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Abstract

The surge inglobal efforts to understand the causes and consequences of drought on forest
ecosystems hasitended to focus on specific impacts such as mortality. We propose an eco
climatic framework that takes a broader view of the ecological relevance of water deficits
linking elements of exposure arekilienceto cumulative impacts on a range of ecosystem
processes. Thiseoclimatic framework is underpinned by two hypotheses: 1) ex@osu

water deficit can be represented probabilistically and used to estimate exposure thresholds
across different'vegetation types or ecosystems; and 2) the cumulative impact of a series of
water deficit events is defined by attributes governing thetaesis and r@veryof the

affected processes. We presege studiesomprisingPinus edulis andEucalyptus

globulus, tree species with contrasting ecological strategigh demonstrate how links
between exposure amésiliencecan be examined within our proposed framework. These
examples revedlow climatic thresholds can be definedraj a continuum of vegetation
functional responses to water deficit regimes. The strength of this framework lies in
identifying climatic thresholds on vegetatifumction in the absence of more complete
mechanistic understanding, thereby guiding the formulation, application and benchmarking

of more detailed-modelling.

Introduction
Increasing duration and intensity of soil water deficit and associated elevated temperature
stress will elicit a range of vegetation responses athespectrum of ecosysteniBredaet

al., 2006). These responses range in severity from reduced fecundity and seedling recruitment
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loss, reduced productivity, episodic mortality aidmately tothe potential for longerm

change in species composition. Separately or as a whole, these effects will have
consequences for carbon sequestration, water provision and maintenance ofdiipdive
(Adamset al., 2012, Bredat al., 2006, Redmond & Barger, 2013l recent metaanalysis

of drought resistance among a diverse collection of woody plant species (based on
measurements of their water transport system) concluded that all forest ecosystems may be
similarly vulnerable to drought damagegardless of theiite conditions and climate (Choat

et al., 2012). While the study by Choettal. (2012) considered only a narrow selectod

traits that confer resistance to water deficitaitgd other global comparisons raise important
issues regarding how we might evaluate both the physical dimensions of wat¢adefitie

associated'vegetation responses, in a consistent and holistic manner.

While interestin-droughinduced tree mortality has highlighted the potential for severe

impacts amengra broad range of forest types, it is important to recognise that in most cases a
single episode of water deficit does not induce catastropbitality. However, the
cumulative'impacts aditherlow frequency, high intensity and high frequency, low intensity
water defiCit may generate changes in ecosystem structurgositionrand function over

longterm time scales (van Mantgeatnal., 2009). For example, a reduction or cessation in
seedling recruitment during a period of reduced rainfall may lead to subtle sHiigs in t
populatien’structure, and potentially restrict future recovery from more catastrophic events
(Fenshanet al., 2015, Suarez & Kitzberger, 2008). Thus, evaluation of the degree to which
the system.is susceptible to adverse impacts of drought, requires consideration of the cascade
of events that'perturthe ecosystengacross a range of scales, drought intensities and

durations.

Given the breadth of inputs potentially determining drought impact on ecosystems, attempts

to determine.relevant thresholds and feedbacks demand an approach that integrates elements
of climatology=andecdogy (Anderegget al., 2013).Climatologicalstudies predominately

focus onclimatiec’exposurée.g. magnitude and duration of droygimidcomparingirends in
precipitation/and temperatundth relevant climate change projectiqiurkeet al., 2006,

Dai, 2013, Knapgt al., 2015, Meehl & Tebaldi, 2004). However, interpreting how these

climatic drivers considered at typically continental or regional scales might impact plant
functioning at finer scaless a critical challenge in ecosystem science. Assessments of
droughtimpactsoftencome fromopportunistic observational studies (Ganey & Vojta, 2011,

Matusicket al., 2013)yield systemspecific insights into changes in vegetation structure and
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composition after drought, but provide a limited perspective om#ehanistidasis for such
impacts Thus, it isdifficult to use these studies to generalise across larger temporal and
spatial scale€=xperimental studiesan help to define thoseechanismassociated with

water and carbon dynamics that limit plant function and sur¢iachell et al., 2013b,
Sevantcet-al;72013), but often do not reflect those elements of exposure that might be
critical in provoking observed impadis.g. associated ahge in vapour pressure deficit)
(Beieret al', 2012).The lack of an integrative fram@rk among these disparate approaches
limits our eapacity to model the outcomes of drought events in ecosystems. For example
processes such as recruitmenortality and system recoveiy response to water defi@te

not particularly well represented bynamic vegetation model&ustafsoret al., 2015,
McDowell et al., 2013).These issues are emerging as critical knowledge gaps in the
evaluationof cumulative impacts of water deficit, requiring the consideration of multiple
processes across time scales that capture the full-stoegsd decline and recovery
dynamicsof the systenfAnderegget al., 2015).

