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 31 

Abstract 32 

The surge in global efforts to understand the causes and consequences of drought on forest 33 

ecosystems has tended to focus on specific impacts such as mortality. We propose an eco-34 

climatic framework that takes a broader view of the ecological relevance of water deficits, 35 

linking elements of exposure and resilience to cumulative impacts on a range of ecosystem 36 

processes. This eco-climatic framework is underpinned by two hypotheses: 1) exposure to 37 

water deficit can be represented probabilistically and used to estimate exposure thresholds 38 

across different vegetation types or ecosystems; and 2) the cumulative impact of a series of 39 

water deficit events is defined by attributes governing the resistance and recovery of the 40 

affected processes.  We present case studies comprising Pinus edulis and Eucalyptus 41 

globulus, tree species with contrasting ecological strategies, which demonstrate how links 42 

between exposure and resilience can be examined within our proposed framework. These 43 

examples reveal how climatic thresholds can be defined along a continuum of vegetation 44 

functional responses to water deficit regimes. The strength of this framework lies in 45 

identifying climatic thresholds on vegetation function in the absence of more complete 46 

mechanistic understanding, thereby guiding the formulation, application and benchmarking 47 

of more detailed modelling. 48 

 49 

Introduction 50 

Increasing duration and intensity of soil water deficit and associated elevated temperature 51 

stress will elicit a range of vegetation responses across the spectrum of ecosystems (Breda et 52 

al., 2006). These responses range in severity from reduced fecundity and seedling recruitment 53 
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loss, reduced productivity, episodic mortality and ultimately to the potential for long-term 54 

change in species composition. Separately or as a whole, these effects will have 55 

consequences for carbon sequestration, water provision and maintenance of biodiversity 56 

(Adams et al., 2012, Breda et al., 2006, Redmond & Barger, 2013b). A recent meta-analysis 57 

of drought resistance among a diverse collection of woody plant species (based on 58 

measurements of their water transport system) concluded that all forest ecosystems may be 59 

similarly vulnerable to drought damage, regardless of their site conditions and climate (Choat 60 

et al., 2012). While the study by Choat et al. (2012) considered only a narrow selection of 61 

traits that confer resistance to water deficit, it, and other global comparisons raise important 62 

issues regarding how we might evaluate both the physical dimensions of water deficit and the 63 

associated vegetation responses, in a consistent and holistic manner.  64 

While interest in drought-induced tree mortality has highlighted the potential for severe 65 

impacts among a broad range of forest types, it is important to recognise that in most cases a 66 

single episode of water deficit does not induce catastrophic mortality. However, the 67 

cumulative impacts of either low frequency, high intensity and high frequency, low intensity 68 

water deficit may generate changes in ecosystem structure, composition and function over 69 

long-term time scales (van Mantgem et al., 2009). For example, a reduction or cessation in 70 

seedling recruitment during a period of reduced rainfall may lead to subtle shifts in the 71 

population structure, and potentially restrict future recovery from more catastrophic events 72 

(Fensham et al., 2015, Suarez & Kitzberger, 2008). Thus, evaluation of the degree to which 73 

the system is susceptible to adverse impacts of drought, requires consideration of the cascade 74 

of events that perturb the ecosystem, across a range of scales, drought intensities and 75 

durations.  76 

Given the breadth of inputs potentially determining drought impact on ecosystems, attempts 77 

to determine relevant thresholds and feedbacks demand an approach that integrates elements 78 

of climatology and ecology (Anderegg et al., 2013). Climatological studies predominately 79 

focus on climatic exposure (e.g. magnitude and duration of drought) and comparing trends in 80 

precipitation and temperature with relevant climate change projections (Burke et al., 2006, 81 

Dai, 2013, Knapp et al., 2015, Meehl & Tebaldi, 2004). However, interpreting how these 82 

climatic drivers, considered at typically continental or regional scales might impact plant 83 

functioning at finer scales, is a critical challenge in ecosystem science. Assessments of 84 

drought impacts often come from opportunistic observational studies (Ganey & Vojta, 2011, 85 

Matusick et al., 2013) yield system-specific insights into changes in vegetation structure and 86 
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composition after drought, but provide a limited perspective on the mechanistic basis for such 87 

impacts. Thus, it is difficult to use these studies to generalise across larger temporal and 88 

spatial scales. Experimental studies can help to define those mechanisms associated with 89 

water and carbon dynamics that limit plant function and survival (Mitchell et al., 2013b, 90 

Sevanto et al., 2013), but often do not reflect those elements of exposure that might be 91 

critical in provoking observed impacts (e.g. associated change in vapour pressure deficit) 92 

(Beier et al., 2012). The lack of an integrative framework among these disparate approaches 93 

limits our capacity to model the outcomes of drought events in ecosystems. For example, 94 

processes such as recruitment, mortality and system recovery in response to water deficit are 95 

not particularly well represented by dynamic vegetation models (Gustafson et al., 2015, 96 

