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Abstract

High-temperature tolerance in plants is important in a warming world, with extremevéesst
predicted to increase in frequency and duration, potentially leading to lethialgheateaves Global

patterns of highemperature tolerance are documented in anjrbatgenerallynot plants, limiting our

ability to assess risks associated with climate warming. To assess whether there are global patterns in
hightemperature tolerance of leaf metabolism, we quantifigd (high temperature whenminimal
chlorophylla=fluerescencerises rapidly, and thus where photosystem Il is disrupted) Tand
(temperature-wherkeaf respiratiorin darknesss maximal, beyond which respiratory function rapidly
declines) in uppecanopy leaves 0218 plantspecies spanningeven biomesMean sitebasedT it

values ranged from 41.5 °C in the Alaskan arctic to 50.8 i@wtandtropical rainforest of Peruvian
Amazon. ForTmas the equivalent values were 51.0 and 60.6 °C in the Arctic and Amazon,
respectively.T¢ir and Tmax followed similar biogeographic patternsicreasng linearly (~8 °C) from

polar to equatorial regionSuch increases in higemperature tolerance are much less than expected
based on the 20 °C span in high temperature extremes across the globe. Moreover, with only modest
hightemperature tolerance despite high summer temperature extremes, specietairuaé(~202

50°) regions ‘have the narrowest thermal safety manginppercanopy leaves; these regions are at the
greatest risk_of damage due to extreme -ngate events, especially under conditions when leaf
temperatures.are further elevated by a lack of transpiratioolthgoUsing predicted heatave events

for 2050 and accounting fqrossiblethermal acclimation off ¢t and Thax, We also found thahese

safety margingould shrink in a warmer world, as rising temperatures are likely to exceed thermal
tolerance limits<Ehus, increasing numbers of species in many biom@gbe at risk as heatave

events become more severe with climate change
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Introduction

Tolerance oheatwave events can influence the performance and fitness of organisms that experience
elevated temperatur@)(extremes and, due to climate change, will become an increasingly important
factor in thesfuture(Battisti & Naylor, 2009; Hansert al., 2012;IPCC, 2012) High temperature
tolerance iTi) Studies in animals have found tlemjuatorial and tropical species exhibit higher heat
tolerance thansthose:in cooler, high latitude regi@eutschet al., 2008; Sundat al., 2011;Araujo

et al., 2013; ). Animals in hot, low latitude environmeatg most at risk, although the ability to move
to lowerT refugia,amelioratethat risk(Sundayet al., 2014) HTy, is also ofconcernfor plants,which
aresesile and,limited in the extent to which they can ameliorate risks associated aithvdnees, with
sunexposed/leaves particularly vulneralfiéogel, 2009 Leigh et al., 201). Depending on factors
such as leabrientation reflectancetranspiration ratand wind speed, ledf can exceed ambient dir
(AT) (Fuchs, 1990juquetet al., 2003; Vogel, 2009 Leigh et al., 2012) Leaf shapenay also be
crucial, withAT-likely to be greater in broad, entire (i.e. rdissected) leaves comparedheir highly
dissected andfonarrowleaf counterparts Givnish, 1988; Nicotraet al., 201). In nature,large
increases infleakT, ranging from +5 to +20°C have been recorded (Ansari & Loomis, 19&&:set

al., 1968; Miller, 1972Beadleet al., 1973; Smith, 1978; Tyree & Wilmot, 1990; Valladares & Pearcy,
1997;Singsaas&.Sharkey, 1998; Ishigtaal., 1999; Trubuzi, 2005; Doughty & Goulden, 200&gel,
2009; Leuzingeket.al., 2010) with desert biomes unsurprisingly showing the greatest elevatidy like
due to the arid conditions and the lesser likelihood of transpirational c¢Gaigset al., 1968; Smith,
1978) see TablesS1 for details. Interestingly, in places where water availability is not limitihgasuc
tropical rainforests, elevated leamperatures of >10 °C have been recorded (Trubuzi, 20%)e
such eventsnay berare, they can bsufficiently long in duratio{Gangulyet al., 2009; Perkingt al.,
2012)to affect plant performance and potentially plant surviRayeret al., 2013).

Heatwavesmay disrupt many plant process€beskeyet al., 2014) including photosynthetic
(Berry & Bjorkman, 1980; Huvest al., 2011)and respiratoryHuve et al., 2011; O'Sullivaret al.,
2013)metabolismyAt the whole organism level, severe heaves (+12 °C above ambient) have been
shownexperimentallyto significantly reduce biomass accumulation and net photosynthesis in red oak
Quercus rubra and loblolly pinePinus taeda, particularly in canbination with drought conditions
(Ameyeet al., 2012 Bauweraertst al., 2013,2014). At the leaf levekhortterm increases in ledfs -
such as those experienced during {veae events- increase rates of respiration, whereas net
photosynthetic rates decline beyond an optiimtd which the plant is acclimatd®ewaret al., 1999

Teskeyet al., 2019 due toincreases in C@release byphotorespirabn and/or leaf respiratioim the
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light exceeding carboxylation ratéatkin et al., 2006) Stomatal closure at high (Valladares &
Pearcy, 1997; Zweifedt al., 2006)will further limit CO, supply and rates of net photosynthetic CO
uptake.Acute heatwaves may also damage photosynthetic and respiratory capacity d% mgrease
the fluidity of leakiness of cell and organelle membraftiéazel, 1995)leading to disruption of
metabolic processeBepending on the speed/extent of acclimation of heat toleramugerpinned by
induction of sreat, shock proteins, accumulation of antioxidant enzymes and osmotis, ayeh
changes in membrane function and chemi@jprkmanet al., 1980;Seemanret al., 1986; Knight &
Ackerly, 2003; Sunget al., 2003; Larkindaleet al., 2005; Sharkey, 20034ive et al., 2006, 2011,
Velikova et al,,.2011)- continued exposure to heat stresay causgpemanent damage to leaf tissues
(Huve et al., '2011; O'Sullivaret al., 2013) and contributeto hydraulic failure(Schymanskiet al.,
2013). HighTsmediated disruption of plant metabolic processes has been linkeddvehsesffectson
productivity, biodiversity and crop productiéReyeret al., 2013). Given these observationgsrm-dry
habits may provide a selective pressure for plants witiglaer HT,, particularly at drier sites where
the potential for-evaporative cooling is diminished and where the effects evlvecst are likely to be
most acute Bauweraes et al., 2014). Consistent with this prediction, regional studies have reported
higher HTy, ©f \photosynthetic metabolism alry, warmer sites(Knight & Ackerly, 2002, 2008
Moreover a comparison ofmetabolicHTy, in a diverse range of marine poikilotherms showed that
heat toleranceé=was lower in ceddclimated organisms compared to those from warm oceans
(Hochachka & Somero, 20Q23)ith the exception of a study documenting thermotoleg in a single
forb across a latitudinal gradient (Baretaal., 2008),and thecomparison of four congeneric species
pairs fromdesertandcoastal emironments (Knight & Ackerly, 2002, 2003he characterization of the
HT of higher plants, and how it may vary with climate and geography, is largely unknown.