Evaluatingeumulative impactsf water deficitat higher levels of organisation, (eigpacts
on stand productivityjequires a broadeonsideration of the inherent complexityfofest
systemsand theimultifaceted responseshe vulnerability assessment framework adopted
by the Inergoevernmental Panel on Climate Change characterises the degree to which a
system is'susceptible to adverse effects and provides a useful startifigmiategrating the
relevantbiophysical components (Schnei@egl., 2007). Under a vulnerability framework,
impacts on-forest systems from water deficit are a functiorsensitivity ; the degree to
which the system will respond, ‘exposuyreharacteristics of the climate that deliver water
stress andadaptive capacity the degre¢o which a forest system can change to reduce the
overall impact (Turneet al., 2003). Thisframework would suggest@dicting impact in a
forest system usingaya single dose-response type functioay only partiallycapture the
multi-dimensional resp@e of ecosystem processehis is because thmpacts of water
deficit on vegetation at any one time is dependent on the attributes of the current event
(duration and intensitygs well as preedingevents that can cauegacy’ effectson the
system while recoveripo some pre-stress level of functioning occurs (Andeeegly, 2015)
Thus, exposured water deficitover multrdecadal time scaleomprisesa disturbance
regime that includes the attributesimtensity, duration, timing and frequendyid. 1a).
Likewise,the sensitivityandinherent adaptive capaciof vegetatiorto this disturbance

regimeis multi-dimensioml and is more adequatedgscribed by concepts akSiliencé
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Resiliences defined here as a function of both ‘resistance’; the capacity to maintain function
during a period of water stress and ‘recovery’; the time required for the system to return to its
prestress conditioifFig. 1b) (Hodgsoret al., 2015) Properties of resistance can be

described by quantifiable parameters that represent thresholds of dadipioductivity or
damager'to tissues organs. Similarly, recovery involves the resumption ofgtress

function for a suite of processes that can be quantified with respect to duration of the

recovery period.

An illustrationsef:how these properties shajegetation responses to water deficia north-
eastern Australia savanigpresented in Figure This example is basesh@n observed
series of climatic water deficit eventexposure) and patterns in the fraction of absorbed
photasynthetically active radiatiodRAR; vegetation function), an index thetales closely
with grosssprimary productivitfRunninget al., 2004) The occurrence divo water deficit
events withssimilar intensity (labellexs i and iiin Fig. 1) produces divergent responses
because¢heoccurrence of a less intense event (labelled)awithin close succession to
event(ii) i.e. interarrival period < recovery periodesults ina larger reduction and recovery
time of fPAR thanthe observed impacf asingular water deficit everfFig. 1b). The key
dimensions to these response dynamics cdarbmilatedas a single function that integrates
climate and“ecosystefanction We define this athe “ecoclimatic framework” that
provides:a'generalisedlationship between exposure aadilienceaccording to the
magnitude of loss of vegetation function (determined by a resistance function), the

corresponding recovetyme for a given loss of function and the influence of event timing
(Fig. 2).

In this paper, welescribe the key elements of teiso-climatic frameworkand demonstrate

its application in assessing thelnerability of different vegetation types to changes in
climatic regime This framework is discussed in the context of two hypotheses. 1) Exposure
to water deficitican be represented probabilisticallystor@te thresholds of key vegetation
processesyandhence compare vulnerability of different vegetation types or escss2¥te

The cumulative impact of a series of water deficit events is defingddytifiable attributes
governing the resistance andogeryof the affected processa&/'e focus on four critical
ecological processescruitment, plant productivity, canopyllepse and mortality and
discusgyuantifiablemetrics that might be used to evaluate thresholds in their response to
water deficit Thediscussion is predominately focussed at the stand scale (afEHa-of

1000 nf), while recognising the contribution of drivers at much larger (e.g. regional elymat
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or smaller é.g.leaflevel physiology) scale3.wo case studies are presented to demonstrate
the utility of this framework, and to provide a loigically scaled representation of water
deficit that can be used to assess ecosystem vulnerability by linking components of

ecosystem exposure and resilience

Exposure towater deficit

The term “drought” specifically refers to a set of exceptional conditions of wslatetage,

and conventional definitions of drought focus on societal impacts within a specifxtont
such as water.resource management or agri@lipproduction (Mishra & Singh, 2010).
Drought impacts on ecosystems tend to be more complex and difficult to define. For
example, the'terrfdrought” is often used to describe changes in water availability that are
within the mermal or mean local climate.g. seasonal drought in Mediterramé&gpe
ecosystems), rather than as a period of climatic water deficit that is statistically exceptional
and has the potential to push ecosystems beyond established tolerances to water stress. The
distinction between drought and aridity, as either a condition capable of inducirsg stres
responses. beyond specific thresholds or a normal expression of a communityiegiater

is crucial in understanding plant adaptation and the likelihood of species shift§utnder
changesin.water availabilitin outlining a broader formulation of forest responses to water
availability, we use the terfiwater deficit (as opposed to drought) because it refers to any
change in water.availability that is capable of causing stne=s range of severities.

