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ABSTRACT

Aim Resource bottlenecks – periods of severe restriction in resource availability

– triggered by increased climate variability represent important and little-

understood mechanisms through which climate change will affect biodiversity.

In this review, we aim to synthesize the key global change processes that exac-

erbate the severity of bottlenecks in resource availability on animal populations,

and outline how adaptation responses can help buffer the impacts.

Location Global.

Methods We collate examples from the literature of population-level impacts

of resource bottlenecks induced by extreme weather and climate events to

explore the types of population impacts that have most frequently been

recorded, and the type of extreme events associated with them. We then

develop a conceptual framework that captures the factors contributing to spe-

cies’ vulnerability to climate-induced spatial and temporal resource bottlenecks

in increasingly variable environments.

Results Increases in the frequency, severity and/or duration of extreme weather

and climate events can trigger resource bottlenecks that act as powerful demo-

graphic constraints on terrestrial fauna, and often exacerbate other human-

induced pressures such as land use change. Such phenomena are likely to

become more frequent and severe, with potentially nonlinear increases in

impact. Forty-nine instances of population-level impacts from climate-induced

resource bottlenecks were recorded from the literature, including four extinc-

tions and ten population crashes. Anthropogenic land use change interacts with

increasing climatic variability to exacerbate these resource ‘crunches’, but can

sometimes act as a buffer for species.

Main Conclusions Resource bottlenecks are likely to be a large class of cli-

mate-sensitive stressors whose impacts may play out at the population scale,

even well within a species’ apparent climatic envelope. More effective conserva-

tion responses to climate-related threats include explicit actions, such as man-

aging protected area networks for spatial and temporal resource

complementarities, that buffer vulnerable species against bottlenecks.

Keywords

Climate variability, climate vulnerability, drought, extreme events, resource

bottlenecks, resource complementarity, storms, wildfire.

INTRODUCTION

Understanding the impacts of extreme weather and climate

events is considered essential to assessments of climate

change impacts on humans and infrastructure (Easterling

et al., 2000). Yet, to date, the impacts of extreme events on

other species, and especially their resources, are rarely

considered in conservation vulnerability and planning
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assessments that attempt to take into account climate change

(Easterling et al., 2000; Jentsch et al., 2007; Jentsch &

Beierkuhnlein, 2008; Cunningham et al., 2013). There is

increasing recognition of the importance of weather and

climate extremes (sensu IPCC 2012) on species persistence,

but the literature remains dominated by evaluations of spe-

cies responses to long-term changes based on mean annual

and decadal climatic variables (Chapman et al., 2014).

Extreme weather events are those that are rare, severe and

unseasonal and occur over a short period of time, such as

severe storms, cold snaps and heatwaves. Extreme climate

events occur over a longer time period and are the result of

persisting extreme weather; they include drought and heavy

seasonal rainfall (IPCC, 2012). Extreme weather and climate

events (hereafter collectively referred to as extreme events)

have been defined by Smith (2011) on the basis of a combi-

nation of both a climatic extreme driver and an ecological

response.

Particularly when coupled with anthropogenic land use

and land cover change, extreme events can have large nega-

tive effects on faunal populations (Bolger et al., 2005)

through direct mortality, altering the timing of phenological

events and triggering mismatches between resource availabil-

ity and demand (Parmesan et al., 2000; Boyce et al., 2006;

Jiguet et al., 2011; Moreno & Møller, 2011; Butt et al.,

2015). Previous research on the effects of extreme events on

species has focussed mainly on the first of these pathways:

the ability of individuals to withstand the direct effect of

extremes, such as periods of extreme temperatures (Parme-

san et al., 2000; Welbergen et al., 2008; McKechnie & Wolf,

2010). Nevertheless, increasing climate variability will also

affect species through indirect and more cryptic pathways,

which we argue are likely to be more pervasive than the

direct and often more visible effects of weather and climate

extremes.

We suggest that greater severity of resource bottlenecks,

driven by increased frequency and amplitude of weather and

climatic fluctuations, has the potential to be widespread and

ecologically disruptive. Resource bottlenecks are ecologically

relevant periods of severe restriction in resource availability.

These periods of resource scarcity can be important con-

straints on the size and distribution of populations (Wiens,

1977; Wallace & Painter, 2002; Zahn et al., 2007; Cahill

et al., 2013). Whether regular and predictable, or irregular

and unpredictable, resource bottlenecks are features of many

ecosystems (Parsons, 1995; White, 2008). However, projected

increases in climate variability (IPCC, 2012) will increase the

potential for resource bottlenecks to trigger catastrophic pop-

ulation declines and/or the abandonment of part of a species’

ranges (Cahill et al., 2013).

