National Academy
of Sciences of the United States of America 111, 3280-3285,

doi:10.1073/pnas.1222477110 (2014).



430 10.McDowell, N. G.et al., Evaluating theories of drought-induced vegetation mortality wsing
431 multimodelexperiment frameworkNew Phytologist 200, 304-321, doi:

432 10.1111/nph.12465 (2013).

433 11. Sala, A., Piper, F. & Hoch, G. Physiological mechanisms of drought-induced ttagtynor

434 are far from being resolvebtlew Phytologist 186, 274-281 (2010).

435 12. Hartmann, H., Ziegler, W., Kolle, O. & Trumbore, S. Thirst beats hurdgalining
436 hydration during drought prevents carbon starvation in Norway spruce saplangs.

437 Phytologist 200, 340349, doi:10.1111/nph.12331 (2013).

438 13. Quirk, J., McDowell, N. G., Leake, J. R., Hudson, P. J. & Beerling, D. J. Increased

439 susceptibility to droughinduced mortality irSequoia sempervirens (Cupressaceae)
440 trees under Cenozoic atmosphere carbon dioxide starvAti@ni.can Journal of
441 Botany 100, 582-591, do0i:10.3732/ajb.1200435 (2013).

442 14. O'Brien, M. J., Leuzinger, S., Philipson, C. D., Tay, J. & Hector, A. Drought survival of
443 tropical tree seedlings enhanced by-+stmctural carbohydrate leveNature Climate

444 Change 4, 710-714, doi:10.1038/nclimate2281 (2014).

445 15. Sevanto, S., McDowell, N. G., Dickman, L. T., Pangle, R. & Pockman, W. T. How do trees
446 die? A test of the hydraulic failure and carbon starvation hypothelses Cell and

447 Environment 37, 153-161, doi:10.1111/pce.12141 (2014).

448 16. Piper, F. I. & Fajardo, A. Carbon dynamics of Acer pseudoplatanus seedlings ungkt drou

449 and complete darknesk.ee Physiology, doi:10.1093/treephys/tpw063 (2016).



450 17. McDowell, N. G. & Sevanto, S. The mechanisms of carbon starvation: how, when, or does it

451 even occur at éINew Phytologist 186, 264-266 (2010).

452 18. Sala, A., Woodruff, D. R. & Meinzer, F. C. Carbon dynamics in trees: feast or fammeee?

453 Physiology 32, 764-775, doi:10.1093/treephys/tpr143 (2012).

454  19. Fatichi, S., Leuzinger, S. & Koerner, C. Moving beyond photosynthesis: from carbon source
455 to sink-driven vegetation modeliniyew Phytologist 201, 1086-1095,

456 doi:10.1111/nph.12614 (2014).

457  20.HartmannH. Carbon starvation during drouginduced tree mortality are we chasing a

458 myth?Journal of Plant Hydraulics 2, e-005 (2015).

459 21. Kérner, C. Paradigm shift in plant growth cont@irrent Opinion in Plant Biology 25,

460 107-114, doi:10.1016/j.pbi.2015.05.003 (2015).

461 22. MartinezVilalta, J, Sala A. et al. Dynamics of norstructuralcarbohydrates in terrestrial

462 plants: a global synthesigcological Monographs 86, 495-516. (2016

463 23. Allen, C. D., Breshears, D. D. & McDowell, N. G. On underestimation of global
464 vulnerability to tree mortality and forest eudf from hotter drought in the

465 AnthropoceneEcosphere 6, doi:10.1890/es15-00203.1 (2015).

466 24. Choat, Bet al. Global convergence in the vulnerability of forests to drougéiture 491,

467 doi:10.1038/nature11688 (2012).



468

469

470

471

472

473

474

475

476

ar7

478

479

480

481

482

483

484

485

486

487

25. Skelton, R. P., West, A. G. & Dawson, T. E. Predicting plant vulnerability to drought in
biodiverse regions using functional tra®soceedings of the National Academy of
Sciences of the United States of America 112, 5744-5749, doi:10.1073/pnas.1503376112

(2015).

26.Poorter, L. & Markesteijn, L. Seedling traits determine drought tolerahtrepical tree

speciesBiotropica 40, 321-331, doi:10.1111/j.1744-7429.2007.00380.x (2008).

27. Meinzer, F. C., Johnson, D. M., Lachenbruch, B., McCulloh, K. A. & Woodruff, D. R.
Xylem hydraulic safety margins in woody plants: coordination of stomatalatarift
xylem tension with hydraulic capacitan€anctional Ecology 23, 922-930,

doi:10.1111/j.1365-2435.2009.01577.x (2009).

28.McDowell, N. G. Mechanisms linking drought, hydraulics, carbon metabolism, and
vegetation rortality. Plant Physiology 155, 1051-1059, doi:10.1104/pp.110.170704

(2011).