To characterisdHTy, of leaf metabolism, many studies have focussed orirlthesponse of
minimal chlorophylla fluorescencdF,) (Schreiber & Berry, 197 Berry & Bjorkman, 1980Seemann
et al., 1984, Knight & Ackerly, 2002Hive et al., 2006,2011; O'Sullivanet al., 2013). Using this
approach, ther“response ofF, typically follows a pattern whereby levels remained stable with
moderate heating, before increasing sharply at highefiollowed by a sharp decline. The critidafor
functioning.of‘photogstem Il (T¢rit) is determined ahe point of intersection of two lines, representing
theflat and steep"parts of tig - T response curvéKnight & Ackerly, 2002; O'Sullivaret al., 2013)
The increased~, at high Ts is indicative of a disruption in electron transport due to increased
membrane fluidity and dissociation of membrdreeind proteins involved in photosynthe@shreiber
& Berry, 1977)andis associated withon-catastrophic degradation amloroplastnembranegHUve et

al., 2011). Recent studiehavealso characterised T, at temperatures abovg;;: via determination of
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Tmax defined as thénigh T at which rates of respiratol@O, release are maximal {ax) (HUve et al.,
2011, 2012; O'Sullivart al., 2013; Gauthieret al., 2014; Heskekt al., 2014; Weerasinghet al.,
2014) At leaf Ts aboveTnax rates of leaf respiration irreversibly declif@'Sullivanet al., 2013)
reflectingloss of mitochondrial function and the rapid onset of tissue death.

Here, we_providea crosshiome analysis of howhigh temperature toleranaé photosynthetic
and respatory”metabolism(as characterised byci and Tmax) Of upper canopy leaves vawyith
latitude and sthermal: environmer®ur dataset focuses ofrresponses observed above 45°Gor
patterns in thel-response foleaf respiration below 45°@om the samelatasetsee Heskekt al.
(2016) By relatingHTo values to the magnitude and frequency of extremes in air an@, leaf study
also providesiinsights into how tligermal safety margin of leaf metabolism varies across the Earth’s
surface. Here, we define thermal safety margin as the difference between measuredthigiich
damageo leaf metabolism is detected athe leafT experienced during heatave events- analogous
to similar definitionsused for animal ectotherm®eutschet al., 2008) Our study addresses the
following questions: (1) 81Ty, greater in plants growing in warmer compared to cooler environments;
(2) does thehermal safety margiaf upper canopy leaves differ among plants growing in low and high
T environmentsand, if so, what regions are most at risk to higlstress and, (3 what are the

consequences of a future warmer world with respect to thermal safety rdargins

Materials and-methods

Field sites and spegies selection
Measurements were madel&t globally distributed, thermally contrasting sites spansgwgn biomes
(Fig. 1; Table 1)The selected sites have mean annual temperatures ranginglrdm26 °C; across
the sites, mean maximum dailgniperature of the warmest month ranges from 16.7 to 36.6 °C, with
heatwave temperatures (defined as the mean maximum temperature of the wadagspeiod)
ranging from"25:2:to 44.8 °C (Table 1, Table S2). Other than onealiigide site in Peruhethermal
environment'of'each sitgaswithin the 95% confidence interval for their respective 1° latitudinal band
(on land) as*assessed using mean maxirmuof the warmest month taken from thgorldClim
databasdHijmanset al. 2005) (Fig. S1, Table S2 Consequentlythe sampled sitefther thanthe
high altitude site) weraot outliers in relation to thermal environment with latituthe high altitude
site in Peru was therefore used in analyses relatgabtath T but not to latitude.

For each of the 18ites, measurements were conducted overta 3-week period during one of

the warmest months of the year (Table A)single leaf from thre¢o four replicateindividuak of a
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representative species were selected for measurement at each site, with the exception of the two
Peruvian sites where only one replicate per species was selected due to time and logisticahs
(corresponding to 16% of the species in the skjaUpper canopy, sulit leaves were sampled and
stored in cool, moist dark conditions until measuremeni-dsponsestypically within six hours of
sampling. Intotal, we developed a globd Ty, data secomprising 798 individual measurements of

218 plant speciesepresenting a range of plant functional types including evergreen and deciduous tree
species, evergreensshrubs and forb speties.vast majority of the selected species were woody (203
sp.), with 15, norwoody species being sampled at ehmtes (Toolik, Alaska and the two sites in
Western Australia).Finally, to assess whethefgi; and Tnax Seasonally acclimate, additional
measurements were made on a three species at the Greater Western Woodland site in Wediarn Austra
(Olearia mulleri/ Ptilotus holosericeus and Sclerolaena diacantha), and at theAtherton tropical wet

forest site in Far North Queenslafstonia meulleriana, Cryptocarya mackinnoniana and Gillbeea
adenopetala); these measurements were made at time pappgximately 5-6nonths offset from that

of the originalseampaigns. Thus, for the above listed speigsandT nax Values were availabléuring

thewarmand=coolsseasons at each site

Determination of high temperature tolerance (HT)
We measuredtwo. aspectsHbfi, previously linked to changes in cell membranes and plant metabolic
performance:._hedhduced changes to minimal chlorophwglifluorescencelF,) - Tt (Schreiber &
Berry, 1977) and the upper thermal limit of leaf respiratory QO®leasen darkness Tmax (HUve et
al., 2011; O'Sullivaret al., 2013) Whole leaves were placed infecontrolled, wellmixed cuvettethe
cuvettes wer@8-controlled via a thermostaticallyontrolled circulating watebathas in O’Sullivanet
al. (2013) and Heskelet al. (2014) or via a Peltier system (30dBWK1 GasExchange Chamber,
Walz, Heinz'Walz GmbH, Effeltrich, GermanyAfter a 30min dark adaption period, theooled
cuvette chamber.was heated continuously at a ratéGofrin®, until Tmax was reached (generallgaf
T between 5570°C). Leaf T was measured with a smglhuge wire coppeconstantan thermocouple
pressed against“the lower surfack the leaf, and which was attached to a6UDO external
thermocouple adaptor (LI64a1B, Li-Cor Inc., Lincoln, NEUSA) that enabled leafs to be recorded
by a LI-6400XTportable gas exchange systemar Inc.).