Here, we review the processes that exacerbate the severity

of bottlenecks in resource availability for faunal populations.

Based on a comprehensive literature review, we collate exam-

ples of population-level impacts on fauna from resource bot-

tlenecks induced by extreme events to explore the faunal

taxa and types of impacts that have most frequently been

recorded. Building on the structure of more generalized

frameworks of species’ vulnerability to climate change (e.g.

Williams et al., 2008), we develop a conceptual framework of

species’ vulnerability to climate-induced resource bottlenecks.

Finally, we propose a number of adaptation responses that

may reduce the severity of bottlenecks for vulnerable fauna.

CLIMATE EXTREMES AND RESOURCE

BOTTLENECKS

Changes in annual mean climatic variables, such as tempera-

ture and rainfall, are themselves not necessarily meaningful

triggers for population shifts (Cahill et al., 2013). Rather,

these indices are proxies for multiple aspects of climate that

directly and indirectly affect populations (Katz & Brown,

1992; Jentsch et al., 2007; Jentsch & Beierkuhnlein, 2008). In

particular, changes in the severity and frequency of extreme

events will critically constrain some faunal populations and

affect their viability (Parmesan et al., 2000; Moreno & Møl-

ler, 2011; Letten et al., 2013). Even without increased vari-

ability, an increase in mean temperature implies increases in

upper extremes of temperature, and it is these extremes that

can be most disruptive (Parmesan et al., 2000). Thus, even

within climate envelopes projected to be suitable in the

future, some species’ persistence may be tenuous.

In climatic zones with high climatic variability, distur-

bances such as droughts, severe storms and forest fires have

shaped the biota for millennia. However, climate change is

predicted to increase variability both in already seasonally-

variable climates, such as those that occur in the subtropics

and Mediterranean regions, and those considered relatively

more stable (IPCC, 2012). Droughts and severe or cyclonic

storms are likely to change in frequency and intensity more

rapidly than climatic means (Trenberth et al., 2003). Here,

we define drought as a period of abnormally dry weather

long enough to cause a hydrological imbalance (IPCC,

2013). Droughts in some regions, such as the Mediterranean,

central North America, southern Africa and Australia, are

predicted to become more severe (IPCC, 2012). In Australia,

North America and Southern Africa, wildfire is expected to

significantly increase in frequency and severity (Pearce et al.,

2007; IPCC, 2012); in Canada, increasing forest fire extent

has already been attributed to climate change (Gillett et al.,

2004).

Here, we examine the impacts of such changes on the

availability, through space and time, on resources for fauna.

We define resources to include both nutritional resources –
food, water and micronutrients – and other elements of

habitat, including shelter and breeding sites.

Species response to climate-induced resource

bottlenecks

Sequences of heavy rain, cold snaps, heat waves and cyclones

all can cause direct mortality of fauna, but also can affect the

availability of resources such as food and shelter (Newbery
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et al., 2006). Extreme hot dry weather conditions also

increase the risk of wildfire events, which, apart from causing

direct mortality of individuals, can induce resource bottle-

necks for species dependent on old-growth habitat (Haslem

et al., 2012; Chalmandrier et al., 2013; Lee & Barnard, In

press). Over longer time-scales, phenological changes in plant

species triggered by droughts have flow-on effects through

nectar and fruit production (Ogaya & Pe~nuelas, 2007; Butt

et al., 2015), affecting dependent vertebrate and invertebrate

fauna (Fig. 1) (Law, 1994; Harrison, 2000). The changes will

not be negative for all species; for some, particularly habitat

generalists, climate extremes and frequent disturbance may

increase resource availability. However, our focus herein is

on resource bottlenecks and the types of species most at risk

from their exacerbation.

A bottleneck in resources may affect a single species in an

area or many members of an assemblage (Wiens, 1977;

Chapman et al., 2006; Williams & Middleton, 2008; Mulwa

et al., 2013). The spatial and temporal extent of a bottleneck

will determine which species are most affected. For species

with high metabolic rates such as small birds, resource bot-

tlenecks of even a few days’ (or even hours’) duration could

cause mortality, and changes in food availability can interact

with other factors, such as predation, to affect survival (Jans-

son et al., 1981; Chapman et al., 2006). Severe bottlenecks

can even result in range shifts out of marginal areas with

unreliable resource availability (Seabrook et al., 2011).