McDowell et al., 2013). These issues are emerging as critical knowledge gaps in the 97 

evaluation of cumulative impacts of water deficit, requiring the consideration of multiple 98 

processes across time scales that capture the full stress-induced decline and recovery 99 

dynamics of the system (Anderegg et al., 2015). 100 

Evaluating cumulative impacts of water deficit at higher levels of organisation, (e.g. impacts 101 

on stand productivity) requires a broader consideration of the inherent complexity of forest 102 

systems and their multifaceted responses. The vulnerability assessment framework adopted 103 

by the Intergovernmental Panel on Climate Change characterises the degree to which a 104 

system is susceptible to adverse effects and provides a useful starting point for integrating the 105 

relevant biophysical components (Schneider et al., 2007). Under a vulnerability framework, 106 

impacts on forest systems from water deficit are a function of: ‘sensitivity’ ; the degree to 107 

which the system will respond, ‘exposure’; characteristics of the climate that deliver water 108 

stress and, ‘adaptive capacity’ ; the degree to which a forest system can change to reduce the 109 

overall impact (Turner et al., 2003). This framework would suggest predicting impact in a 110 

forest system using say a single dose-response type function may only partially capture the 111 

multi-dimensional response of ecosystem processes. This is because the impacts of water 112 

deficit on vegetation at any one time is dependent on the attributes of the current event 113 

(duration and intensity) as well as preceding events that can cause ‘legacy’ effects on the 114 

system while recovery to some pre-stress level of functioning occurs (Anderegg et al., 2015). 115 

Thus, exposure to water deficit over multi-decadal time scales comprises a disturbance 116 

regime that includes the attributes of intensity, duration, timing and frequency (Fig. 1a). 117 

Likewise, the sensitivity and inherent adaptive capacity of vegetation to this disturbance 118 

regime is multi-dimensional and is more adequately described by concepts of ‘resilience’. 119 
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Resilience is defined here as a function of both ‘resistance’; the capacity to maintain function 120 

during a period of water stress and ‘recovery’; the time required for the system to return to its 121 

pre-stress condition (Fig. 1b) (Hodgson et al., 2015).  Properties of resistance can be 122 

described by quantifiable parameters that represent thresholds of diminished productivity or 123 

damage to tissues or organs. Similarly, recovery involves the resumption of pre-stress 124 

function for a suite of processes that can be quantified with respect to duration of the 125 

recovery period.  126 

An illustration of how these properties shape vegetation responses to water deficit in a north-127 

eastern Australia savanna is presented in Figure 1. This example is based on an observed 128 

series of climatic water deficit events (exposure) and patterns in the fraction of absorbed 129 

photosynthetically active radiation (fPAR; vegetation function), an index that scales closely 130 

with gross primary productivity (Running et al., 2004). The occurrence of two water deficit 131 

events with similar intensity (labelled as i and ii in Fig. 1) produces divergent responses 132 

because the occurrence of a less intense event (labelled as iii) within close succession to 133 

event (ii) i.e. inter-arrival period < recovery period, results in a larger reduction and recovery 134 

time of fPAR than the observed impact of a singular water deficit event (Fig. 1b). The key 135 

dimensions to these response dynamics can be formulated as a single function that integrates 136 

climate and ecosystem function. We define this as the “eco-climatic framework” that 137 

provides a generalised relationship between exposure and resilience according to the 138 

magnitude of loss of vegetation function (determined by a resistance function), the 139 

corresponding recovery time for a given loss of function and the influence of event timing 140 

(Fig. 2).  141 

In this paper, we describe the key elements of this eco-climatic framework and demonstrate 142 

its application in assessing the vulnerability of different vegetation types to changes in 143 

climatic regime. This framework is discussed in the context of two hypotheses. 1) Exposure 144 

to water deficit can be represented probabilistically to estimate thresholds of key vegetation 145 

processes, and hence compare vulnerability of different vegetation types or ecosystems. 2) 146 

The cumulative impact of a series of water deficit events is defined by quantifiable attributes 147 

governing the resistance and recovery of the affected processes. We focus on four critical 148 

ecological processes; recruitment, plant productivity, canopy collapse and mortality and 149 

discuss quantifiable metrics that might be used to evaluate thresholds in their response to 150 

water deficit. The discussion is predominately focussed at the stand scale (areas of 100 – 151 

1000 m2), while recognising the contribution of drivers at much larger (e.g. regional climate,) 152 
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or smaller (e.g. leaf-level physiology) scales. Two case studies are presented to demonstrate 153 

the utility of this framework, and to provide a biologically scaled representation of water 154 

deficit that can be used to assess ecosystem vulnerability by linking components of 155 

ecosystem exposure and resilience.  156 

 157 

Exposure to water deficit 158 

The term “drought” specifically refers to a set of exceptional conditions of water shortage, 159 

and conventional definitions of drought focus on societal impacts within a specific context 160 

such as water resource management or agricultural production (Mishra & Singh, 2010). 161 