Climatebasel measures of water deficit quantify the difference between precipitation and
evaporation/evapotranspiration in absolute terms, or through standardisation routiges us
differing.levels of complexity enabling comparisons among sites (Mishra & Sinf@).20
Howeverstosbesbroadly applicable, stressful ¢v@m a given site need to be characterised
using probabilistic approaches that can determine the significance of pageudas of

water deficit;"relative to the observed climatic distribution. In other words, a probabilistic
approachscan quantify hogxceptional a particular period of water deficit is with respect to
some’normal™set of conditions, to which a particular plant population is adapted,
irrespective of whether the site’s climate is predominately wet or dry. The relative intensity
of waterdeficits in contrasting ecosystems can be compared using indices such as the

standardised precipitation evapotranspiration index ($PEdnte Serrancet al., 2010) , or
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184  Palmer Drought Severity Index (Dai, 2013). The SPEI is computed using admas-(> 50

185 y) of monthly values of the climatic water balance (precipitation minus pdtentia

186  evapotranspiration) fitted using a probability density function to peoggtimates of water

187  deficit intensity for any month within the historic time series (by definitiarger climatic

188  water deficitsare represented by highly negative values) (See supplementary n&iéoial

189  more details)Assessing patterns in SPEI assted with obserd impactof water stress

190 (e.g. vegetation dieff) can provide @aop-down approach for definirgimatic thresholds

191  across a hroad range of systems (Mitcetedl., 2014) Two published reportef drought

192  mortality events: 1) a Mediterranean woodland in seugktern Australia, 2010-11

193  (Matusicketal.,.2013) and, 2) a Savannah woodland system in north-eastern Australia, 2001-
194 2005 (Fensham & Fairfax, 2007) provide examples of vegetatioofidéssociated with

195 extreme water 'deficifThe most extreme meteorological conditions (derived from the

196  minimummonthly SPEI value) experienced during the mortality events represented 0.1 and
197 0.7 % probability of occurrenaross the 110 year tinseries for the Mediterranea

198  woodland ‘and savannah ecosystems, respectively (see Méichlel2014).

199  Conditions of below average rainfall often coincide with periods of high temperatliresat

200 waves, a pattern that is evident at contingf@ary & Wood, 2005), regiongVautardet al.,

201  2007)and loeal.scales (Matusiek al., 2013). Longterm patterns inhie relationship between
202 the intensity of water deficit and maximum temperature for a particular site can provide an
203 indication of the likelihood of experiencing both dry and hot conditibigs 88). The joint

204  distribution.of these two drivers of plantestscan be fitted using bivariate distributions that
205 map the likelineod of water deficit and maximum temperatures for the wieratelope for a

206  particular sitgFig. 3b) (Mitchellet al., 2014). This approaghrovides a means to capture the
207  nature of the dependency between hot and dry conditions and evaluate the combined

208 likelihood of an‘event exceedimglevantthresholds of both high water deficit and high

209 temperatureKig. 3b). From this analysis, inferences can be made around the extent to which
210  vegetation is exposed, and therefore adapted, to the combined stressors of wdtandef

211 high temperature. For example, vegetation exposed to climates with low dependeres betw
212 water deficit and maximum temperature will tend to experience dry and haticosd

213 infrequently, and may be far less adapted to these combined stressors tharonabatas

214  exposed to these conditions more frequently.

215  The majority of episodic mortality events across a broad range of biomes appear to be

216  triggered by the cocaurrence of drought and high temperatures and/or heat akes et
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217  al., 2010, Mitchellet al., 2014) yet thephysiological basis dftress from this interaction are
218  not well understood. High temperatures and heates increasevaporative demand and

219  dehydration of plant tissues (Pfautsch & Adams, 2013). Additionally, plants experiencing
220 water stress are likelp be more sensitive to periods of heat stress because reduced

221 transpiratioamediated cooling of the foliage results in increased heat loads on tissues a
222 additional light stres@valladares & Pearcy, 1997)

223  Longer termspatterns in exposure can be characterised according to the frequesmeyof

224  across a rangesof durations and intensities. One approach is to disaggregatedbadsod

225 climatic water deficit across different averaging peripdsente Serrancet al., 2013) and

226 identify discrete events based on a specific threshold probability (see McKeel@89alfor

227  an example)Figure 4 pesentstime series of SPHlerived athree time scales (akin to

228  averagingperiods) to illustrate how different dynamics in water deficit might impede

229 different preeesses according to their duration and frequency. Short duration (rmegamdur
230 < 12 months) and highly frequent (every 2 years) water deficit events develop at shorter
231 time-scaleS (<'6'months) and tend to affect those processes that are sensitive to small changes
232 in soil water availability, such as recruitment. In contrast, intense wdieitsige.g.

233 developing over 24 month tineeales), are more capable of inducing crown damage or forest
234  mortality andware more rare (evesgvenyears) and prolonged (mean duration of 33 months)
235  (Fig. 4)..Partitioning the scale of observation provides information on frequency, or return
236 interval, for water deficievents of different duration and intensity and helps to establish how
237  regularly a specific set of drought conditions must be tolerated, and the potemtiawaf

238 recovery. lamany cases, the extant climatic record may be short relativeitespen of

239 forests andithesperiodicity of extreme droughts associated with boadalmortality.

240  Climatic reconstructions using proxy evidence (such as tree ring widths) may redptityi

241  extreme drought events over a longer analysis period than the meteorological record

242 (Anderegget al., 2015, Williamset al., 2010).