29. Mitchell, P. J., O'Grady, A. P., Tissue, D. T., Worledge, D. & Pinkard, E. A. Co-ordination
of growth, gas exchange and hydraulics define the carbon safety marginspecgss
with contrasting drought strategies. Tree Physiology 34, 443-458,

doi:10.1093/treephys/tpu014 (2014).

30. Mencuccini, M., Minunno, F., Salmon, Y., Martinez-Vilalta, J. & Holtta, T. Coordination of
physiological traits involved in drought-induced mortality of woody plaxésy

Phytologist 208, 396409, doi:10.1111/nph.13461 (2015).



488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

31. O'Brien, M. J., Burslem, D., Caduff, A., Tay, J. & Hector, A. Contrasting nonstructural
carbohydrate dynamics of tropical tree seedlings under water deficit aatiMgriNew

Phytologist 205, 1083-1094, doi:10.1111/nph.13134 (2015).

32.LandhausserS. M. & Lieffers, V. J. Defoliation increases risk of carbon starvation in root
systems of mature aspémees-Sructure and Function 26, 653-661,

doi:10.1007/s00468-011-0633-z (2012).

33. Brodribb, T. J., McAdam, S. A. M., Jordan, G. J. & Matrtins, S. C. V. Conifer species adapt
to low-rainfall climates by following one of two divergent pathwasoceedings of the
National Academy of Sciences of the United Sates of America 111, 14489-14493,

doi:10.1073/pnas.1407930111 (2014).

34. Anderegg, W. R. Let al. Meta-analysis reveals that hydraulic traits explain cissscies
patterns of drought-induced tree mortality across the gRrmeeedings of the National
Academy of Sciences of the United Sates of America 113, 5024-5029, doi:

10.1073/pnas.1525678113 (2016).

35. Brodribb, T. J. & Cochard, H. Hydraulic failure defines the recovery and point of death i
waterstressed conifer®lant Physiology 149, 575-584, doi:10.1104/pp.108.129783

(2009).

36. Anderegg, W. R. Let al. Tree mortality predicted from drought-induced vascular

damageNature Geoscience 8, 367-371, doi:10.1038/nge02400 (2015).



507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

37. Sperry, J. S. & Love, D. M. What plant hydraulics can tell us about responses te-clima

changedroughts New Phytologist 207, 14-27, doi:10.1111/nph.13354 (2015).

38. Zeppel, M. J. Bet al. Drought and resprouting plantéew Phytologist 206, 583-589,

doi:10.1111/nph.13205 (2015).

39. Hartmann, H. & Trumbore, S. Understanding the roles of nonstructural carbohydrates in
forest trees- from what we can measure to what we want to kidew. Phytologist 211,

386-403, d0i:10.1111/nph.139552016 (2016).

40. Oliva, J., Stenlid, J. & Martinézialta, J. The #ect of fungal pathogens on the water and
carbon economy of trees: implications for drought-induced mortaléy.

Phytologist 203, 1028-1035, doi:10.1111/nph.12857 (2014).

41. Anderegg, W. R. let al. Tree mortality from drought, insects, and their interactions in a

changing climatelNew Phytologist 208, 674-683, doi:10.1111/nph.13477 (2015).

42. Johnson, D. M., McCulloh, K. A., Woodruff, D. R. & Meinzer, F. C. Hydraulic safety
margins and embolismversal in stems and leaves: Why are conifers and angiosperms

so differentPlant Science 195, 48-53, doi:10.1016/j.plantsci.2012.06.010 (2012).

43.GarciaForner, N.et al. Responses of two semiarid conifer tree species to reduced
precipitation andvarming reveal new perspectives for stomatal regulaitamt Cell

and Environment 39, 38-49, doi:10.1111/pce.12588 (2016).



525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

44.MartinezVilalta, J. & GarciaForner, N. Water potential regulation, stomatal behaviour and
hydraulic transport under droughiieconstructing the iso/anisohydric conc&pant Cell

and Environment, doi:10.1111/pce.12846 (2016

45.Adams, H. Det al. Empirical and procedsased approaches to climaeluced forest

mortality modelsFrontiersin Plant Science 4, doi:10.3389/fpls.2013.00438 (2013).

46. Mackay, D. S. et al. Interdependence of chronic hydraulic dysfunction and canocgsses
can improve integrated models of tree response to drofygldr Resour ces Research

51, 6156-6176, doi:10.1002/2015wr017244 (2015).

47. Sperry, J. St al. Pragmatic hydraulic theory predicts stomatal responses to climatic water

deficits.New Phytologist, doi: 10.1111/nph.14059 (2016).