Drought impacts on ecosystems tend to be more complex and difficult to define. For 162 

example, the term “drought” is often used to describe changes in water availability that are 163 

within the normal or mean local climate (e.g. seasonal drought in Mediterranean-type 164 

ecosystems), rather than as a period of climatic water deficit that is statistically exceptional 165 

and has the potential to push ecosystems beyond established tolerances to water stress. The 166 

distinction between drought and aridity, as either a condition capable of inducing stress 167 

responses beyond specific thresholds or a normal expression of a community’s water regime, 168 

is crucial in understanding plant adaptation and the likelihood of species shifts under future 169 

changes in water availability. In outlining a broader formulation of forest responses to water 170 

availability, we use the term “water deficit” (as opposed to drought) because it refers to any 171 

change in water availability that is capable of causing stress over a range of severities.    172 

Climate-based measures of water deficit quantify the difference between precipitation and 173 

evaporation/evapotranspiration in absolute terms, or through standardisation routines using 174 

differing levels of complexity enabling comparisons among sites (Mishra & Singh, 2010). 175 

However, to be broadly applicable, stressful events at a given site need to be characterised 176 

using probabilistic approaches that can determine the significance of particular periods of 177 

water deficit, relative to the observed climatic distribution. In other words, a probabilistic 178 

approach can quantify how exceptional a particular period of water deficit is with respect to 179 

some ”normal” set of conditions, to which a particular plant population is adapted, 180 

irrespective of whether the site’s climate is predominately wet or dry. The relative intensity 181 

of water deficits in contrasting ecosystems can be compared using indices such as the 182 

standardised precipitation evapotranspiration index (SPEI)(Vicente-Serrano et al., 2010) , or 183 
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Palmer Drought Severity Index (Dai, 2013). The SPEI is computed using a time-series (> 50 184 

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

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

deficit intensity for any month within the historic time series (by definition, larger climatic 187 

water deficits are represented by highly negative values) (See supplementary material S1 for 188 

more details). Assessing patterns in SPEI associated with observed impacts of water stress 189 

(e.g. vegetation die-off) can provide a top-down approach for defining climatic thresholds 190 

across a broad range of systems (Mitchell et al., 2014). Two published reports of drought 191 

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

(Matusick et al., 2013) and, 2) a Savannah woodland system in north-eastern Australia, 2001-193 

2005 (Fensham & Fairfax, 2007) provide examples of vegetation die-off associated with 194 

extreme water deficit. The most extreme meteorological conditions (derived from the 195 

minimum monthly SPEI value) experienced during the mortality events represented 0.1 and 196 

0.7 % probability of occurrence across the 110 year time-series for the Mediterranean 197 

woodland and savannah ecosystems, respectively (see Mitchell et al. 2014).  198 

Conditions of below average rainfall often coincide with periods of high temperature and heat 199 

waves, a pattern that is evident at continental (Dery & Wood, 2005), regional (Vautard et al., 200 

2007) and local scales (Matusick et al., 2013). Long-term patterns in the relationship between 201 

the intensity of water deficit and maximum temperature for a particular site can provide an 202 

indication of the likelihood of experiencing both dry and hot conditions (Fig. 3a). The joint 203 

distribution of these two drivers of plant stress can be fitted using bivariate distributions that 204 

map the likelihood of water deficit and maximum temperatures for the climatic envelope for a 205 

particular site (Fig. 3b) (Mitchell et al., 2014). This approach provides a means to capture the 206 

nature of the dependency between hot and dry conditions and evaluate the combined 207 

likelihood of an event exceeding relevant thresholds of both high water deficit and high 208 

temperature (Fig. 3b). From this analysis, inferences can be made around the extent to which 209 

vegetation is exposed, and therefore adapted, to the combined stressors of water deficit and 210 

high temperature. For example, vegetation exposed to climates with low dependence between 211 

water deficit and maximum temperature will tend to experience dry and hot conditions 212 

infrequently, and may be far less adapted to these combined stressors than vegetation that is 213 

exposed to these conditions more frequently.  214 

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

triggered by the co-occurrence of drought and high temperatures and/or heat waves (Allen et 216 
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al., 2010, Mitchell et al., 2014), yet the physiological basis of stress from this interaction are 217 

not well understood. High temperatures and heat waves increase evaporative demand and 218 

dehydration of plant tissues (Pfautsch & Adams, 2013). Additionally, plants experiencing 219 

water stress are likely to be more sensitive to periods of heat stress because reduced 220 

transpiration-mediated cooling of the foliage results in increased heat loads on tissues and 221 

additional light stress (Valladares & Pearcy, 1997). 222 

Longer term patterns in exposure can be characterised according to the frequency of events 223 

across a range of durations and intensities. One approach is to disaggregate the time-series of 224 

climatic water deficit across different averaging periods (Vicente-Serrano et al., 2013) and 225 

identify discrete events based on a specific threshold probability (see McKee et al., 1993 for 226 

an example). Figure 4 presents  time series of SPEI derived at three time scales (akin to 227 

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

different processes according to their duration and frequency. Short duration (mean duration 229 

< 12 months) and highly frequent (every 1 – 2 years) water deficit events develop at shorter 230 

time-scales (< 6 months) and tend to affect those processes that are sensitive to small changes 231 

in soil water availability, such as recruitment. In contrast, intense water deficits (e.g. 232 

developing over 24 month time-scales), are more capable of inducing crown damage or forest 233 

mortality and are more rare (every seven years) and prolonged (mean duration of 33 months) 234 