During eachT-response experiment, we measuifgdn the presence of a low intensity f&d
light pulse (necessary to maintain PSIl in the oxidized state) every 30 s usingRAMiportable
chlorophyll fluoometer (HeinzWalz, Effeltrich, Germany) fitted to the glass surface of the leaf

chamberT.i: was determined d@he point of intersection of twaegressiorlines, representing thigat
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and steep parts of thH&, - T response curvéKnight & Ackerly, 2002; O'Sullivaret al., 2013) The

linear parts of each curve wedeterminedby calculating thenstantaneouslope of the relationship
betweenF, (normalised so that maximum value equals @) T across a 3°C range centred on the
measurement temperature. The regression lines for the flat and steep parts of the curve were calculatec
using points where the slope vadweere <1 or >3.5 respectively. These values were chosen arbitrarily
but used consistently to ensure compardhle values.RespiratoryCO, release waslsorecorded at

30s intervalausing a=L16400XT portable gas exchange system [fitted with an empty and closed 3 x 2
cm cuvette (LCor 640002B)] that was plumbed into the atream exiting the leaf chamb@&f,.x was
identified as the high leal where rates of respirato @O, release were maximgD'Sullivanet al.,
2013).Postmeasuremeneach leaf was ovedriedat ~60°C for a minimum of two daysd weidned.

To enable calculation of specific leaf area (SLA, ratio of leaf area to leaf dry mass with units of
m? kg'), we measured the leaf area [us@ithera LI-3100C leaf eea meter (LiCor Inc.)or Image J
(www://imagej.nih.goV/ijj analyseof a scanned leaf imagahd drymass of an adjacent ledilhere
stated, otal nitrogen(N) and phosphorugP) concentrationsvere also determined using Kjeldahl
digests(Allen=et-al;; 1974)that were analysedsinga LaChat Quikchem 8500e8es 2 Flow Injection
Analysis System (Lachat Instruments, Milwaukee, WI, USA).

Meteor ol ogical ‘data
Local meteorological station data (using the nearest meteorological station at a comparalde altitud
Table S2) from 2002010 were used to examine trends associated with actual thermal conditions and
recent heatvaves-experienced at each site, rather than exclusively assessing trends based on changes
with latitude @s is often done in n@hant organisms¥eutschet al., 2008; Sundat al., 2011;Araujo
et al., 2013) Restricting meteorological station data to 2@010 enabled standardization of data
across stations (which vary in the number of years available), while also providing a comieon re
period for allisites: In the case of two sites (Toolik, Alaska and Andes, Perwrobeggcal station
data from nearbyfield statiors were used(Trubuzi, 2005; K. Halladay and Y. Malhi personal
communication)For other sites, meteorologicstitiondata were collected from publically available
records aceessed from national government web@#éer, 1972; Tyree & Wilmot, 1990lshida et
al., 1999) In mosticaseglata were collected from a station within 100 km with an elevation difference
of <100m, with the exception athesites in Costa Rica and Atherton, QLD (Table S2).

The use of local meteorological data allowed for the assessment of recemaheaventso
calculatethe thermal safety margin &iT, for Tt and Tmax referenced agaibsir T. The thermal

safety margin was defined as the difference betweerHihg of each species at each site and the
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observed heawave extremes, with latter being the mean maximumTaof the warmest threday
period at each site from 20@D10 (Table 1).Note: other ways of representing maximuis alongside
details of met stations for each site are shown in Table S2).

Current modéed climate data for each were collected from\WeeldClim databas€Hijmans
et al., 2005)at _2.5rareminutes resolution. Future mdtel climate data were also collected from the
WorldClim website, using the Hadley Centre model (HadGHBS). Future heatvaveevents for 2050
were estimated=assuming thhe warmest3-day heatwave event for 2002010 at each site would
increase in parallel with predicted increases in the mean maximafrthe warmest month by 2050 as
predicted in the higlemissionrepresentative concentration pathw&®CP 8.5 IPCC scenarjothe
scenario which _most closely matches current emission esti(Raiedlingsteinet al., 2014).The RCPs
are four emission scenarios that range from early mitigation (RCP2.6) to very high baseline emissions
(RCP8.5) that provide high resolution spatial data on future climate conditionssfmamding to
radiative forcing values from 2.6 to 8.5 Wijn@Vuurenet al., 2011).

Data analysis

Bivariate regression was used to explore relationships betWden values Tmax and Tei) and
latitude, and with various measures of the thermal environfenthe latter, the correlations with the
highestr? weré*against mean maximuih of the warmest month (MTWM). To test if relationships
betweenHTi.and. latitude/MTWM differed between sites in the northern and southern hemispheres
we analyzed the data sets using analysis of covariance (ANCOVA), with latitude or MTWM as the
covariant Fig.»S2= Similarly, ANCOVA was used to test whether relationships betwéBpn and
latitude and MTWM differed between evergreen and deciduous s§Emes$3) These analyses were
conducted using SPSS Statistics V22 (IBM Corp Armonk, NY, USA).

Given theobservedscatter inTmax and Tt Value at any given latitude, and the clear role that
altitude plays.(e.gsAndes site in Peru), it may be that much oftlegion in observed valuesould be
accounted fobyincluding altitude in a model, enore simplysite temperatur@vhich is influenced by
latitude and=altitude). Similarly, th&ariation in observed valuesmight reflect the impact of
environmental factors other than mean maximiiof the warmest month, such as drought,Taax
and Ti. With these issues in mind, we used backvsepwise regressioto select besfitting
equations from a starting set of input climate varighlesg sitemean values oT nax and Teit. TO
explorerelationships betweeHT,, and associatelkaf structural and chemical composititnaits we
conducted additionddackwardstepwise regressisrno select besfitting equations from a starting set

of bothinput climate variableand the following leaf traits: specific leaf area (SLA), Ipdfand [P}
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for theses analyses, we udmath sitemean and specigaeanvalues of the above traitk all of the
above cases, parameters were chosen that exhariedce inflation factorgVIF) <2.0 (i.e. minimal
co-linearity); F-to-remove criteid were used to identify befitting parametersMultiple regression
wasthen used testimate predictive equations for the chosen variablesPRESS statistic(predicted
residual error_sumyof squaresas used to provide a measure of how well each model predigied
andT.; valuesthePRESS statistic provides a measure of how well each regression model predicts the
observations; 'with=smallePRESS indicating better predictive capabilitRelative contributions of
climate variables to each regression were gauged from their standardized partial regressiantmeffici
Stepwise and,associated multiple linear regressions were conducted using Si@taEts v12
(Systat Software Inc., San Jose, CA, USA).

In the absence oéxtensivedata documentingacclimation of Teir and Thax in diverse
assemblage®f species(but see Results section for seasonal acclimation data at twg swes)
calculatedT it andTmax in @ future, warmer worl@aking into account acclimation) assumingtth(1)
the existing biegeographic patternsTig: andTmax Mirror those ophenotypic adjustments in response
to differencesrin=growtf experienced at each siein doing so, we adopted approachsimilar to
that taken for modelling acclimation responseseaf respirationusing a global respiration data set
(Atkin et al., 2015; Slot & Kitjima, 2015; Vanderwet al., 2015) (2) thatall species would acclimate
to future increases i to the same extent; an@)( that there are no limits to the degree of high
acclimation:

Based on these assumptions,catulatel future T¢i: values using the formula:

acCTerit = Terit + (AT " m)
wherebyaccTyi; IS the acclimabtn value forTgi, AT is the difference between the mean maximiuim
of the warmest month under current and future RCP8.5 conditions for each sitejsatite slope of
the relationship betweéeh,; and mean maximurh of the warmest montirhe same formula was used
to account for.acclimation ifimax Using the slope of the relationship betwdgpg and mean maximum
T of the warmestimontiUsing this approach, we note that increaseldT, may not bdinear with
respect to futuresincreasesgrowthT; ratherHT, might be expected to decrease disproportionally as
growth T inereases above an optimuBafuaet al., 2004 2008 Wanget al., 200§. While this may
mean that our approach owestimates acclimation ¢iT, to rising growthTs, it alsohad thebenefit
of providing a conservative estimate of deleterious effects of future increases in gramthhe

thermal safety margin dfiTy.