243

244  Reslience
245  The capacityf aforestor vegetation communitly tolerate avoidand/or recover from
246  potential stressful events is governed byetslience(Hodgsoret al., 2015) Stress in this

247  context is defined by any constraint associated with water deficits that limit plant function or
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resource acquisition (i.e. survival, carbon uptake or grpo@&hme, 1977)The broader scale
climatic drivers of water deficit translate into stress or physiological water deficit via spatial
and temporal variation in soil conditigriie presence of secondary stressoch s biotic
agents and genetic/phenotypic variation among individ@sshanet al., 2015, Jactedt

al., 2012ySperry & Hacke, 2002)'he contribution from one or more of these factors is
critical in modulating the relative exposure threshold associated with a particular response,
such as episodic mortality, meaning that individuals within a stand can poyesuietiumb
across a range @fater deficitsandbr high temperature$ig. 2b). Thusresilienceto water

deficit encaompasses ‘conditioning factattsat modulate thphysiological water deficiis

well as thebiological dimensions of plant responses to water stress. To focdisthission

of plant respanses to water deficit, we consider a sguaftifiable thresholds that have been
shown to exert'strong controls on vegetation function via changes in plant water and carbon
balance. They include; recruitment failure involving both germination and seedling survival,
cessation of primary productivity and its control via stomatal regulatioxydach cavitation

and its influence on severe losses of biomass and mortality.

The spectrumofattributes controlling resistance and recovery

Theresilienceof forest standso water deficiis dependent otraits and stand attributes that

may slow and/or avoid reductions in water status, sustain physiological functidgriowy a

water statugnd determine the rate of recovery when water deficits are reli@becdest

al., 2002) Eig5). The inherentesistancef plants to water deficit produces a ‘physiological
sequence”of responses controlled by a set of regulatory mechanisms that help to maintain a
positive water and carbon balan&gg( 5). The initial responses to water deficit (minutes to
weeks)include stomatallosure, osmotic adjustment, cessation of growth and changes in
carbon allocation and leaf biochemistRid. 5). For the most part, these processes are highly
dynamic and rapidly reversibl€if. 5) and are associated with alterations in gene expression
ard metabolisn{Pefiuelagt al., 2013). During protracted periods of drought stress (days to
years) resistance ialso defined by plastic responses that range from adjustments in
hydraulic architecture, biomass allocation, and phenolBigy $). For example nitraspecific
plasticity in leaf area and sapwood area to leaf area ratios appear to be a major determinant of
how populations respond to climgtdartin-StPaulet al., 2013, Mencuccini & Grace, 1994)

and single drought events (Pook, 1988)rthermore, structurahanges that promote
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homeostasis of water status may be particularly impomdrgre there is limited plasticity in
leaf physiological responses and parameters associated with cavitation re¢Mtatioez
Vilalta et al., 2009). hese responses caromoteacclimationby enhancing resistance to

subsequent stresslaith the individualor standevel.

Mortality of seedlinggrecruitment failureandmortality ofadults may occur under different
levels of water deficit yet the process may be simbag.(6). The specific pathway leading to
deathis thought:to involve a breakdown in water transport; entry of air into the xylsnesis
(cavitation) preventing water movement across the plant, and/or carbon nsataboli
assimilation of carbon and transport and use of carbohydrates for physiologicalrfungcti
(McDowell etal., 2011, Mencuccingt al., 2015) .Widespread mortalityesponsesanlead

to lasting impacts on stand dynamics and may cause shifts in community composition and
the contractiomispecies ranges over longer time frames (decades to centuries)(Fehsham
al., 2015) Fig=5).

Shorttermrecovery from water deficit and associated stressors involves the resumption of
gas exchange.through stomatal opening apdir of biochemical processes (e.g. membrane
transport, carbmand nitrogen metabolism). At longer time scales, remobilisation of stored
carbohydrates’is critical for regrowth of tisse&ber shed during droug(falacioet al .,

2012) or damaged by embolism (Brodrailal. 2011) or by biotic attack provoked by water
stresqFig. 5). After significant loss of above and below ground biomass, complete recovery
may require significant storage pools of carbohydrates over months tqRRadosevich &
Conard, 1980Q)Germinatiorand recruitment strategies are important for resilience and may
occur in concert or as an alternative to resprouting strategies. In some cases, sustained water
deficits can stimulate flowering and seed produc{iBredaet al., 2006)that may act to
accelerate recoveyif postdrought conditions are suitable. Those functional traits that enable
recovery.from a’single event may be heavily dependent on plant condition and vigour that
reflect thestresiegacyand acclimation to the prevailivgater deficitregime(Niinemets,

2010).

Conditioning factors and secondary stressors

Conditioning factorsuch as soil characteristics and species interacs@eage effects,
acclimation potentigand characteristics of host and habitat suitabiRgffaet al., 2008),

and time since the previous disturbance, all influence the development and onset of the water
deficits, theeby determining the resilience of the systg&ioret et al., 2012).These
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312 conditioning factors can be critical. For exampta| water deficits within the root zenof

313  smaller plants may escalatpidly giventheir reduced rooting volume relative to total leaf

314 area, whereas larger trees remain relatively buffered by a larger rooting {@luoremaet

315 al., 2011) Hence, plant size and age can be important determinants of the rate at which water
316  deficit limits'survival within stands (Lloret al., 2004); e.g. seedlings may be moreléss)

317  sensitive t0 regimes (at a given frequency, intensity or duration) than olgier/ahorts.

318 Changes insexposure can also promote interactions with secondary stressors siith as bi
319 agents that.eanwyield antagonistic, additive or synergistic outcomes fohp#tit and

320  vigour (McDowell et al., 2008, Mitchellet al., 2013a) Multiple stress irdgractions arising

321  during water deficit are common across many vegetation types (Niinemets, 2010) and thei
322 impact may be strongly dependent on the intensity and ducitiwater deficitgBansalet

323  al., 2013, Raffeetal., 2008).