(Fig. 4). Partitioning the scale of observation provides information on frequency, or return 235 

interval, for water deficit events of different duration and intensity and helps to establish how 236 

regularly a specific set of drought conditions must be tolerated, and the potential window of 237 

recovery. In many cases, the extant climatic record may be short relative to the lifespan of 238 

forests and the periodicity of extreme droughts associated with broad-scale mortality. 239 

Climatic reconstructions using proxy evidence (such as tree ring widths) may help to identify 240 

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

(Anderegg et al., 2015, Williams et al., 2010). 242 

 243 

Resilience 244 

The capacity of a forest or vegetation community to tolerate, avoid and/or recover from 245 

potential stressful events is governed by its resilience (Hodgson et al., 2015). Stress in this 246 

context is defined by any constraint associated with water deficits that limit plant function or 247 
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resource acquisition (i.e. survival, carbon uptake or growth) (Grime, 1977). The broader scale 248 

climatic drivers of water deficit translate into stress or physiological water deficit via spatial 249 

and temporal variation in soil conditions, the presence of secondary stressors such as biotic 250 

agents and genetic/phenotypic variation among individuals (Fensham et al., 2015, Jactel et 251 

al., 2012, Sperry & Hacke, 2002).  The contribution from one or more of these factors is 252 

critical in modulating the relative exposure threshold associated with a particular response, 253 

such as episodic mortality, meaning that individuals within a stand can potentially succumb 254 

across a range of water deficits and/or high temperatures (Fig. 2b). Thus, resilience to water 255 

deficit encompasses ‘conditioning factors’ that modulate the physiological water deficit as 256 

well as the biological dimensions of plant responses to water stress. To focus the discussion 257 

of plant responses to water deficit, we consider a set of quantifiable thresholds that have been 258 

shown to exert strong controls on vegetation function via changes in plant water and carbon 259 

balance. They include; recruitment failure involving both germination and seedling survival, 260 

cessation of primary productivity and its control via stomatal regulation and xylem cavitation 261 

and its influence on severe losses of biomass and mortality. 262 

 263 

The spectrum of attributes controlling resistance and recovery 264 

The resilience of forest stands to water deficit is dependent on traits and stand attributes that 265 

may slow and/or avoid reductions in water status, sustain physiological functioning at low 266 

water status and determine the rate of recovery when water deficits are relieved (Chaves et 267 

al., 2002) (Fig. 5). The inherent resistance of plants to water deficit produces a ‘physiological 268 

sequence’ of responses controlled by a set of regulatory mechanisms that help to maintain a 269 

positive water and carbon balance (Fig. 5). The initial responses to water deficit (minutes to 270 

weeks) include stomatal closure, osmotic adjustment, cessation of growth and changes in 271 

carbon allocation and leaf biochemistry (Fig. 5). For the most part, these processes are highly 272 

dynamic and rapidly reversible (Fig. 5) and are associated with alterations in gene expression 273 

and metabolism (Peñuelas et al., 2013). During protracted periods of drought stress (days to 274 

years), resistance is also defined by plastic responses that range from adjustments in 275 

hydraulic architecture, biomass allocation, and phenology (Fig. 5). For example, intraspecific 276 

plasticity in leaf area and sapwood area to leaf area ratios appear to be a major determinant of 277 

how populations respond to climate (Martin-StPaul et al., 2013, Mencuccini & Grace, 1994) 278 

and single drought events (Pook, 1986). Furthermore, structural changes that promote 279 
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homeostasis of water status may be particularly important, where there is limited plasticity in 280 

leaf physiological responses and parameters associated with cavitation resistance (Martínez-281 

Vilalta et al., 2009). These responses can promote acclimation by enhancing resistance to 282 

subsequent stress at both the individual- or stand-level.  283 

Mortality of seedlings (recruitment failure) and mortality of adults may occur under different 284 

levels of water deficit yet the process may be similar (Fig. 5). The specific pathway leading to 285 

death is thought to involve a breakdown in water transport; entry of air into the xylem tissues 286 

(cavitation) preventing water movement across the plant, and/or carbon metabolism; 287 

assimilation of carbon and transport and use of carbohydrates for physiological functioning 288 

(McDowell et al., 2011, Mencuccini et al., 2015) . Widespread mortality responses can lead 289 

to lasting impacts on stand dynamics and may cause shifts in community composition  and 290 

the contraction of species ranges over longer time frames (decades to centuries)(Fensham et 291 

al., 2015) (Fig. 5). 292 

Short-term recovery from water deficit and associated stressors involves the resumption of 293 

gas exchange through stomatal opening and repair of biochemical processes (e.g. membrane 294 

transport, carbon and nitrogen metabolism). At longer time scales, remobilisation of stored 295 

carbohydrates is critical for regrowth of tissues either shed during drought (Palacio et al., 296 