Results
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Current biogeographical patternsin HT, and thermal safety margins
HTwi, as measured bl.it andTmax, Was greater at lower latituddsid. 2a) and at warmer sites (mean
maximumT of the warmest month of the year) (Fidp),2noting that growtil co-varies with latitude
Mean sitebasedl i was 10.5 £ 0.6 °C lower than me@ga.x, but both followed similar biogeographic
patterns. These Significant and parallel linear relationships with geographic and climatic(dadies
2) were maintained-when considering the northern and southern hemisphere siteelgepay. S2).
Similarly, anganalysis of covariance (with latitude or mean maxirmuoh the warmest month of the
year as coevariants) revealed there was no main effect of whether species were categorized as
evergreen orideciduous, indicating that the alldVg, patterns ee unlikely to be dependent on leaf
growth habit Fig. 1 S3. Although we focus on the high of the warmest months, the positive
relationship oHTy with air T is similar for a variety of metrics (e.g. mean annalFurthermorein
no case did accounting for site aridity significantly improve model fits over and ait®wabtained
using data onrlecation or climate, when using-sitgan valueg¢Table3). Similarly, accounting for leaf
traits central tosthe ‘leaf economic spectryfvright et al., 2004)- that being specific leaf area (SLA),
and mas$ased concentrations of leaf nitrogen ([N]) and phosphorus-(ffiJ)not improve model fits
in analyses that used siteean valueg¢Table 3). When usingspeciesmean data, accountirfgr the
above leaf traitsalso did not improve model fits fofTi (Table %), suggesting thatHTy, of
photosynthesis.is.not linked to leaf traits strongly linked to growth potential; by dontthismean
maximum temperature of the warmest month (MTWAW)I leaf [P]wereretained the preferred model
for Tmax, Wheniusing spgesmean values (Table 5

Both Terit andTyax ranged ~8 °C from arctic to equatorial si(Egy. 2). This 8 °C range iHT
is narrow when compared to the 20 °C range in mean maximumTdaflghe warmest month from
arctic to equatorial sites (Table 1), suggestingt thermal safety limitsof T¢ir and Tnax are not
constantacross. the globe. To assess whether this mightube we quantified geographic variation in
heatwave extremes using the mean maximumBof the warmest recorded thrday period of each
site from 20042010 (Fig. 3a) because these represent extreme events that might result in thermal leaf
damage. The“ctent station data (Fig. 3a) show that highest-aeate Ts do not occur in equaiaf
tropical forests where there is high potential for loss of latent heat during evaporation (Strahler &
Strahler, 1989); rather, the highest heave Ts occur at the relatively dry, inland sites at mid latitudes
(2040°) (Fig. 3a). AirTs during these periods approach me#n, (for Teit) thresholds at each site
(Fig. 3a) and exceed some individual spekiég, thresholds (Table 3). If ledfs exceedir Ts (e.g. by

+5 or +10 °C; Fig. 3a), as can sometimes occur (TableHg1y), (for Tit) thresholdsare breached for
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greater numbers of species (Table 4), surpassing some site means (Fig. 3a), with species in mid latitude
sites (2050°) most at riskGreater numbers of species are at risk underwaaé scenarios predicted

under RCP8.5 (Fig. 3bYhe narrowest thermal safety margiealculated using the mean maximum
heatwave airT recorded at each site) occur in species atlatitide (~20° to 50°%ites Fig. 4a; Figs

S3& S4), mirroring global heatvave patterns (Fig. 3a). Thus, althoudjhy, increases with increasing

mean maximunT ef the warmest month~(g. 2b), such increases T, are insufficient to maintain
geographic homeostasis of the thermal safety margin atatitidde sites where the severity of heat

waves is most pronounced.

Future warming.impacts on thermal safety margins
At two sites (GWW and Atherton), we assessed the extent of seasonal acclimatigraof] Trmax Iin
three species at each siBy. measuringHT, in the same speci@s cool and warm seasone could
guantify the extent to whiclgi; andTmax varied in response to changes in mean daiy the 30day
period prior te=measurement3.able S6shows that at GWW (temperate woodlan@);: and Tmax
increased by:30=and 0.35 °C per 1.0 °C difference in growthrespectively, when averaged across
the three selected species; at Atherfion, andTmax increased on average by 9dnd 0.B °C per 1.0
°C difference in growthT, respectivelyThus, while not a definitive measure of thermal acclimation,
the data pointtesseasonal adjustments consistenH#ighincreasing as growthincreases.

Because. ofimited knowledge of the extent of thermal acclimationTgk andTmax across our
all species and the 19 sitege used the relationships with current climatd=ig. 2b and Table &
simulate T @andFmax increases with climate warmingee Methods)noting that both traits exhibit
evidence ofseasonalacclimationin the species shown in Table .S8ere, weassumd that the
geographic patterns iMTy under current climates mirror that of local thermal acclimation or
adaptation to.a warming climatas done for modelling leaf respiration raf&tin et al., 2015; Slot &
Kitjima, 2015;Vanderwelet al., 2015) The observed relationship with climate indicatesOz3 °C
difference inHT per 1.0 °C difference in growth (Fig. 2b), which is consistent with empirical
evidenceof Ghotilet al. (2003) ands similar to theseasonashifts inHT, shown in Table § given
this, we usedelationshipsshown inFig. 2o and Table &s a firstorder approximation of acclimation
of HT parameters to warmer future growing conditions. Thus, the slopes of the relgsooBhy
andTmax against mean maximuiof the warmest month (Figh2 were used to predidii; and Tmax
values of each species under warmer climates projected for sites by 2050 under the IPCC high emission

RCP8.5 scenaridVhile Tt andTmax may not thermally acclimate in all species, predicting fulire
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and Trax values in a warmer world in this wayoids the unlikely assumption thET:, will remain
static.