48. Sperry, J. S., Adler, F. R., Campbell, G. S. & Comstock, J. P. Limitation of plantusater
by rhizosphere and xylem conductance: results from a miédet. Cell and

Environment 21, doi:10.1046/j.1365-3040.1998.00287.x (1998).

49. Plaut, J. Aet al. Hydraulic limits preceding mortality in a pifiganiper woodland under
experimentatdrought.Plant Cell and Environment 35, 1601-1617, doi:10.1111/j.1365-

3040.2012.02512.x (2012).

50. Quentin, A. Get al. Non-structural carbohydrates in woody plants compared among

laboratoriesTree Physiology 35, 1146-1165, doi:10.1093/treephys/tpv073 (2015).

51. Germino, M. J. A carbohydrate quanddinyee Physiology 35, 1141-1145,

doi:10.1093/treephys/tpv109 (2015).



545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

52. Wheeler). K. et al. Cutting xylem under tension or supersaturated wittcgagyenerate
PLC and the appearance of rapid recovesgn embolismPlant, Cell & Environment

36, 1938-1949, doi:10.1111/pce.12139 (2013).

53. Nardini, A., Savi, T. Trifilo, P., Lo Gullo, M. A., Droughteass and theecovery from
xylem embolism in woody lants Progressin Botany, doi:10.1007/124 2017 11

(2017).

54. Chave, Jet al. Towards a worldwide wood economics spectrionlogy Letters 12, 351-

366, doi:10.1111/j.1461-0248.2009.01285.x (2009).

55.ZanneA. E., et al., Global wood density databag#yad Digital Repository. Identifier:

http://hdl.handle.net/10255/dryad.235 (2009).

56.Kattge, Jet al. TRY - a global database of plant trai@obal Change Biology 17, 2905-

2935, doi:10.1111/j.1365-2486.2011.02451.x (2011).

57.Niinemets, U. Components of leaf dry mass per atkikness and densityalter leaf
photosynthetic capacity in reverse directions in woody pl&l&s.Phytologist 144, 35-

47, doi:10.1046/].1469-8137.1999.00466.x (1999).

58. Niinemets, U. Globaeale climatic controls of leaf dry mass per area, derasity
thickness in trees and shruBsology 82, 453-469, doi:10.1890/0012-

9658(2001)082[0453:gsccol]2.0.¢o;2 (2001).



563

564

565

566

567

568

569

570

571

572

573

574

575

576

S77

578

579

580

581

582

583

584

585

59. Domec, J. C. & Gartner, B. L. Cavitation and water storage capacity in baie sgtgnents
of mature and young Dougldistrees.Trees-Sructure and Function 15, 204214,

doi:10.1007/s004680100095 (2001).

Acknowledgements. This research was supported by the US Departmdinefgy, Office of
ScienceBiological and Environmental Researahd Office of Science, Next Generation
Ecosysém Experiment ropics, theLos Alamos Nationalaboratoryl DRD Program;The EU
Euforinno project, the National Science Foundation LTER Program and EF-1340624, EF-
1550756, and EAR-1331408, ARC DECRA DE120100518, ARC LP0989881, ARC
DP110105102, the Philecology Foundation of Fort Worth, Texas, the Center for Environmental
Biology at UC Irvine through a gift from Mr. Donald Bren, and additional funding solisted

in the Supplementary Acknowledgements. We thank Amanda Boutz, $anztia Rosie

Fisher, Andrew Meador-Sanchez, Rick Meinzer, and Don White for discussions on sigaly de
analysis, and interpretation of results, dndy Ocheltree fohelpful comments on the

manuscript. Any use of trade, product or firm names is for descriptive purposes only &nd doe

not imply endorsement by the U.S. Government.

Author Contributions. ADC, AH, AKM, AS, BEE, CDA, CXU, DAG, DAW, DTT, GBG,
HDA, HH, JAP, JDL, JMK, JML, JS3DLA, LTD, MJBZ, MJG, MM, NGM, PJHRCC,RYV,
SML, SS, TEF, TEH, EK, UH, WRLA, and WTP designed the study. AH, AOG, BEE, DAG,
DDB, DJB,DML, DTT, EAP, EAY, FIP, GBG, HD, HDA, HH, JAP, JDL, JMV, JQ, JSS, KR,
LDLA, LGP, LTD, MJBZ, MJG,MJO, MLG, NGF, NGM, PJH, PJM, REP, SML, SS, TEH,

TEK, TJB, UH, WRLA and WTP contributed data. HDA, MJBZ, PJH, and TEF analyzed the