324

325  Defining impaet: inter actions between exposure and resilience

326 Thecumulativeimpacts of watedeficits onforest standsra presented within the e€o

327 climatic'frameworkin terms ofthe four quantifiabléey thresholdsliscussed abovéig. 6).

328 To provide. assimplified representation of thigposureresiliencetype function, exposure is

329 considered in terms of the intensity of water deficit events using a probabilistic distribution
330 (based onSPEI, as discussed abadvig). 6). Monthly water deficit intensity or SPEI values
331 occurring less frequently (towards ttaéls of the distribution) represent either exceedingly
332  wet or dry conditions; here, we focus on the dry end of this distribuigng). A guiding

333  principle of.the.eca@limatic framework maintains that the impact of a single water deficit
334 event can beigwed as part of a broader rainfall/water deficit regime resulting in a continuum
335 of potentialkkimpacts, ranging from common, mild water deficits with impacts on recruitment
336 toinfrequent and severe events generating lacgée tree mortalityBresheart al., 2009)

337 Based on previous studies, estimatethat a water deficit intensity equivalent to a monthly
338 climate water balance valu% probability of occurrence relative to the observed

339  distribution, represents an exposure sufficient to induce canopy collapse withattihe

340 members of the populatigiMitchell et al., 2014). While these Ippthesised estimates of

341  exposure thresholdsxpressed as percentiles) are available for some processes, our case
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studies (providedelowin this paper) elucidateow we might integrate observation and
modelling to populate these functions further.

The manitude of ecosystem response to droughtpresented hetwy the halftime of
recovery. \When this half-time approaches infinitys assumed that a permanent change in
either the species composition or structure has occufigdsg). Brodribb and Cochard
(2009) showed that the rate of recovery of plant functioning tapmeght levels (expressed

, in theircase plant water transport system, followed a close relationshigh&vith
intensity ofplant:water stres3.his type of formulation can also be appladhe stand scale
An example of slow recovery is seerbuncal yptus woodlands in semi-arid environments in
Australia where severe drghts have resulted B0% tree death over limited areas amore
than 2546 of trees killedat regional scaled~ensham & Holman, 199%ucalyptus species in
these communities are loiiged and have very limited seed dispersal (Fenséiah, 2005).
Thus, recaverysis a protracted process with ativaé of many centuries as surviving trees
regenerate and produce young trees that need to mature, before gradually digpenging f

local surviving trees.

The aggregate. impact on ecosystem processdso affected by multiple feedbacks that act

to reinfarce"changes in structure and function. For example, the shedding of foliage and
branchesnay.increase fuel load and fire severities in stands where tree density and cover is
already‘diminished. Changes in microclimate can also lmeali@after tree mortality events

and increase energy and light penetration into the understorey (@aye2010). The

altered microclimate associated with drought events may alter recruitment patterns
particularly for those species that require shading for establist{Reditnond & Barger,

2013a).

Case studies=linking exposure and resilience

Theecoclimaticframework proposed here considérattheresilienceof key processes for a
forest stand"can be described using a probabilistic representation of exposure and
corresponding thresholds on vegetation functkig.(6). The following case studies provide

an application'ef this framework using twpecieqEucalyptus globulus andPinus edulis)

from contrasting environments and with contrasting ecological stratégiesgyptus

globulusis a temperate species common to Tasmanian forests, capable of resprouting after

drought and firethis case study uses stands near Hobart, Tasmania that experienced
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373  sustained canopy damage and mortality during the summer of 2QMitdBell et al., 2014).

374  The second case study ugesus edulis, a species that occurs in seanid environments in

375 the southwestern United States, regenerates from seed and has limited capacity to recover
376  from hydraulic failurg Breshearst al., 2009, Royekt al., 2011).Episodic mortaliy has

377  been observediiR. edulis populations across souttestern United States and this study uses
378  stands near Los Alamos, New Mexieghich were monitored in Bresheatsl. (2009).We

379  integrate existing ecophysiological knowledge with the probabilistic desergptf water

380 deficit outlined above, to evaluate the likelihood oftisithresholds under observed and

381 future climate regimes. The analysis and discussion addresses key componergs®f the

382  climatic framework(Fig. 7):

383 1. Exposure was characteriba terms of the water deficit intensity represented in terms
384 of menthly probabilities, using a climatic water balance; SPEI, computed for eldserv
385 (1964+=:2013) and future climate projection (2010 — 2050; CSIRO Mk 3.5).