Under the above describethermal acclimation scenarié{Ty, increases in all species with
climate warming. Despite this, heative T extremesare likely to breacf i across a broader range of
latitudes than_today under the RCP8.5 scenario (Fig. 3b), with a narrowing of thernyahsafgins
across all sites'by,2050 (Figo, Table 2), due to the predictaatreases in aif being greater tn the
predicted acclimatielependent increases Tii; (for full comparison of different RCP scenarios, see
Table ). When averaged across all sites and assuming leaf amdaearin equilibrium, 5% and 7%
of species are likely to exceed théigi thermal safety margins in current and future climates,
respectivelylmportantly, the degree of narrowing of the thermal safety margin in 2050 would be even
greater for species that do not acclimate much or afThlls, by assuming a uniform degree of
acdimation for all species, our approach provides a conservative estimate of the possible effects of
future warming on the thermal safety margin, noting that the deleterioussedfezarming would be
even more severeH Ty, fails to increase proportioriglas growthT increases above an optimum, as
has been suggestéBaruaet al., 2004, 2008; Wangt al., 2008).

Whilefuture thermal safety margins are influenced by metabolic acaimatonsideration of
the extent to which ledfs exceed aifsis alsoimportant.The above analyses assumed thatTs are
in equilibrium withair T, with the latter being based ochimate statiorir's. Although leafTs may match
ambient airTs.in.the shade, they can become markedly elevated during periods of fii\fcsyed,
2009 Leighet al., 2013, dependent oseveral factors includinthe extent of air movemerdegree of
evaporative coelingand kaf shapelLeaf Ts have been recorded to bel% °C and 50 °C above
ambient airT /in temperate and tropical regiomespectively (Table S1) at times of full sun, low wind
speed and reduced transpiratioconditions likely to ceoccur during heaivaves. An elevated ledf
that is5-10 °C above ambient aif across all sites would result in-#8% of the sampled species
exceeding their.thermal safety marginTgfi based on recent heative events (2002010;Table 2 &

Fig. S4,c), with*the proportion rising to Z28% by 2050 under the RCP8.5 scenario (Table 2 & Fig.
S4b,d). Thermal'safety margins calculated fromy, reflecting tissue damage and death, are much less
likely to besbreached than thermal safety margins calculated Trgmunder current and future
conditions Fig. S5& Table $1). The majority of species exceeding their thermal safety margins for
Teit occur at midlatitude sites that currently experience the warmestwwaaes (20042010) with

100% of measured species at several sites exceeding their thermal safety margin in some climate
change scenarios (Tabl&8)SThe midlatitudes are also most liketg experience the warmest extremes

in the future and to have the greatest fraction of species at risk of damagedtoavents (Table)2

This article is protected by copyright. All rights reserved



Discussion

Biogeographic patterns and acclimation/adaptation

Our results_show that site mean value®l$ervedT i and Tmax Of upper canopy leavescrease as
site maximumraifincreasegFig. 2), although byless than half as much #® change in aif (Table
1, Fig. S1), resulting=in a narrowing of the thermal safety margin in theatitiddes compared to the
equatorial and highatitude regions (Fig. 4; Figs S4 & SHnportantly,thermal safety marginghown
in Figure 4 likely ovefestimate the true safety margiiupper canopy leaves as theessume that leaf
and airTs are.in_equilibriumguring heatwaves, leaf Ts are increasingly likely to exceexr Ts, further
reducingthe safety.margin (Figs4Sand $%). Thus, the extent to which upper canopy leaves exhgit
greater than that of the surrounding air is crucial in determining how current and fuatireaties
events impact on leaf metabolic processes central to plant growth and sukvivather factor that
may contribute=te=the thermal safety margins shown for the ‘Future (RCP 8.5)" esestamwn in
Figures 4, S4rand: S5 is the assumption &g increases linearly with increasing growkhwithout
an upper acclimation limit. Limits to the extent to whidh, can acclimate (Baruet al., 2003, 2004
Krauseet al. 2013 would further limitthermal safety margins of leaf energy metabolism fatare,
warmer world.

ThegreaterH T, in hot, lowmid latitude regionsnight simply reflect phenotypic adjustments
of individual plants to sustained exposure to highTdire. thermal acclimation)ndeed, at two field
sites, we havesebserved seas@djlistments in several species consistent with thermal acclimation of
HTw (Table S§§. Acclimation to high airTs isunderpinned bychanges in lipid compositioand/or
accumulation of volatile organic compourttiatincrease membrane thermostabilitygreases in leaf
osmotic potential and soluble sugar concentratidinagt help protect chloroplast and mitochondrial
membranesinduction of heat shock proteins (HSRegfich act as molecular chaperones to protect
proteins from*denaturation; and, accumulation of antioxidant enzymes to limit forméatreactive
oxygen speciegBjorkmanet al., 1980;Seemanret al., 1986;Downset al., 1998; Heckathormt al.;
1998; Sunget7al., 2003; Larkindaleet al., 2005; Sharkey, 2005; Huwet al., 2006,2011; Velikovaet
al., 2011;Kim etak, 2012).Acclimation canallow the plant to cope, up to a pofthat is yet to be
guantified) with extreme heatvave events in a manner analogous to the agjimation induced by
sustained chilling allows a plant to cope witfieezing evenflba, 2002) Notwithstanding evidence of
seasonal adjustments il at two of our field sites (Table $6the extent tavhich Tgie and Tmax

adjust to changes in growth per se is not certain. For example, Krauset al. (2013) reported no
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change inHTy, of photosynthesis in tropical trees grown at two contrasimgVioreover,elevated
growth T (3-5 °C) did not increas@max Of an Australian broadleaved treEucalyptus saligna
(Gauthieret al., 2014)or an arctic shrubBetula nana (Heskelet al., 2014) similarly, increases in
growth T along an 800 m elevational gradient in the-alfne/alpine region of SE Australia had no
effect on eithef¢or Tmax Of Eucalyptus pauciflora (O’Sullivan et al., 2013). By contrastGhouil et
al. (2003)reported, that when cork oak)ercus suber) plants wereacclimated to a wider range of
growthTs (1040°C)T.;; increased by0.3 °C per 1.0°C increase in growkhAcclimation of T and
related photesynthiet properties has also been reported in several stuDiesnton et al., 1984;
Seemannet al, 1986; Knight & Ackerly, 2002) Thus, while the extent to whicligii and Tmax
acclimates remains unclear, the possibility remains that acclimation may contribute to the
biogeographical patterns observed in our study, particularly given our observation of Iseasona
adjustments i ¢t andTmax (Table $). While further work is needkto assess the extent to whit:
and Tmax acclimate to sustained changesTiper se, a conservative approach to predicting potential
negative effeets'of future warming would assume that acclimation does-atdsifor this reason that
we assumed-aniform level of acclimation for all our selected species when modelling the effect of
future (RCP [8.5) warming on the thermal safety margil B (Fig. 4b and Figs S5 & S5or our
analyses, wassumed that the slope of relationships linkKihgx and Tt to mean maxmum T of the
warmest monthKig. 3) could provide an estimate of acclimation potential, with the assumed
acclimation equations allowing for 0.38°C and 0.26°C changeinand Tmax respectivelyper 1.0°C
change in mean marum T of the warmest month (see Talle

A secondfactor that may contribute tgreaterHTy, in plants in hot regionss that heat
tolerance isa consequence of evolutionary history, whereby adaptation to hot climates results in
inherently greateH T, compared to plants adapted cooler regions. Notwithstanding evidence that both
Teit and Tpaxolikely acclimate to changes ih of the growth environmenfsee above)it remains
unknown the.extent to which species from thermally contrasting environmefas idifbasalHT
and/or ability"to“increaséi T, when challenged with rising growths [but see related studies by
Knight & Ackerly (2002) & Curtis et al. (2014)]. Comparison of a diverse range of plant taxa from
thermally eontrasting biomes, when grownder common garden conditions, #nereforeneeded to
gain insights intothe role acclimation versus adaptation processes play inlicgnthel observed site

to-site patterns i T, observed in our study.