LITERATURE REVIEW

The Web of Science database (webofknowledge.com) was

accessed between February and August, 2014, and key search

terms were chosen to identify studies in the primary literature

that document the impacts of resource bottlenecks induced by

extreme weather and climate events (drought, cyclones/hurri-

canes/typhoons, floods, storm surges, heat waves, and cold

waves/extreme winters/ice storms) on populations from six

taxonomic groups (birds, mammals, fish, amphibians, reptiles

and invertebrates). Key search terms were set according to a

‘taxon’ AND ‘event’ structure and changed iteratively until all

combinations of the taxonomic groups and extreme events

included in our review were searched. Titles and abstracts of

search results were scanned for our inclusion criteria: (1) an

observational study that (2) documented how a population

responded to reduced food, water or habitat availability dur-

ing, or in the years following, an extreme climate event. Doc-

umented impacts were categorized by the affected taxon and

the type of climate-induced resource bottleneck (Table 1;

Table S1 in Supporting Information) and used to inform our

conceptual framework of species’ vulnerability to climate-

induced resource bottlenecks.

The review identified 49 instances of climate-induced bot-

tlenecks on birds, mammals, reptiles, invertebrates, amphibi-

ans and fish between 1977 and 2013. We found four cases of

local extinctions, and ten cases of populations declining by

>25% (Table 1). Impacts of climate-induced bottlenecks

were most commonly reported for birds (n = 25) followed

by mammals (n = 12) (Table 1). Bottlenecks caused by

drought were recorded for most taxa, and accounted for all

impacts on amphibians and ≥50% of those on mammals and

reptiles. Cyclones, hurricanes and typhoons were the most

commonly reported events causing climate-induced bottle-

necks for birds.

CONCEPTUAL FRAMEWORK

The vulnerability of a species or population to climate

change is a function of its intrinsic traits and characteristics

(sensitivity), the environment in which it occurs (exposure)

and its ability to respond or cope with change (adaptive

capacity) (IPCC, 2007; Williams et al., 2008; Watson et al.,

2013a). In the sections below, we translate these concepts to

Resource 
bo�leneck

Tipping point

Tipping point

Rainfall

Popula�on size

Time Time

Time

Resource availability across the landscape

Plen�ful 
resources

Increasing severity of extremes

Increasing frequency of extremes

Natural climate variability

Ex�nc�on 
threshold

Rainfall

Popula�on size

Rainfall

Popula�on size

(a)

(c)

(b)

Figure 1 Schematic of the pathways through which increased climate variability may have disproportionate effects on populations

through increased severity and frequency of resource bottlenecks. (a) shows how natural variability in a climatic variable (in this

example, rainfall – black line) correlates with variation in population size (grey line) through its effect on resource availability (insets).

In (b), more severe extremes in rainfall (in this case, drought) leads to resource bottlenecks that push a population beyond an

extinction threshold; in (c), increased frequency of extremes results in two resource bottlenecks in short succession, with the population

unable to recover from the first before the second occurs.
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a model of vulnerability to climate-induced resource bottle-

necks (Fig. 2) and illustrate this with examples drawn from

our review and the broader literature.

Sensitivity: intrinsic factors influencing species’

vulnerability to bottlenecks

Certain life-history traits are likely to predispose species to

vulnerability to increased resource bottleneck severity. Several

of these characteristics are already known to correlate with

elevated extinction risk (Reynolds 2003; Cowlishaw et al.

2009). Given the potential for interactions between human

modification of landscapes and exposure to climate-related

stressors (Jeltsch et al. 2011), species that meet several of

these criteria are potentially particularly vulnerable.

Dietary specialization

Species with narrow dietary niches, which rely on a small

number of species for food at some point during the year or

life cycle, are intrinsically more vulnerable to periods of scar-

city of those resources. For example, the production of nec-

tar and fruit by many plant species is closely linked to the

sequence of climatic conditions they experience (Law et al.,

2000; Kelly & Sork, 2002; Butt et al., 2015). Nectarivores and

frugivores may therefore be particularly sensitive to climate-

induced resource bottlenecks (Johnson et al., 2011). How-

ever, terrestrial invertebrates also become less available to

insectivorous vertebrates as they move lower in the litter and

soil profile in response to drying (Williams & Middleton,

2008). Thus, even generalist foragers such as terrestrial insec-

tivores will be affected by increased drought frequency and

severity (Poulin et al., 1992; Williams & Middleton, 2008).