586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

data. ADC, AG, AH, AKM, AOG, AS, BEE, CDA, CXU, DAW, DDB, DJBJL,DML, DTT,
EAP, FIP, FR, GBG, HB, HD, HDA, HH, JDL, JDM, JMK, JMV, JQ, JSS, KR, LDLAR,G
LTD, MGR,MJBZ, MJG,MJO, MLG, MM, MV, MWJ, NGF, NGM, PJH, PIJM, RCC, RV,
SML, SS, TEF, TEH, TEK, UH, WRLA, and WTP contributed to the discussion of results.
ADC, AG, AH, AOG, AS, BEE, CDA, CXU, DAW, DDB, DJBE)JL,DTT, EAP, FIP, FR,
GBG, HB, HDA, HH, JDMJMK, JML, JMV, KR, LDLA, LGP,LTD, MGR, MJBZ, MJG,
MJO, MLG, MM, MV, MWJ, NGF, NGM, PJM, RCC, RH, REP, RV, SML, SS, TEH, TEK,

TJB, UH, and WRLA wrote the manuscript.

Competing financial interests. The authors declare they have no competing financial interests.

Figure Legends

Figure 1. Physiological respuses at, or prior to, mortality from drought for multiple tree
species. Percent loss of hydraulic conductivity (PLC) for ambient moisturpk; or surviving
trees and concurrently at mortality from drought is shown for both angiospermrandgperm
species (A). PLC was either measured dire@thy)for control (open symbols) and dying
(closed symbolstrees or estimated from either water potential with a hydraulic vulnerability
curve(green)for control ppen) and dyingdosed trees, or modeled from hydraulic
conductancéorange)for control (open), and dyinglpsed) trees. An “NA” indicates that
control PLC data were not available. In all panels for cases where individualetata w
available, boxes indicate the 25% and 75% quartiles, whiskers indicate theoéxiatat, and

black bars indicate the mean. For cases where only means and a measure ofyvaeabili
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available, means are indicated with squares and error bars astodard errorFor each case

in A where control and dying tree data were available, PLC was significagitigrrat mortality
than for controls concurrently 0.05, Studens t-tes). A potential threshold for hydraulic
failure is indicated by a line at 60%. Netructural carbohydrate concentration (NSC) at
mortality, normalized as the percent deviation from concurrent measuremanibiefit,

control, or unaffected trees in each study for each plant tissue, is shown for decidlious a
evergreen noitropical angiosperm (B), evergreen tropical angiosperm (C), and evergreen
gymnosperm (D) species. Significant differences for each tree tissueelpedrought trees at
mortality (blackbaror squargand ambient, control, or surviving trees (0% line) are indicated
with an asterisk (p <.05, ANOVA). Note that the absolute values in NSC concentration used in
statistical analysis varied for each tissue in each case, such that distaweesithet mean and
zeroin B-D are not a consistent indicator of statistical significano®ng cases or for tissues
within a caseAn “M” indicates data from a study on mature trees; all other data are frorasstud
of seedlings, saplings, and small treéegfdplementary Tables 2). Numbersfter species

names in all panels designate original studies (Supplemelrdhlgl). Sample size for all data

analyzed for Figure 1 are shown in Supplementary Table 4.

Figure 2. The relationship between the tree hydraulic traits related to xylem embolismnesista
and normalized nostructural carbohydrates (NS{d)aboveground woody tissue at, or prior to,
mortality from drought, expressed as a deviation foomcurrent measurementssafrviving

control treesfor angiosperm (blue circles; A, B) and gymnosperm (red triangles; §phdajes.
Tree hydraulic traits related to embolism resistance are the water potenti# EtsSSQof

hydraulic conductivity (Wso; A, C) andpoint of xylem embolism entry (We; B, D). Xylem
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embolism resistance increases to the right. NSC data shown are means foraalmol/e/oody
tissue (bole, branch, stem, or twig), normalized as a percent of ambient momttna, or
surviving trees in each case. Significant linear regressions were found for ggmmegC, D)
but not angiosperms (A, B). Values foallitris rhomboidea (upper right in C, D) were
identified as potential outliers, but both relationships remain statistically signifca 0.01,
linear regressiorfor the remaining data with the removal of these pdiBtgpplementary

Methods).

Figure 3. Physiological responses associated with hydraulic failure and carboriistaraa
defined by PLC and NSC deviation from control inch3es (study x species combinations) for
which both data were availabl&mong these cases, tremther died withhigh PLC and low
NSCs (8/13 casgsor with only high PLC (5/13 cased)NSC data are means for all sampled
tissues available for each case and normalized as a perchffér@nce fromconcurrent
measurements abontroltrees PLC data are those showrFigurelA. NSC and PLC at
mortality for angiosperm (blue circles) and gymnosperm (red triangpesies are shown
relative to hypothesized drought mortality mechanisms. Numbers near poigtsatkesiriginal

studies (Supplementaiyablel). Error lars are one standard error.
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