Upper limits to thermal tolerance
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The likelihood that therés an upper limit inHT, of photosynthetic and respiratory metabolism in
terrestrial plants— as has been suggested previously by studies focussing on the induction of
chloroplast antbr mitochondrialHSPs(Heckathornet al.; 198; Downset al., 1998 Shakeelet al.,
2011; Kimet al., 2012 andassociatedH T, of photosynthetic rateBaruaet al., 2004, 2008Krause

et al., 2013 = is reflected in the observation that maximum heave airTs are not matched by
concomitant increases Ty, (hence the fact that the thermal safety margiH B, is not constart

Fig. 4a; Figs-S47&=S5). Whildhe above mentioned acclimationechanismsare likely tolead to
increased heat tolerance, it seems likely that theimitsin the extent to which they facilitate increases

in HTy of photosynthesis and respiration, which in turn reduces the thermal safety mardjiaseof t
processes for, plants growing at the warmest ditegher work will be needed to quantify the uppe
limits of thermal tolerancef photosynthesis and respiration in wide range of plant taxa from thermally

contrasting biomegarticularly in plants acclimated to high growih

Thermal safetysmargin
A key factor that-will influence changing thermal safety margins in planteigxtent to which other
driving variables modify how much ledk exceed aiils during heatvaves. The elevation of ledf
above aifT will be greatest under high irradiance and low soil moisture conditions that reduce stomatal
conductance, transpirational water loss, and associated coalimgyeet al., 2012;Bauweraertst al .,
2013, 2014; Schymansegi al., 2013). Although there are reports of drougtgdiated increases ofi®
°C in Tmax (Gauthieret al., 2014)and T (Ghouil et al., 2003), loss of transpirational cooling during
drought eventsseould result in even greater increases ifdeddiring heatvaves. Similarly, elevated
atmospheric/C@concentrations may also modestly increaseTe@.g. 25 °C) in both G (Barkeret
al., 2005)and G (Siebkeet al., 2002)plants via reduced stomatal conductance to water vapour and
latent heat loss. Such increases in [eabuld further narrow future thermal safety margins (Flg. 4
Figs S4& S5),. depending on the extent to which rising atmospherig €@centrations impact on
high T tolerancefmeyeet al., 2012) There is also the possibility th@g; could rise in response to
future increases"atmospheric £@s a review by Wang al. (2012) found increased heat tolerance of
photosynthesis in a range of €pecieggrown under elevated GOHowever past studies of heat stress
and elevated€O; (e.g.Fariaet al., 1996; Taulet al., 2000)have not quantifie@hanges i ¢; per se.
In the one study to assess the effects of elevated atmospherionClax (Gauthieret al., 2014)
elevated CQ@had no effect.

What would be the impacts of exceeding heat tolerance levels? For leaves tsapsigotied

(i.,e. < 5 mins) toTs betweenTgi: and Tmax, Metabolic functioning continues at an impaired level
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(O’Sullivanet al., 2013). However, with more prolonged exposure to suchlkeairing heatvaves,
leaf tissues will be permanently damagé&iSullivanet al., 2013; Schymanskét al., 2013) Thus,
tissue death could occur during nrday heatwave events, with the ultimate impact depending on the
extent to which leaves increas#T,, during those eventscombined with the extent to which
emlbolisms and associated water stress increase duringvages. Further factos that may influence
the impact of"sueh heatave events on plant growth and survivamibether leaf metabolism can
rapidly recoverfromsheat stress (Cusisl., 2014),the exent to which lower canopy leaves maintain

functionality and/or the speed with which upper canopy leaves re-grow following eachdveat

Variability in heat tolerance among co-occurring species

As reported fin/previous studiemsssessing heat tolerancé ghotosynthesis of fieldgrown plants
(Knight & Ackerly, 2002, 2003Curtiset al., 2014),we found thafl i andTmax Werehighly variable
amongco-occurringspeciesat eachsite (Fig. 3. Thus,while many species can tolerate high I&af
other ceoccurring=species possess a smaller safety margin (i.e. Toyweand Trmay) (Fig. 4 and Fig.
S4). To gaininsights into what factors might be responsibldHisr variability, we analysed whether
including leaf structural and chemical compiosi traits that are ecologically important and linked to
growth potential (SLA, [N] and [P{Reich et al., 1997; Wrightet al., 2004; Poorteret al., 2009
improve our ability to predict variability it Ty For Teit, inclusion of SLA, [N] and [P] didchot
improve the predictive power of the mod€lable S5) irrespective of whether sitmean or species
mean data were used in the analydiile the results in Table 3 and S5 poinfTtg; being linked to
the thermal envirenment in which plants are grai@ither as a result of acclimation and/or adaptive
processes), they do not explain whyeasting species differed i values.Rather other factors
must be responsible for the observed variability4a among species at each site, suchia&bility in
theabundance of heat shock protefHeckathorret al., 1998; Knight & Ackerly, 2001, 200Baruaet

al., 2003; 2008and/or membrane composition trajiRaisonet al. 1982; Larkindale & Huang, 2004;
Los & Murata;"2004).

Interestingly, leaf [P] was retained in the regression model predicting variabilifainof
respiration.when analyses were conducted usitggmean andspeciesmean valueswith higher leaf
[P] being associated with decreadedy (Tables 3 andS5). Thus, while membrane properties and heat
shock proteins (particularly proteins that accumulate in mitochondria; Deivahs 1998; Kimet al.,
2012) are likely to be important for species variabilityl iy, it appears thgbrocesses linked to foliar
phosfhorus concentrations influence spediespecies variation in heat tolerance of mitochondrial

respiration; @irther work is needed to explore the mechanistic basis via which this association occurs.
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Taken together,uw results indicate thaipper canopyeaves oimany plants in midatitudes