Such impacts can cascade through food webs. In semi-arid

Chile, for example, small mammals were of lowest abun-

dance during prolonged drought, in turn reducing the

density of raptorial birds (Jaksic & Lazo, 1999).

Reliance on habitat prone to fire, drought, storm damage and/

or flood

Fire, drought, storms and/or floods can render habitat

unsuitable for some species for long periods. Some habitats,

such as grasslands, return quickly to pre-disturbance condi-

tions following such disturbances, but others, such as forests

and savannas, recover more slowly (Sutherland & Dickman,

1999; Jones & Schmitz, 2009; Allen et al., 2010; Haslem

et al., 2011; Williams et al., 2012). At the broad scale, a

recent review of the overlap between the distribution of ter-

restrial mammals and land areas exposed to drought and

cyclones identified high proportions of mammals exposed to

climate extremes across West Africa and Madagascar (Ameca

y Ju�arez et al., 2013). While species that occupy habitat

prone to already-high frequencies of these disturbances are

generally well adapted to them, increases in the frequency or

intensity of such disturbance may nonetheless take these

species past tolerance thresholds (Fig. 1).

Projected changes in the frequency and severity of

extremes are likely to be rapid, raising the concern that spe-

cies’ adaptation potential will be exceeded (B€urger & Lynch,

1997; Chevin et al., 2010; Hoffmann & Sgr�o, 2011). Further,

human land use has in many cases reduced the extent and

quality of the available habitat. Whereas populations affected

by disturbance may previously have persisted through the

movement of individuals to nearby refuge areas, or at least

been replenished by recolonization from adjacent popula-

tions (Banks et al., 2011), fewer such potential refugia from

disturbance now exist, and fragmentation has reduced the

accessibility of those that remain (Pearson & Dawson, 2003;

Opdam & Wascher, 2004).

Mobility

Sedentary species, which depend on predictable resources

within a relatively fixed home range, are more likely to be

vulnerable to bottlenecks than highly mobile nomads. If a

Table 1 Number of records identified through the literature

review of Web of Science database (webofknowledge.com) of

population-level consequences of resource bottlenecks

(limitations of water, food, or habitat) linked to extreme

weather and climate events. Extreme weather and climate events

were defined as drought, cyclones/hurricanes/typhoons, floods,

storm surges, heat waves and severe winters/cold waves/ice

storms, and the review was limited to six taxonomic groups

(birds, mammals, fish, amphibians, reptiles and invertebrates)

Type of extreme

Cyclone Drought

Severe

winter

Heat

wave Flood Total

Response category

Population

decline <25%

7 6 1 0 2 16

Population

decline >25%

2 3 3 0 2 10

Population

extinction

1 2 0 1 0 4

Decline in

fecundity

3 1 0 2 5 11

Decline in

survival

0 3 2 1 0 6

Range shift 1 0 0 0 0 1

Range

contraction

1 0 0 0 0 1

Total 15 15 6 4 9 49

Taxon

Mammal 3 7 2 0 0 12

Bird 9 2 4 3 7 25

Reptile 2 2 0 0 0 4

Invertebrate 1 1 0 1 1 4

Amphibian 0 3 0 0 0 3

Fish 0 0 0 0 1 1

Total 15 15 6 4 9 49
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species cannot move to access resources, even temporary,

local bottlenecks can pose a risk to persistence. For example,

more-sedentary ungulates are predicted to be most sensitive

to resource bottlenecks from anticipated future increases in

drought severity in Africa (Duncan et al., 2012). Birds, the

taxon most often reported to be negatively affected by

extremes, were not among the recorded population extinc-

tions in our review (Table S1), potentially due to their higher

mobility.

Constraints on mobility include limited locomotive ability

or reluctance to cross gaps (Hinsley, 2000; Goldingay & Tay-

lor, 2009; Lees & Peres, 2009). However, highly territorial

species, or those that live in complex social groupings such

as obligate cooperative breeders, may also be less likely to

move large distances across unsuitable habitat (Norris &

Stutchbury, 2001), potentially affecting their ability to access

resources outside of the normal home range during bottle-

necks. Dispersal ability can also be critical in the population

recovery phase following a resource bottleneck. Following a

local population crash, population recovery relies on individ-

uals either surviving within or returning to the area (Banks

et al., 2011). So when temporal connectivity in resource

availability is interrupted, spatial connectivity becomes

critical.