2012) or damaged by embolism  (Brodribb et al. 2011) or by biotic attack provoked by water 297 

stress (Fig. 5). After significant loss of above and below ground biomass, complete recovery 298 

may require significant storage pools of carbohydrates over months to years (Radosevich & 299 

Conard, 1980). Germination and recruitment strategies are important for resilience and may 300 

occur in concert or as an alternative to resprouting strategies. In some cases, sustained water 301 

deficits can stimulate flowering and seed production (Breda et al., 2006) that may act to 302 

accelerate recovery, if post-drought conditions are suitable. Those functional traits that enable 303 

recovery from a single event may be heavily dependent on plant condition and vigour that 304 

reflect the stress legacy and acclimation to the prevailing water deficit regime (Niinemets, 305 

2010). 306 

Conditioning factors and secondary stressors 307 

Conditioning factors such as soil characteristics and species interactions, size/age effects, 308 

acclimation potential and characteristics of host and habitat suitability (Raffa et al., 2008), 309 

and time since the previous disturbance, all influence the development and onset of the water 310 

deficits, thereby determining the resilience of the system (Lloret et al., 2012). These 311 
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conditioning factors can be critical. For example, soil water deficits within the root zone of 312 

smaller plants may escalate rapidly given their reduced rooting volume relative to total leaf 313 

area, whereas larger trees remain relatively buffered by a larger rooting volume (Duursma et 314 

al., 2011). Hence, plant size and age can be important determinants of the rate at which water 315 

deficit limits survival within stands (Lloret et al., 2004); e.g. seedlings may be more (or less) 316 

sensitive to regimes (at a given frequency, intensity or duration) than older/larger cohorts. 317 

Changes in exposure can also promote interactions with secondary stressors such as biotic 318 

agents that can yield antagonistic, additive or synergistic outcomes for plant health and 319 

vigour (McDowell et al., 2008, Mitchell et al., 2013a). Multiple stress interactions arising 320 

during water deficit are common across many vegetation types (Niinemets, 2010) and their 321 

impact may be strongly dependent on the intensity and duration of water deficits (Bansal et 322 

al., 2013, Raffa et al., 2008).  323 

 324 

Defining impact: interactions between exposure and resilience 325 

The cumulative impacts of water deficits on forest stands are presented within the eco-326 

climatic framework in terms of the four quantifiable key thresholds discussed above (Fig. 6).  327 

To provide a simplified representation of this exposure-resilience type function, exposure is 328 

considered in terms of the intensity of water deficit events using a probabilistic distribution 329 

(based on SPEI, as discussed above) (Fig. 6). Monthly water deficit intensity or SPEI values 330 

occurring less frequently (towards the tails of the distribution) represent either exceedingly 331 

wet or dry conditions; here, we focus on the dry end of this distribution (Fig. 6). A guiding 332 

principle of the eco-climatic framework maintains that the impact of a single water deficit 333 

event can be viewed as part of a broader rainfall/water deficit regime resulting in a continuum 334 

of potential impacts, ranging from common, mild water deficits with impacts on recruitment 335 

to infrequent and severe events generating large-scale tree mortality (Breshears et al., 2009). 336 

Based on previous studies, we estimate that a water deficit intensity equivalent to a monthly 337 

climate water balance value <2% probability of occurrence relative to the observed 338 

distribution, represents an exposure sufficient to induce canopy collapse within the mature 339 

members of the population (Mitchell et al., 2014). While these hypothesised estimates of 340 

exposure thresholds (expressed as percentiles) are available for some processes, our case 341 
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studies (provided below in this paper) elucidate how we might integrate observation and 342 

modelling to populate these functions further.  343 

The magnitude of ecosystem response to drought is represented here by the half-time of 344 

recovery. When this half-time approaches infinity, it is assumed that a permanent change in 345 

either the species composition or structure has occurred (Fig. 6c). Brodribb and Cochard 346 

(2009) showed that the rate of recovery of plant functioning to pre-drought levels (expressed 347 

as t-1/2

The aggregate impact on ecosystem processes is also affected by multiple feedbacks that act 357 

to reinforce changes in structure and function. For example, the shedding of foliage and 358 

branches may increase fuel load and fire severities in stands where tree density and cover is 359 

already diminished. Changes in microclimate can also be dramatic after tree mortality events 360 

and increase energy and light penetration into the understorey (Royer et al., 2010). The 361 

altered microclimate associated with drought events may alter recruitment patterns, 362 

particularly for those species that require shading for establishment (Redmond & Barger, 363 

2013a). 364 

), in their case plant water transport system, followed a close relationship with the 348 

intensity of plant water stress. This type of formulation can also be applied at the stand scale. 349 

An example of slow recovery is seen in Eucalyptus woodlands in semi-arid environments in 350 

Australia where severe droughts have resulted in 90% tree death over limited areas and more 351 

than 25% of trees killed at regional scales (Fensham & Holman, 1999). Eucalyptus species in 352 

these communities are long-lived and have very limited seed dispersal (Fensham et al., 2005). 353 