386 2. Resistanceéhresholds of three pcessesgrecruitmentproductivity and canopy

387 collapsg werederived fromempirical and mechanistic modelsd usedo

388 biologically-scale water deficit intensity different climate regimeg¢seeS2 S3 and

389 S4for detailed method descriptipn

390 By combiningsspecies resistance thresholds based on stomatal and hydraulic controls with
391 field datathat captures the ‘plants eye’ view in response to water deficit, we were able to
392 define relevant response functions that linked exposure (water degcisity) andevels of

393 resistancef various processefi@. 7). The thresholds for climatic exposure derived from

394 this approach represent likelihoods of occurrence (over a 113 yr pefiSBEI atl8 % for

395 recruitment failure (although recruitment wasodimited by other factors during periods of
396  higher water availability)SPEI8 % for cessation of productivity aisPEI2% for canopy

397 collapse,Fig.7.and kg S3. The probability estimate of 2% for canopy collapse (based on
398 P50) is consistent with prewis analyss of other Australian ecosystemghere canopy

399  collapse orsmertality occurred when drought intensity was less than 2% prob@hilciyell

400 etal., 2014)Based on similar response functioBsedulis had thresholds corresponding to
401 33%, 9% and 1% probability of occurrence for recruitment, zero carbon assimilation and P50,

402  respectively Fig. S4).

403  This approaciprovides a basis to assess future impacts of water defiytihesand their

404 likelihood of exceeding key thresholds for vegetation function. FOEtgkobulus case
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study, changes in drought frequency and intensity from the observed 2013 baseline to
the projected 2011 — 2051 climate, resulted in an increase in the number of months for all
three processes; 33%, 6% and 55% for recruitment failure, cessation of progacili

canopy collapsegspectively Fig. 8).

While the impact ofvater deficitin these case studiass considered primarily in terms of
resistance traits, mechanisofgecoveryas outlined irfFig. 5 are critical for evaluating the
dynamies ofithesresponse in its entirety. Given the contrasting ecological strategies of the two
species presented in these case stuthiescapacity for recovery of recruitment, produttiv
and canopy collapse may be considerably different. Although we observe slightly higher
frequency of droughts capable of inducing canopy collapEegtobulus, the loss of canopy
functioning may, be relatively shoit,followed by relatively rapid rexvery via resprouting
(Zeppelet alw=2015). Only during rarer, more intense evemigy dought-induced mortality
occurvia systematic hydrauliailure. By contrast,hie limited capacity ofP. edulis for

regrowth and a greater tendency darbohydrate depletion duringater deficit{(Adamset

al., 2013),suggestshatsustained loss of hydraulic function in the canopy is likely to
represeng threshold capable of inducing whateemortality (Brodribb & Cochard, 2009
These assertions emphasise the need for future studies to strengthen our undecstdneding
tradeoffs between resistance andéogerymechanismsand their contribution to ecosystem

resilience'more broadly.
Conclusion

An enduringrchallenge in the assessment of ecological disturbance is predicting the aggregate
impact of an.event or disturbance regime by scaling the relevant functional responses of
individual erganisms to the population and ecosystem |@rgical to understanding the
adaptive"capacity of species to water availabitityolves resolving misconceptions

surrounding the significance of aridifiyp terms of mean patterns of water availabilitgisus
periods of water deficibccurringoutside the normal sef conditions. The first hypothesis
addressed by this framewastates thagxposure to water deficit can be represented
probabilistically and used to estimate exposure thresholds of key vegetation acesss
different vegetation types or ecosystems. The case studies and other recent studies (Mitchell
et al., 2014)show that water deficits that are capable of severe imzacis as canopy

collapse and mortalityare associated with relatively similar extremes in exposure (e.g. SPEI

< 2 % probability) suggesting a convergence in exposure thresholds for more extreme
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impacts among different vegetation types. A more comprehensive appraisal cftthe fi
hypothesishauld consider aystematic approach to assessing spatial and temporal variation
in thresholds such as embolism resistgdceleregg, 2015)This may require new methods

to rapidly evaluate and monitor plant conditiGush as water status ovaultiple water

deficit cyelesofdiffering duration and intensitiNevertheless, thetrength of this framework
lies in identifying climatic thresholds on vegetation function in the absencerefecomplete
mechanistic understandinifpereby guidinghe formulationapplicationand benchmarking

of more detailed modellinfMeir et al., 2015).

The second hypothesis underpinningékeclimatic frameworkstates that the impact of a

water deficitevent produces a change in vegetation function described by two key properties
of resilience the magnitude of the response of some process (resistance) and the time for
recovery. While:the two case studies in this payatuate theesilienceof tree standbased

on resistaneedraits, the extent to whictoreerydetermines impacequires further

investigaion. This is a key knowledge gap that is hindered by the limited consideration of
relevant speciespecific traits that determine recovery within a broader definitidheof

impacts of water, deficité-ig. 6). Futureresearch directed towardaderstanding the key
dimensions of the tradeff between resistance and recovery will significantly improve our

ability to assess vegetation responses over meaningful time frames.

We argue that resilience can bettbr understood by viewing changesystemfunctionwith
respect to thevater deficitregime and the impacts across multiple ecological procgesses
simultaneously. For example, an infrequent, intense drought event may kill only 10 % of the
adult population, but if recruitment has been restricted or non-existent over thetennger

the resilience of the population may be very I&ig(5). Thus, theumulative impact o&

water deficitregime can rngresentmore severeonsequences for ecosystem function (e.g.
carbon and. water budgetsanwhat might be predictelom a singleextremeevent.