Reproductive rate

Species with breeding strategies that facilitate rapid popula-

tion growth are likely to be more resilient to resource bottle-

necks induced by disturbances such as fire (Whelan et al.,

2002) and cyclones (Johnson et al., 2011). Species adapted to

disturbance-prone habitats can often breed quickly, reducing

their vulnerability to resource bottlenecks (Dickman et al.,

2001).

Through various mechanisms, climate variability can also

affect the reproductive rate, potentially altering the resil-

ience of populations to disturbances. For example, after

severe cyclone Gretelle, which affected southern Madagas-

car, black-and-white ruffed lemur Varecia variegata (Kerr,

1792) declined steeply and recovered slowly (Ratsimbazafy,

2002). Although the frugivorous lemur has a high potential

reproductive rate, the resource bottleneck (low fruit avail-

ability) following the disturbance appeared to lead to

reproductive cessation in the species for at least 3 years

(Ratsimbazafy, 2002). Morris et al. (2008) computed the

effect of increased interannual variability in vital rates, such

as reproduction and mortality, on population growth rates

of 21 species of animals. They found that increased vari-

ability in reproductive rates, such as that anticipated as cli-

mate variability increases, reduced population growth rates

for most species. The effect was strongest for short-lived

species, which are least able to shift their reproductive

effort among years depending on resource availability

(Morris et al., 2008).

Exposure: more severe and more frequent

bottlenecks

Bottlenecks may become more frequent, more severe or both

(Fig. 1). Individuals either endure a bottleneck, move to

another area or die (Woinarski et al., 2000; Dean et al.,

2009). If the spatial extent of the bottleneck is large enough,

moving to other areas may not be possible. The effects of

drought often occur over large areas and long time periods,

and the equal greatest number of negative impacts our litera-

ture review recorded were in response to drought (Table 1).

Similarly, increases in bottleneck duration or frequency

reduce the ability of individuals to persist until normal

Land use changes

Indirect
Invasive species release
Increased frequency 
and/or severity of fire

Vulnerability to 
resource bo lenecks

Modera ng
Gardens

Planta ons

Water points

Irriga on

Exacerba ng
Loss of par cular habitat 
types

Fragmenta on

Climate-driven processes
Direct

Increased frequency and/or severity of
weather extremes and drought

Species traits
Slow reproduc ve rate

Fast metabolic rate

High degree of resource specialisa on

Complex social structure

Territoriality

Low mobility/sedentariness

Low phenological plas city

Landscape change &
adap ve capacity

Exposure

Se
ns

i
vi

ty

Figure 2 Conceptual model of factors

contributing to species’ vulnerability to

climate-induced resource bottlenecks.

Species-level traits (sensitivity) and

exposure to climatic extremes each

contribute to the likelihood that a species

will be vulnerable to resource

bottlenecks. Anthropogenic land use

changes – both exacerbating and

moderating – will influence the ability of

species to cope with climate-driven

processes.
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conditions return (Fig. 1). If many individuals are affected,

there may be lasting demographic and genetic consequences.

Anthropogenic climate change does not introduce novel

disturbances. Rather, it exacerbates the severity and fre-

quency of naturally occurring perturbations such as wildfires,

floods and droughts (Dale et al. 2001) at a time when species

already face habitat conversion, degradation and exploitation.

This exacerbation of natural disturbance regimes will likely

worsen many types of resource bottlenecks (Ameca y Ju�arez

et al., 2013) and result in nonlinear effects on biota. Species

may be adapted to resource scarcity to a certain extent, or

for a given duration, but beyond that point, population

recovery may be impossible (Fig. 1b). Further, if the fre-

quency of resource bottlenecks exceeds the recovery time for

a population following a bottleneck, recovery between events

is prevented, leading to permanent shifts (Fig. 1c). Finally,

the interaction between increasingly frequent and severe

extremes and anthropogenic land use change (discussed

below) means that future resource bottlenecks are likely to

be still more severe than expected based on increases in cli-

mate extremes alone.

Below, we summarize mechanisms through which

increased climate variability may exacerbate resource bottle-

necks (Fig. 2).