Thus, recovery is a protracted process with a half-time of many centuries as surviving trees 354 

regenerate and produce young trees that need to mature, before gradually dispersing from the 355 

local surviving trees.  356 

Case studies: linking exposure and resilience  365 

The eco-climatic framework proposed here considers that the resilience of key processes for a 366 

forest stand can be described using a probabilistic representation of exposure and 367 

corresponding thresholds on vegetation function (Fig. 6). The following case studies provide 368 

an application of this framework using two species (Eucalyptus globulus and Pinus edulis) 369 

from contrasting environments and with contrasting ecological strategies. Eucalyptus 370 

globulus is a temperate species common to Tasmanian forests, capable of resprouting after 371 

drought and fire; this case study uses stands near Hobart, Tasmania that experienced 372 
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sustained canopy damage and mortality during the summer of 2012-13 (Mitchell et al., 2014). 373 

The second case study uses Pinus edulis, a species that occurs in semi-arid environments in 374 

the south-western United States, regenerates from seed and has limited capacity to recover 375 

from hydraulic failure (Breshears et al., 2009, Royer et al., 2011). Episodic mortality has 376 

been observed in P. edulis populations across south-western United States and this study uses 377 

stands near Los Alamos, New Mexico, which were monitored in Breshears et al. (2009). We 378 

integrate existing ecophysiological knowledge with the probabilistic descriptions of water 379 

deficit outlined above, to evaluate the likelihood of biotic thresholds under observed and 380 

future climate regimes. The analysis and discussion addresses key components of the eco-381 

climatic framework (Fig. 7): 382 

1. Exposure was characterised in terms of the water deficit intensity represented in terms 383 

of monthly probabilities, using a climatic water balance; SPEI, computed for observed 384 

(1961 - 2013) and future climate projection (2010 – 2050; CSIRO Mk 3.5).  385 

2. Resistance thresholds of three processes (recruitment, productivity  and canopy 386 

collapse) were derived from empirical and mechanistic models and used to 387 

biologically-scale water deficit intensity to different climate regimes  (see S2, S3 and 388 

S4 for detailed method description). 389 

By combining species resistance thresholds based on stomatal and hydraulic controls with 390 

field data that captures the ‘plants eye’ view in response to water deficit, we were able to 391 

define relevant response functions that linked exposure (water deficit intensity) and levels of 392 

resistance of various processes (Fig. 7). The thresholds for climatic exposure derived from 393 

this approach represent likelihoods of occurrence (over a 113 yr period) of SPEI at 18 % for 394 

recruitment failure (although recruitment was also limited by other factors during periods of 395 

higher water availability); SPEI 8 % for cessation of productivity and SPEI 2% for canopy 396 

collapse (Fig. 7 and Fig S3). The probability estimate of 2% for canopy collapse (based on 397 

P50) is consistent with previous analyses of other Australian ecosystems, where canopy 398 

collapse or mortality occurred when drought intensity was less than 2% probability (Mitchell 399 

et al., 2014). Based on similar response functions, P. edulis had thresholds corresponding to 400 

33%, 9% and 1% probability of occurrence for recruitment, zero carbon assimilation and P50, 401 

respectively (Fig. S4).  402 

This approach provides a basis to assess future impacts of water deficit regimes and their 403 

likelihood of exceeding key thresholds for vegetation function. For the E. globulus case 404 
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study, changes in drought frequency and intensity from the observed 1974 – 2013 baseline to 405 

the projected 2011 – 2051 climate, resulted in an increase in the number of months for all 406 

three processes; 33%, 6% and 55% for recruitment failure, cessation of productivity and 407 

canopy collapse, respectively  (Fig. 8). 408 

While the impact of water deficit in these case studies was considered primarily in terms of 409 

resistance traits, mechanisms of recovery as outlined in Fig. 5 are critical for evaluating the 410 

dynamics of the response in its entirety. Given the contrasting ecological strategies of the two 411 

species presented in these case studies, the capacity for recovery of recruitment, productivity 412 

and canopy collapse may be considerably different. Although we observe slightly higher 413 

frequency of droughts capable of inducing canopy collapse in E. globulus, the loss of canopy 414 

functioning may be relatively short, if followed by relatively rapid recovery via resprouting 415 

(Zeppel et al., 2015). Only during rarer, more intense events, may drought-induced mortality 416 

occur via systematic hydraulic failure. By contrast, the limited capacity of P. edulis for 417 

regrowth and a greater tendency for carbohydrate depletion during water deficit (Adams et 418 

al., 2013), suggests that sustained loss of hydraulic function in the canopy is likely to 419 

represent a threshold capable of inducing whole-tree mortality (Brodribb & Cochard, 2009). 420 

These assertions emphasise the need for future studies to strengthen our understanding of the 421 

trade-offs between resistance and recovery mechanisms, and their contribution to ecosystem 422 

resilience more broadly. 423 

Conclusion 424 

An enduring challenge in the assessment of ecological disturbance is predicting the aggregate 425 

impact of an event or disturbance regime by scaling the relevant functional responses of 426 

individual organisms to the population and ecosystem level. Critical to understanding the 427 

adaptive capacity of species to water availability involves resolving misconceptions 428 

surrounding the significance of aridity (in terms of mean patterns of water availability) versus 429 

periods of water deficit occurring outside the normal set of conditions.   The first hypothesis 430 

addressed by this framework states that exposure to water deficit can be represented 431 

probabilistically and used to estimate exposure thresholds of key vegetation processes across 432 

different vegetation types or ecosystems. The case studies and other recent studies (Mitchell 433 

et al., 2014) show that water deficits that are capable of severe impacts, such as canopy 434 

collapse and mortality, are associated with relatively similar extremes in exposure (e.g. SPEI 435 