Modelling theslangterm consequences of impafriesm waterdeficit requires approaches that
consider thessystem as a hierarchy of processes that react and recover to water deficits over

differing temporal and spatial scales.
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Figur e captions

Figure 1. Temporalgiterns ofvater deficit define the exposure regime and associated
impactson plantifunction for a savanna woodland in n@aistern Australiga) Time series

of climatic water deficit intensity (derived from the standardised precipitation
evapotranspiration index; SPEI, 12 month time 9dalevalues <33 % probability (edt
(corresponding,to SPEI < -1), aagtreme values of 2 % probability flark red;
corresponding t®PEI <-2). More negative values represent larger climatic water deficits
and a loweriikelihood of occurrence. The key aspects of exposurddo aeficitinclude

the intensity,duration, frequency and timing. (bime series of the fraction of
photosyithetically active radiation (fPARL2 month moving average), used as a proxy for
vegetation functioriseefig. S1 for details)Fora single evenflabelled i) the shape of the
response is defined by the properties of the vegetatiesilience(i.e. resistance to the stress
and recovery time)The magnitude of the response (change or loss of vegetation furnistion)
a property of vegetation resistar(ced vertical arrowand the time for vegetation function to
return tosome prestress leveld a property of recoveifgiagonal blue arrow)mpact is
derived from. thescumulative loss of vegetation function through time. The arrivatiof e
(iii) in closessuceessiao event (i) demonstrates how the arrival of multiple water deficits

can signifiecantly increase the overall imp#dgecovery is incomplete

Figure 2..The ecalimatic frameworkdescribes @eneralised relationship between exposure
to climatic water deficit and vegetatioesilience (a) Themagnitude of change in function in
response to a single event (i) is described 8gseresponse type function, where water
deficitsof increasing intensitgenerate increasirghange/loss of functioaccordingo the

resstanceof the forest stand. Y[@hetime to recovery to some petress level of function
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increases with the magnitude of the respolitgée arrival ofa second event (iDccurs after

the stand has recovered from event (i) then its magnitude and recovery can aeddtom

the intensity of this evemb isolation Conversely, if event (ii) occuis close succession to
event (i) (i.e. intesarrival time < recovery timethen the overall magnitude and
correspondingrecovery timesdsmulative and results in larger impacts thias impact of

the two events separagdi.e. the magnitude and recovery time is a function of event (i) and

(i) and theirinteraction

Figure 3. Relationship betwee&rater deficitand hightemperaturere key dimensions for
describing'thresholds on vegetation function during stresScéjer plot of monthly

climatic water deficiindexversus maximum temperature index (1891 - 20fit8m a tropical
savanna site/in northastern Australia. Data ditted with a linear functiondashed liner? =
0.20). (b)Thefitted joint probabilitydensity ofwater deficitand maximum temperature
indices shewnsby three contour lines denoting probability densities of 0.15, 0.05 and 0.02
percentilegsee text for details)'he bluehorizontal and vertical dashed lines are add€t)to
to show the'0.02 and 0.@&rcentiles for the singular distributions feater deficitand
maximum temperature indexXhe double-headed arrow iamel p) denotes range in
exposure thresholds for tree diff-across the bivariate distribution to illustrdwew variation

in resilienceamong individuals in a stand may shift through time ardesp

Figure 4.Meteorological water deficitegimes catbe characterised at multiple tirseales.

(a) Filled contour plot of @limatic water deficit indexstandardised precipitation
evapotranspiration index (SPEI) computed for a range of time scales (1 — 48 montéd) plot
from 1964 — 2013 for Hobart, Tasmania. Highly negative SPEI values represent a large
deficit between precipitation and potential evapotranspiration. Three dasiezhtad lines

are drawn'to represent examples of relevant time scales capable of afig@dngnonths -

tree survival(ii).6 months forest growth and (iii) 3 months recruitment. §) Horizon plots

of SPEI timesseries showing all valued8% (red) and < 2% (dark red) probability of
occurrencegeorresponding to the three different time s@alé@g shown in (3. The
frequency.efievents and mean duration are given for the analysis period (eventsiace defi
as any period reaching SPEI<18%, with its duration starting when SPEI <50% and ending
when SPEI >50%).
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Figure 5. An overview of some key components ofsihectrum of resistance andogery

attributes that govern vegetatiomsponses to water deficit) (dealised probability

distribution function of water deficit intensifat the dry portion of the distributiott)at

reflects a range of events capable of inducing different impacts on ecosystem processes. The
resistance angecoveryof these processes is controlled by diff¢r@itributegb) that operate

at a range‘of temporal scale} (represented by horizontal bars). Here, we assume that as
water deficit intensifies the severity of the response increases. While recbtegysystem

to mild impacts such as a cessatiopriaductivity may be dependent on shiatm revival of

gas exchange and assimilation, recovery from severe impacts such as canopy collapse or
mortality will depend on mechanisms operating at longer time scales, susipraitieg and

repair of the wateransport system via new growth.