More frequent and intense fire

Drier, hotter weather coupled with anticipated increased fuel

build-up attributable to carbon fertilization is likely to

increase the frequency and severity of wildfires (Pearce et al.,

2007; IPCC, 2012). Too frequent and too hot fires exacer-

bated by human activities already threaten many species in

the dry tropical, subtropical and temperate zones (Garnett

et al., 2011). For example, in the fynbos of South Africa,

increasing fire frequency threatens nectarivorous birds, which

are associated with long-unburnt vegetation dominated by

nectar-bearing proteas (Chalmandrier et al., 2013). Increased

frequency of extreme fire weather elevates the risk of cata-

strophic megafires that remove – temporarily or permanently

– extensive areas of habitat and depress the formation of

habitat resources (Haslem et al., 2011). Many of the world’s

mega-biodiverse hotspots and areas of unique biodiversity,

such as the Western Ghats (Kodandapani et al., 2004), Cape

Floristic Region (Chalmandrier et al., 2013), Amazonia (Bush

et al., 2008) and the Sunda Shelf (Taylor et al., 1999), are

already threatened by increasing frequency and/or severity of

fires.

In some cases, not only is the suitable habitat reduced, but

access to the remaining habitat resources is constrained by

the changed interactions among species after fire (Maron &

Kennedy, 2007). For example, interactions with alien invasive

species may become more important in frequently-disturbed

habitats. In northern and central Australia, increasing fire

frequency and extent generates bottlenecks in unburnt shelter

resources, facilitating predation of small native mammals

by feral cats, a process thought to be contributing to a

precipitous decline of small mammals (Letnic et al., 2005;

Fisher et al., 2014). Release of ‘sleeper’ weed species facili-

tated by increased fire frequency can result in the permanent

loss of resources for species reliant on the invaded habitat

type, as the establishment of the invasive species can

entrench novel fire regimes (Vitousek et al., 1996; Brooks

et al., 2004).

Longer, more severe and more frequent droughts

Projected increases in the severity, frequency and duration of

drought are anticipated to drive ecosystem change. There are

numerous pathways through which drought can affect

resource availability for species (Parsons, 1995). For example,

during the severe Californian drought of 1975–1977, many

populations of checkerspot butterflies, Euphydryas spp.,

declined to extinction, tracking declines in their host plant

species (Ehrlich et al., 1980). Most negative impacts of

drought we identified through our literature review affected

mammals (Table 1). For example, during dry years, the distri-

bution of koalas Phascolarctos cinereus (Goldfuss, 1817) in

semi-arid Australia contracts to riparian habitats, where leaves

have higher water content (Smith et al., 2013). These contrac-

tions can lead to local population collapse (Seabrook et al.,

2011). Severe droughts increase calf mortality in African ele-

phants Loxodonta africana (Blumenbach, 1797), probably via

food resource limitation (Foley et al., 2008), and reduce pop-

ulation growth of ungulates, particularly those reliant on

drought-intolerant food plants (Duncan et al., 2012).

Long-term water deficits, often coupled with heat stress

and/or herbivorous insect outbreaks, are predicted to

increase rates of tree mortality and instances of mass tree

diebacks (Allen et al., 2010), risking secondary and higher-

order resource bottlenecks for entire assemblages. A recent

review of documented climatic stress-induced tree mortality

events since 1970 found 88 examples world-wide, occurring

from tropical rain forests to semi-arid savannas (Allen et al.,

2010). Extremely dry conditions can also reduce nectar pro-

duction, potentially affecting nectarivorous invertebrates,

birds and mammals (Keast, 1967; Law, 1994; Law et al.,

2000). Increasingly, dry winters associated with climate

change can severely reduce the availability of invertebrate

prey, reducing the abundance of many species of birds in the

Australian Wet Tropics with potentially permanent effects

(Williams et al., 2003; Williams & Middleton, 2008).

More extreme destructive weather

Although there is uncertainty regarding whether events such

as cyclones are likely to become more frequent, storm inten-

sity is highly likely to increase, and tropical cyclones may

occur further poleward (Elsner et al., 2008; IPCC, 2012). For

some species, the inundation of habitat may become more

frequent, especially where flood risk is already exacerbated by

anthropogenic changes to floodplain hydrology and coastal

environments (Hirabayashi et al., 2013; Jothityangkoon et al.,
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2013). All these changes may expose poorly-adapted popula-