operate close to their metabolic thermal lintitsing heatwave eventsKigs 2 and 4)Leavesn such
areas are particularly at risk considering thafaaxtremes are highest in the maditudes. Dry
summers are characteristic of the climate in large portions of this latitudinal zone, and if coupled with
reduced transpiration would further elevate [Babove aifTs. Moreover, heatrave events will
generally becomeymommmonin the future As mean aifl in the tropics and mitktitudes is
predicted to exceed-current extremevents by 2100 (Battisti & Naylor, 2009), vulnerability of upper
canopy leaf metabolisto heatwave events will increasingly bee a realityfig. 2o and Table 2;
Figs S4 & S5 and Tables S4 & S5). Under future climate warming scenarios, our findings thadges
upper canopy.leaf metabolism may be at substantially increased risk durivgaeatvents,
particularly when those ammmbined with drought (IPCC, 2012). Although this finding is s|atiue,
it is worth noting thahative plants in midatitude regions may be particularly at rifikdoss of
metabolic capacity impacts on rates of net carbon gain at the plaoleleve) there is a possibility
that heatwavessmay contributéo dieback of heagensitive species, with consequencegfoss
primary produetion (GPP) and global species distributions in a future, warmer(Rexldret al.,
2013). Finally, when consideringdlextent to which heataves will impact on GPP and distribution
of plant species, an assessment is needed not jUH3tgpbf leaf metabolism, but aldmw heat affects
other plant processes during vegetative growth (e.qg. efficiency of water use) and rigmoduit the
latter beingparticularly sensitive to heeaves (Barnabat al., 2008; Hall, 2010).
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Table 1 Sample sites, data collection dates, mean maximum daily temperatures of warmest montWer(fd@hm) and heatvave conditions of the
sites (as determined from nearby meteorological stations) at WhicAndTnax values were measured. For each site, mean vallgg: @ndT .« are
shown (°C). Also shown arspecific leaf area (SLA; ratio of leaf arealeaf mass- nf kg?), and concentrations of leaf nitrogen (N, mb gnd leaf
phosphorus{(Pymg?. Note that no data are available for [N] and [P] at several sijeSites are listed in order of highest to lowest absolute latitude
(i.e. from pdes to equator). Altitude (alt, metres above sea level), number of spactasl(biome classes at each site are also si®me classes:
BF, boreal forests; TeDF, temperate deciduous forest; TeRF, temperate rainforest; TeW, temperate;woddt_Iw,lowland tropical rainforest
(<1500 asl)iIrRF _up, upland tropical rainforest (>1500 asl); Tu, tu@dher abbreviations: HWREubecheck Wilderness Research Center; TAS,
Tasmania; |ACT, Astralian Capital Territory; ANU, Australian National University; WA, Western Australia; NT, Northemtory; QLD,
QueenslandlinandTyax refer to the highi tolerance of photosynthesis and leaf respiration, as defined in the main text.

Mean maxMean maxT of
) ) ) Sampling; daily T of \warmest 3day
Site Biome Location alt n _ ) Tait Tmax SLA  [N] [P]
date warmest : period during
month 20012010
°N °E m spp °C °C °C  °C m’kg® mgg' mgg*
Toolik, Alaska Tu 68.38 -149.36 720 20 Jun 201C 16.7 25.2 415 53.0 11.8 2255 2.01
Umea,Sweden BF 63.82 20.31 29 11Aug2013 20.5 29.0 46.4 54.0 10.0 16.45 1.28
HWRC, Minnesota BF 47.96 -91.75 420 15 Jul2013 25.6 34.1 449 549 111 17.44 1.38
Warra, TASslow-altitude TeRF -43.10 146.72 88 2Mar 2012 20.7 35.0 43.5 55.7 54 8.19 0.42
Warra, TAShigh altitude TeRF -43.09 146.67 237 10Mar 2012 20.4 34.6 43.7 58.3 7.3 14.44 0.60
Black Rock Forest, Ne
York TeDF 4141 -74.01 335 10 Jun 2013 27.1 37.2 47.3 55.6 146 21.62 1.59
Acton, CanberrapACT TeW  -35.28 149.11 571 4Mar 2012 28.2 39.9 - 559 153 - -
Aranda, Canberra, ACT TeW -35.28 149.08 580 10 Oct2011 27.9 39.9 - 510 54 - -
Calperum, SA TeW  -34.04 140.67 35 18Mar 2013 32.7 44.8 49.5 60.6 3.9 13.20 0.61
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Texas A&M, Texas
Great Western
Woodlands, WA
Jurien Bay, WA
Alice Mulga, NT
Atherton QLD

Tew
Tew

Tew
Tew
TrRF_lw

Cape Tribulation=QLD TrRF_Iw

Andes, Peru

Costa Rica

TrRF_ug
TrRF_lw

Paracou, French Guian TrRF_Iw

Iquitos, Peru

TrRF_lw

30.60

-30.26

-30.22
-22.28
-17.12
-16.28
-13.19
10.38
5.27
-3.95

-96.40 103

120.69 459

115.04 9
133.25 607
145.63 728
145.48 90
-71.593000
-84.62 479
-52.92 21
-73.43 114

2 Oct 2010
16 Apr 2013

11 Nov2011

5 Feb 2013
16 Aug2012
12 Sep 201(
16 Sep 2011

6 Jul 2011
37 Oct 2010

19 Sep 2011

35.5

34.3

31.3
36.6
29.1
31.9
22.4
30.7
31.3
32.0

40.8

43.9

43.3
43.0
37.0
37.3
20.8
33.4
34.5
37.5

49.7

42.4
50.1
46.2

42.9

50.4
50.8

55.2

58.2

57.8
60.0
55.7
59.4
53.8
58.5
58.5
59.6

4.7

5.7

6.8
3.8
9.3
9.2
6.6
19.8
10.1
7.8

17.77

14.36
12.58
16.27

2.20
17.77

15.44
17.18

0.66

0.80
0.73
1.16
0.10
1.78

0.62
0.75
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Table 2Equations of linear relationships showrfFig. 2

Linear relationshipy(= mx + c)

y X m (o r p
Terit [latitudd -0.106L 50.4975 0.4356 0.0141
Tmax [latitudd -0.084 59.9727 0.4380 0.0@8
Terit Mean maxT.(warmest month) 0.3805 36.1375 0.6603 0.0004
T max Mean maxT (warmest month) 0.2643 49.1545 0.3807 0.008
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Table 3 Regression equations expressingx andT.; as function of site climatend leaf traits, using sk@ean values deaf traits n = number of

sites.To select the best fitting equation from a group of input independent variables, datxplered usin®ackwards-Sepwise Regression — this

revealed that chosen parameters exhibiggthnce inflation factors (VIF) less than 2.0 (i.e. minimal muktollinearity); it also identified bedit

parameters«(Using-to-remove criterion)Thereafter, multiple regression analyses were conducted to estimateyexrtjoations for the chosen

variables All selected variables were significa<(0.001).The PRESS statistic (predicted residual error sum of squares) provides a measure of how

well each regression model predicts the observations, with sTRRIESS indicating better predictive capability. Relative contributions of location and

climate variables to ehaegression can be gauged from their standardized partial regression coefficients (B1-p2, depending on model equation).