Figure 6.Thesimpact of water deficit on four key ecosystem processes within thedieedic
frameworksfera‘hypotheticdbreststand. (alncreasesn water deficit intensity affect
different processeaccording to their thresholds of resistance, resulting in larger declines in
vegetationfunction. (obExposure iexpressed as the likelihood for a particutaensity of
climatic water deficit. ) The recoveryo the prestress condition can be definleg its half-
time to recovery, whereby water deficit events with increasing impact have increasingly
greater recovery hatfimes.Estimates of probabilities and correspondietyirn intervals of
four waterdeficit events, represéhe level ofwater defici required to surpass the four
thresholds associated with recruitment, primary productivity, canopy collapsef(kissve-
ground tissues) and mass mortality are also shown. The dashed-dotted lines )rafal)cjb
represent aypothetical shift irexposure scenari@e. a hotter, drier climate), potentially
increasing the frequency and intensity of water deficit events and increasiligetihood

and magnitude of the loss of function and longer recovery fide®ted by arrows)

Figure 7.0veniew of the approach used to link componenteesilienceof three processes;
recruitmentyppraductivity and canopy collapse, to exposure to water defiGpéaies
resilienceissdefined by three thresholds from three different data sets, including a
mechanistiesmodedf recruitmentand empirical relationships for productivity; leaf water
potentialversus.stomatal conductance-{ntercept) and canopy collapse; leaf water paaént
versus percentage loss of leaf hydraulic conductance (50%Ré€bilienceand exposure are
linked by biologicallyscaling data to estimate the likelihoode&chingthe three thresholds.
Theprobability thresholds are labelled on the probability density functions of the monthly
water deficit intensity and includ@ recruitment (18%), (ii) productivity (8 %) and {ii)

This article is protected by copyright. All rights reserved



760
761
762

763
764
765
766

canopy collapse (o). (c) Exposure is derived from a probabilistic representation of time
series of water deficihtensity(SPElvalues) for the observed record (1892012) (see text

and supplementary information S2 andf@3details).

Figure 8. Cumulative number of montlgen three key thresholds are surpassed over an
observed (1974 — 2013) and projected (2011 — 2050; CSIRQ.Bjkime seriesata site
near Hobart, Tasmani@) Recruitment failurefb) cessation of productivity and (c) canopy

collapsex
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(a) Exposure (b) Processes and associated aggg_laggqg_f&p 4¢(¢) Temporal scale of response variable

Process Attribute Short -term Medium-term Long-term
Minutes to months Months to years Decades to centuries
Recruitment Germination Seed longevity and dormancy
[ —— ]
@ Seed production and dispersal Seed number
&)
c ® 9
3]
v';,' Seedling survival Vugnerability to cavitation,
‘0
é Productivity Stomatal and turgor regulation and biochemistry Stomatal conductance Osmoregulation
Growth patterns and timing Growth rate, shoot elongation
Biomass allocation and phenology Leaf area index, flowering intensity
\- Mass canopy collapse Embolism resistance Vulnerability to cavitation
' :- Hydraulic architecture Leaf area to sapwood area
; Catastrophic mortality/ Tree survival Vulnerability to cavitation
state change ® ®
/—'- Stand structure and competition ® Stand density and structure °
Community composition ° Richness, evenness °
Mass canopy collapse Resprouting C balance and metabolism, bud production
- |
g Water transport repair Growth rate, xylem anatomy
o
g Productivity Biomass allocation and phenology Growth, leaf area
(14
Stomatal regulation and biochemistry Stomatal conductance
Recruitment Seed production and dispersal ® Seed number °
Germination Alleviation of dormancy, imbibition, i)henology
Thig/farticle is protected by copyright. All rights reserved

Probability



+  Loss of vegetation function

Probability

gcb_13177_f6.pdf

Seedling recruitment—0.5y

'\ \ Canopy gas exchange—4y

Canopy collapse—20y
Mass mortality—100y

T — ST

33%

v

15% 2% 0.2%
Water deficit intensity +

Recovery time (t'?)

reserv

Loss of vegetation function +

A 4



gcb_13177_f7.pdf

(a) Resilience

Recruitment—
TACA-GEM model
Resilience: derive -
. . Productivity
relevant ecophysiological N
q|thresholds and associated 50
| recovery times
EE 400

00 -05 -0 -15 -2..|:r 25 .30
Nidday leaf water potential (MPa)
Canopy collapse

Resilience x exposure:
likeliheed-of reaching
threshold

fz ol — s,
ﬁ % ag | s = «* t}."
g% w Ry
Exposure: water 13 e
: a
deficit history | —
(likelthoods) o 2 4
s leaf water potential (MPa)
(b) Resilience x exposure: Recruitment Productivity and canopy collapse
; 0 =3
- 1.0 (reae o o ., uttf
> 08 R TES
E QL | E L E E
E E o0&} II 2T
5§ ' e
cg | ge
o0zl f 14 %
z
oot L P "'ﬂ , , , : {5
.. 03 [ 03
S 02 - 02 5
s &
g o1 el 01 &
a, i\ i i) o
0.0 R T TH WERET RE O — Q.0
3.0 2.0 HO 0 1.0 =20 -30 05 -1.0 15 =2.0 =25 30
Water deficit intensity Water deficit intensity
(c) Exposure: Water deficit /
gE 27
58 |
- bl
g% O
£5
E 2t
1 &1\ S‘BIEB 19I?'1 1 EII?E» 19IE-1 1 QIBB 1 9I91 1 BIQE EUIEH EGIUG 2t}l1 1

This article is protected by copyright. All rights reserved



No. of months

gcb_13177_f8.pdf

120 t (a) Recruitment failure -

15 r(c) Canopy collapse

/
10 -—  Observed (1974 - 2013) j
5| Projected (2011-2050) [~~~
/

0 This dfitle is prot&Pédl by copyrdéhd. All rightsh@Eerved
Months

500