tions to new threats. The large-scale stripping of forest foli-

age and limbs, and sometimes widespread mortality of forest

trees in cyclones, reduces the productivity for prolonged

periods, with many tree species taking years to return to nor-

mal fruit and nectar production (Aung et al., 2013; Behie &

Pavelka, 2013). The population of black howler monkey

Alouatta pigra (Lawrence, 1933) in a Belize forest declined

80% following a severe hurricane in 2001, due largely to

reduced fruit availability which persisted for several years fol-

lowing the disturbance (Behie & Pavelka, 2013). The severe

cyclones Larry and Yasi that affected the coastal rain forest

of northern Australia 2006 and 2011, respectively, caused

widespread resource reduction for the threatened and range-

restricted southern cassowary Casuarius casuarius (Linnaeus

1758), which relies on rain forest fruits; the population

required supplementary feeding for several years (Turton,

2012).

Adaptive capacity: responses to increased

bottlenecks

Species that exist today have likely had to cope with resource

bottlenecks due to climate extremes in the past. They have

achieved this either through micro-evolution or through

phenotypic plasticity, or dispersing or retreating to refugial

habitats (Mackey et al., 2008; Skelly & Freidenburg, 2010).

The resilience of species to increasingly severe or frequent

climate and weather extremes will therefore depend on

ensuring the full range of adaptive responses to changing

environmental conditions remain available to them (Parme-

san, 2006; Mackey et al., 2008) and on their ability to locate

and exploit refugia during periods when conditions become

marginal (Morton et al., 1995; Gillson & Willis, 2004). The

impact of increased frequency and severity of resource bot-

tlenecks on populations will be exacerbated further by past

and future habitat conversion (Sanderson et al., 2002;

Watson et al., 2013b) and reductions in size of most wildlife

populations (WWF, 2014). Species are thus less able to adapt

by accessing alternative resources or dispersing, and therefore

intrinsically more vulnerable and less likely to encompass

adequate genetic or phenotypic diversity to adapt to changes

in climate over the long term (Bradshaw & Holzapfel, 2006;

Mackey et al., 2008) (Fig. 2).

In contemporary landscapes, not only does less habitat

remain, but patterns of habitat loss are highly non-random

(Seabloom et al. 2002; Rouget et al. 2003; Maron et al.

2012). Historically, most native vegetation removal across

the globe was driven by agricultural expansion, so the most

cleared habitats were on fertile soils and flat topography.

Severe resource bottlenecks already exist for many species

reliant on these depleted and relictual habitat types, such as

woodland birds in southern Australia after clearing of the

most productive parts of the landscape (Watson 2011). Spe-

cies such as squirrel glider Petaurus norfolcensis (Kerr 1972)

that rely on natural hollows in large old trees have declined,

as the highest densities of those resources occurred in the

more productive areas (van der Ree & Bennett 2003).

Although most nectarivores are dietary generalists, they

require a constant supply to sustain breeding populations

(Woinarski et al., 2000). As flowering and nectar production

are often erratic processes and may occur only every few

years in many species, year-round nectar availability is more

uncertain, as the complementarity formerly provided by spe-

cies of nectar-producing plants that grow on more fertile

soils is diminished. Thus, nectar resource bottlenecks already

threaten the persistence of species such as swift parrot Lath-

amus discolor (White, J., 1790) and regent honeyeater Xan-

thomyza phrygia (Shaw 1794) in Australia (Garnett et al.,

2011).

The examination of the types of resource bottlenecks that

are likely to be exacerbated by increasing climate variability,

and the types of species they threaten, can inform specific

recommendations for adaptation responses. Options include

(1) prioritising protection of mesic habitat elements and mi-

crorefugia that may buffer resource fluctuations, (2) explic-

itly considering spatial and temporal resource

complementarity in planning for protected areas; and, where

feasible, (3) increasing resource supplementation through

urban and rural landscape design. We outline each of these

responses in turn.

There is an urgent need for more science focussed on pre-

dicting where climate extremes will worsen and the impacts

they will have on resources species (Ameca y Ju�arez et al.,

2013; Chapman et al., In press). This forecasting must incor-

porate how climate change is also reshaping the ways in

which people use landscapes and seascapes, which in turn

will affect biodiversity and conservation activities (Watson,

2014). For example, changing climatic patterns are reducing

the productivity of some arable lands (Parry et al., 2005) and

creating new opportunities for cultivation in other areas

(Bradley et al., 2012; Wheeler & von Braun, 2013). The

impact of these – and future – changes will alter the pattern,

intensity of use and rate of change in managed lands, thus

influencing both biodiversity and the opportunity costs of

conservation in production landscapes (Watson et al.,

2013b).