< 2 % probability) suggesting a convergence in exposure thresholds for more extreme 436 
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impacts among different vegetation types. A more comprehensive appraisal of the first 437 

hypothesis should consider a systematic approach to assessing spatial and temporal variation 438 

in thresholds such as embolism resistance (Anderegg, 2015). This may require new methods 439 

to rapidly evaluate and monitor plant conditions such as water status over multiple water 440 

deficit cycles of differing duration and intensity. Nevertheless, the strength of this framework 441 

lies in identifying climatic thresholds on vegetation function in the absence of more complete 442 

mechanistic understanding, thereby guiding the formulation, application and benchmarking 443 

of more detailed modelling (Meir et al., 2015).  444 

The second hypothesis underpinning the eco-climatic framework states that the impact of a 445 

water deficit event produces a change in vegetation function described by two key properties 446 

of resilience: the magnitude of the response of some process (resistance) and the time for 447 

recovery. While the two case studies in this paper evaluate the resilience of tree stands based 448 

on resistance traits, the extent to which recovery determines impact requires further 449 

investigation. This is a key knowledge gap that is hindered by the limited consideration of 450 

relevant species-specific traits that determine recovery within a broader definition of the 451 

impacts of water deficits (Fig. 6). Future research directed towards understanding the key 452 

dimensions of the trade-off between resistance and recovery will significantly improve our 453 

ability to assess vegetation responses over meaningful time frames.  454 

We argue that resilience can be better understood by viewing changes in system function with 455 

respect to the water deficit regime and the impacts across multiple ecological processes, 456 

simultaneously. For example, an infrequent, intense drought event may kill only 10 % of the 457 

adult population, but if recruitment has been restricted or non-existent over the longer-term, 458 

the resilience of the population may be very low (Fig. 5). Thus, the cumulative impact of a 459 

water deficit regime can represent more severe consequences for ecosystem function (e.g. 460 

carbon and water budgets) than what might be predicted from a single extreme event. 461 

Modelling the long-term consequences of impacts from water deficit requires approaches that 462 

consider the system as a hierarchy of processes that react and recover to water deficits over 463 

differing temporal and spatial scales.  464 
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 672 

Figure captions 673 

Figure 1. Temporal patterns of water deficit define the exposure regime and associated 674 

impacts on plant function for a savanna woodland in north-eastern Australia. (a) Time series 675 

of climatic water deficit intensity (derived from the standardised precipitation 676 

evapotranspiration index; SPEI, 12 month time scale) for values < 33 % probability (red; 677 

(corresponding  to SPEI < -1), and extreme values of < 2 % probability (dark red; 678 

corresponding to SPEI < -2). More negative values represent larger climatic water deficits 679 

and a lower likelihood of occurrence.  The key aspects of exposure to water deficit include 680 

the intensity, duration, frequency and timing. (b) Time series of the fraction of 681 

photosynthetically active radiation (fPAR; 12 month moving average), used as a proxy for 682 

vegetation function (see fig. S1 for details). For a single event (labelled i), the shape of the 683 

response is defined by the properties of the vegetation’s resilience (i.e. resistance to the stress 684 

and recovery time).  The magnitude of the response (change or loss of vegetation function) is 685 

a property of vegetation resistance (red vertical arrow) and the time for vegetation function to 686 

return to some pre-stress level is a property of recovery (diagonal blue arrow). Impact is 687 

derived from the cumulative loss of vegetation function through time. The arrival of event 688 

(ii i) in close succession to event (ii) demonstrates how the arrival of multiple water deficits 689 

can significantly increase the overall impact if recovery is incomplete.  690 

Figure 2. The eco-climatic framework describes a generalised relationship between exposure 691 

to climatic water deficit and vegetation resilience. (a) The magnitude of change in function in 692 

response to a single event (i) is described by a dose-response type function, where water 693 

deficits of increasing intensity generate increasing change/loss of function according to the 694 

resistance of the forest stand. (b) The time to recovery to some pre-stress level of function 695 
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increases with the magnitude of the response. If the arrival of a second event (ii) occurs after 696 

the stand has recovered from event (i) then its magnitude and recovery can be estimated from 697 

the intensity of this event in isolation. Conversely, if event (ii) occurs in close succession to 698 

event (i) (i.e. inter-arrival time < recovery time), then the overall magnitude and 699 

corresponding recovery times is cumulative and results in larger impacts than the impact of 700 

the two events separately (i.e. the magnitude and recovery time is a function of event (i) and 701 