Abbreviationsaridity index (Al) calculated as the ratiomean annual precipitation to mean annual potential evapotranspiration (UNEP, 1997, Zome

et al., 2008) méan maximum teperature of the warmest month (MTWNMpecific leaf area (SLA,; ratio of leaf area to leaf masg kg™); leaf

nitrogen (Ngmg J); leaf phosphorus (P, mgy MTWM at each site were obtained using sifermation and th&VorldClim data baséHijmanset

al., 2005).
Multiple linear regression parameters
Dependent Inputrindependent variables Qutput: selected equations PRESS Standardized partia
variable (Backwar ds-Stepwise Regression) (Multiple Linear Regression) n r? o regression coefficients
statistic
B1 B2

Latitude, altitude, aridity index (AI)SLA, N, P Teie =50.912- (0.100 * Latitude) (0.00215 * Altitude) 14 0.494 99.1 -0.616 -0.504

T
ort MTWMaridity index(Al), SLA, N, P Tere = 36.137 + (0.38 * MTWM) 14 0.660 56.9 0.813

Latitude, altitude, aridity index (Al), SLA, N, P Tmax = 60.494- (0.0960 * Latitude} (0.00182 * Altitude) 19 0.521 79.4 -0.648 -0.447
Tmax

MTWM, aridity index(Al), SLA, N, P Tmax = 49.155+ (0264* MTWM) 19 0.381 93.8 0.617
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Table 4 Percentage of species measured which exttexi,; thermal safety margin.€. Tieas

>Tqit) duringheatwavesunder current and future (RCP8.5 in 2050) climate scenarios. For both
‘Current’ and‘Future RCP8.5 in 2050)scenarios, the percentage of species exceddipngre
shown for events where the elevation of leaf temperali:g) Over that of the surrounding air

temperature is calculated at +0, +5 °C a0 C.

Scenario
Current Future RCP8.5 in 205D
dte Biome Location Elevation in Tieas (°C) Elevationin Tiear (°C)
+0 +5 +10 +0 +5 +10
°N °E

Toolik, Alaska Tu 68.38 -149.36 0.0 0.0 10.0 0.0 0.0 15.0
Umea, Sweden BF 63.82 20.31 0.0 0.0 0.0 0.0 0.0 0.0
HWRC, Minnesota BF 47.96 -91.75 0.0 0.0 20.0 0.0 6.7 86.7
Warra, Tasmania lowsaltitude TeRF -43.10 146.72 0.0 0.0 50.0 0.0 0.0 50.0
Warra, Tasmania highraltitude TeRF -43.09 146.67 0.0 10.0 60.0 0.0 30.0 100.0
Black Rock Forest, New York TeW 41.41 -74.01 0.0 0.0 55.6 0.0 11.1 100.0

Acton, Canberra, ACT Tew -35.28 149.11 - - - - - -

Aranda, Canberra, ACT TeW -35.28 149.08 - - - - - -
Calperum, South Australia TeW -34.04 140.67 5.6 66.7 100.0 5.6 88.9 100.0

Texas A&M, Texas TeW 30.60 -96.40 - - - - - -

Great Western Woodlands,

Western Australia Tew -30.26 120.69 6.3 18.8 87.5 6.3 62.5 100.0
Jurien Bay, WesternrAustralia TeW -30.22 115.04 54.5 100.0 100.0 72.7 100.0 100.0
Alice Munga, Northern Territory TeW -22.28 133.25 0.0 40.0 80.0 0.0 40.0 100.0
Atherton, Queensland TrRF_Iw -17.12 145.63 0.0 7.1 42.9 7.1 14.3 85.7

CapeTribulation, Queensland TrRF_lw -16.28 145.48 - - - - - -
Andes, Peru TrRF_up -13.19 -71.59 0.0 0.0 0.0 0.0 0.0 0.0

Costa Rica TrRF_Iw 10.38 -84.62 - - - - - -
Paracou, French Guiana TrRF_lw 5.27 -52.92 0.0 0.0 4.8 0.0 4.8 14.3
lquitos, Peru TrRF_lw -3.95 -73.43 0.0 7.7 38.5 7.7 15.4 61.5
Mean of all siteg 4.5 175 42.9 6.8 27.7 61.6
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Figures

Fig. 1 Current mean annual temperature (°C) estimates WonhdClim data Hijmanset al. 2005)

with circles indicating site locations. S€able 1for details on site locations

Fig. 2 Global patterns inigh temperaturel) tolerance in plants for 17T ;i) and 218 Tmax)

different specied.inear regressions shof&) absolute latitude andbY mean daily maximuri of

the warmest monttMTWM) are significantly correlatedp(< 0.01) with ofT; (dashed lines) and

Tmax (solid lines)sEquations for linear regressions through site mean data: Fifi2a,50.498 -

0.106F latitude Tmax = 59.973 - 0.0984atitude Fig. 2b,T¢it = 36.138 — 0.380MTWM, Tmax =
49.1545 — 0.2643VITWM (see Table for further details). Larger points iradite site means + SE

with species mean/data indicated in smaller points. In (a), values for a tropical high altitude site in
Peru excluded-from latitude regression analysis are indicated inTightgnd dark Tmax) grey

symbols. Details.on each siteTMW/M are shown in Table 1 & Figure S6.

Fig. 3 Current'and*future heatave temperaturel§ extremes and relation to global pattern3jr.

Mean maximum_ aifl of the warmest threday period &) recorded at each site arg) predicted for

2050 under RCP 8.5, with +5 °C and +10 °C above ambient included to illustrate scamarios i
which leaf T further exceeds aifl. Curved lines show relationship of site heave Ts with
latitude; boldidotted line--(-----) shows the meafi; change with latitude derivefilom Fig. 2a.
Broken daskdotdines ¢-—) indicate latitudes where led@ exceed .;i; (e.9. when predicted ledf

is +10 °C greater.than al. Excluded from the figure are data from the tropical, {atjitude site

in Peru.

Fig. 4 Thermal safety margins (TSM) @i, assuming leaf temperatufE gquals aiiT, both now

and in the futureT SMsdetermined usingaj observed values df.i; (Fig. 2a) andnean maximum

daily temperaturel{), over warmest consecutiveday period from 20012010(Fig. 3a);and, p)

predicted future values d%;i; (accounting for potential thermal acclimation) &stimateduture

mean maximum-glay heatwavetemperaturesnder RCP 8.5 (Fig. 3lpr each measured species

at each site. Greyhading indicates 95% CI of TSM across latitudes. Red hatched box when TSM <
0 and so corresponds to the leaf injury zone at whighhas been exceeded when no elevation in
leaf T has been assumed. White/open symbols indgiegeneans + SEsreen/close circles

indicate individual species mean TSM values at each siten®am valuefor a high altitude site
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in the Peruvian Andes (excluded from regression analgsshown with an open, gregrcle.
Note: see Supplementary Fig. 4 for equivalept TSM values assuming that le@fexceeds ail
by +5 and +10 °C, and Supplementary Fig. 5 for equivdlggt TSM values assuming that legf
air T, and exceeds alir
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