Long-term climate refugia, where climatic conditions are

expected to remain relatively stable, are increasingly recog-

nized as essential to building reserve networks resilient to cli-

mate change (Hannah et al., 2002; Heller & Zavaleta, 2009;

Keppel et al., 2012). However, the concept can be extended

to ensuring the protection of habitats that are likely to be

relatively stable climatically on shorter time-scales and smal-

ler spatial scales (Ashcroft, 2010; Mackey et al., 2012; Olson

et al., 2012). Incorporating targets for fine-scale resource

complementarity may alter reserve design. For example, for

many species, more mesic parts of individuals’ home ranges

are critically important microrefugia during droughts and

often are most productive of resources (Soderquist & Mac

Nally, 2000; Dickman et al., 2011). Recognizing the potential

for such microrefugia to buffer fluctuations in resources
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driven by climatic variability will be important to improve

adaptation strategies for species vulnerable to resource

bottlenecks.

For species most vulnerable to more variable availability of

resources, the size of habitat patches is particularly impor-

tant. Habitat in larger patches is less vulnerable to impacts of

extreme wind events (Laurance & Curran, 2008) and has

greater potential for compensatory resource provision

through decoupled of phenological dynamics, such as fruit

and nectar production, within the patch (Verboom et al.

2010). In other words, larger patches may be more likely to

provide a diversity of complementary resources that are

accessible for species less-able to exploit multiple patches.

Small patches and fragmented landscapes are also particularly

vulnerable to fire (Cochrane, 2001; Brook et al., 2008). How-

ever, in fire-prone environments, a risk-spreading approach

may also be important to reduce the chance of catastrophic

wildfire inducing large-scale resource bottlenecks. Protected

area planning that incorporates resource complementarity is

likely to be more effective in ensuring the protection of areas

that contain suitable resources for target species, not only on

average, but during ‘crunch’ times.

Nevertheless, protected areas cannot be solely relied upon

to support all species affected by climate change (Hannah

et al., 2002). Much habitat now exists in landscapes with

matrices dominated by human activities. The degree of con-

trast between the matrix and remnant habitat can influence

the effectiveness of adjacent protected areas (Deikumah

et al., 2014), and human-dominated matrices surrounding

reserves can potentially provide a buffering effect on resource

fluctuations through supplementary provision of resources

for some species (Renjifo, 2001; Mulwa et al., 2013).

Resource supplementation in human-dominated landscape

matrices already is responsible for population increases and

range changes in many species (Lockwood et al., 2000; Ouin

et al., 2004; Oro et al., 2013). For a subset of species, judi-

cious introduction of novel landscape features may help buf-

fer variation in resource availability. Urban areas are often

mesic islands providing aseasonal, complementary resources,

a situation that many species already exploit (McKinney,

2006). In both urban and agricultural landscapes, factors

such as provision of stable artificial water and food

resources, and the establishment of novel vegetation, can

improve persistence of native fauna. For example, large-scale

range movements of birds westward in South Africa have

been associated with planted trees and gardens (Hockey

et al., 2011). The introduction of novel plants and provision

of artificial food improve the survivorship and productivity

of passerine birds in Britain and North America, particularly

during severe Northern Hemisphere winters (Brittingham &

Temple, 1988; Robb et al., 2008), and stewardship schemes

encourage options including supplementary provisioning of

resources for wildlife (Donald & Evans, 2006). Considering

the incorporation of plant species that provide complemen-

tary resources into landscape restoration and urban design

may alleviate resource bottlenecks for some species that

would otherwise be exacerbated by inevitable urban

expansion.

CONCLUSION

Resource bottlenecks are likely to be a large class of climate-

sensitive stressors that will affect populations of fauna, even

in places within a species’ apparent climatic envelope. Think-

ing not only of shifting climatic envelopes, but also in terms

of the potentially long-term consequences of short–medium

term perturbations, is an important step towards better pre-

dicting and understanding the mechanisms through which

global change influences species persistence. The menu of

adaptation responses from which we can select may be small,

but judicious evaluation of options for ensuring both spatial

and temporal continuities of required resources in an

increasingly variable climate may reveal novel solutions. We

encourage further work to understand the pathways through

which climate extremes will affect biodiversity in the same

ways we prioritize such research in evaluating effects on

humans.
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