(ii ) and their interaction).   702 

Figure 3. Relationship between water deficit and high temperature are key dimensions for 703 

describing thresholds on vegetation function during stress. (a) Scatter plot of monthly 704 

climatic water deficit index versus maximum temperature index (1891 - 2013) from a tropical 705 

savanna site in north-eastern Australia. Data are fitted with a linear function (dashed line; r2

Figure 4. Meteorological water deficit regimes can be characterised at multiple time-scales. 714 

(a) Filled contour plot of a climatic water deficit index; standardised precipitation 715 

evapotranspiration index (SPEI) computed for a range of time scales (1 – 48 months) plotted 716 

from 1964 – 2013 for Hobart, Tasmania. Highly negative SPEI values represent a large 717 

deficit between precipitation and potential evapotranspiration. Three dashed horizontal lines 718 

are drawn to represent examples of relevant time scales capable of affecting (i) 24 months - 719 

tree survival; (ii) 6 months - forest growth; and (iii) 3 months - recruitment. (b) Horizon plots 720 

of SPEI time series showing all values < 18% (red) and < 2% (dark red) probability of 721 

occurrence, corresponding to the three different time scales (i - iii) shown in (a). The 722 

frequency of events and mean duration are given for the analysis period (events are defined 723 

as any period reaching SPEI<18%, with its duration starting when SPEI <50% and ending 724 

when SPEI >50%).   725 

 = 706 

0.20). (b) The fitted joint probability density of water deficit and maximum temperature 707 

indices shown by three contour lines denoting probability densities of 0.15, 0.05 and 0.02 708 

percentiles (see text for details). The blue horizontal and vertical dashed lines are added to (b) 709 

to show the 0.02 and 0.98 percentiles for the singular distributions for water deficit and 710 

maximum temperature index. The double-headed arrow in panel (b) denotes a range in 711 

exposure thresholds for tree die-off across the bivariate distribution to illustrate how variation 712 

in resilience among individuals in a stand may shift through time and space. 713 
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Figure 5. An overview of some key components of the spectrum of resistance and recovery 727 

attributes that govern vegetation responses to water deficit. (a) Idealised probability 728 

distribution function of water deficit intensity (at the dry portion of the distribution) that 729 

reflects a range of events capable of inducing different impacts on ecosystem processes. The 730 

resistance and recovery of these processes is controlled by different attributes (b) that operate 731 

at a range of temporal scales (c) (represented by horizontal bars). Here, we assume that as 732 

water deficit intensifies the severity of the response increases. While recovery of the system 733 

to mild impacts such as a cessation in productivity may be dependent on short-term revival of 734 

gas exchange and assimilation, recovery from severe impacts such as canopy collapse or 735 

mortality will depend on mechanisms operating at longer time scales, such as resprouting and 736 

repair of the water transport system via new growth.  737 

Figure 6. The impact of water deficit on four key ecosystem processes within the eco-climatic 738 

framework for a hypothetical forest stand. (a) Increases in water deficit intensity affect 739 

different processes according to their thresholds of resistance, resulting in larger declines in 740 

vegetation function. (b) Exposure is expressed as the likelihood for a particular intensity of 741 

climatic water deficit. (c) The recovery to the pre-stress condition can be defined by its half-742 

time to recovery, whereby water deficit events with increasing impact have increasingly 743 

greater recovery half-times. Estimates of probabilities and corresponding return intervals of 744 

four water deficit events, represent the level of water deficit required to surpass the four 745 

thresholds associated with recruitment, primary productivity, canopy collapse (loss of above-746 

ground tissues) and mass mortality are also shown. The dashed-dotted lines in (a), (b) and (c) 747 

represent a hypothetical shift in exposure scenario (i.e. a hotter, drier climate), potentially 748 

increasing the frequency and intensity of water deficit events and increasing the likelihood 749 

and magnitude of the loss of function and longer recovery times (denoted by arrows). 750 

Figure 7. Overview of the approach used to link components of resilience of three processes; 751 

recruitment, productivity and canopy collapse, to exposure to water deficit. (a) Species 752 

resilience is defined by three thresholds from three different data sets, including a 753 

mechanistic model of recruitment and empirical relationships for productivity; leaf water 754 

potential versus stomatal conductance (x-intercept) and canopy collapse; leaf water potential 755 

versus percentage loss of leaf hydraulic conductance (50%). (b) Resilience and exposure are 756 

linked by biologically-scaling data to estimate the likelihood of reaching the three thresholds. 757 

The probability thresholds are labelled on the probability density functions of the monthly 758 

water deficit intensity and include (i) recruitment (18 %), (ii) productivity (8 %) and (iii) 759 
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canopy collapse (2 %). (c) Exposure is derived from a probabilistic representation of time 760 

series of water deficit intensity (SPEI values) for the observed record (1891 – 2012) (see text 761 

and supplementary information S2 and S3 for details). 762 

Figure 8. Cumulative number of months, when three key thresholds are surpassed over an 763 

observed (1974 – 2013) and projected (2011 – 2050; CSIRO Mk 3.5) time series, at a site 764 

near Hobart, Tasmania. (a) Recruitment failure; (b) cessation of productivity and (c) canopy 765 

collapse.  766 
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