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Essay

Global climate change threatens 
global biodiversity, ecosystem 
function, and human well-

being, with thousands of publications 
demonstrating impacts across a 
wide diversity of taxonomic groups, 
ecosystems, economics, and social 
structure. A review by Hughes [1] 
identified many of the ways that 
organisms may be affected by and/
or respond to climate change. Since 
then, there has been a dramatic 
increase in the number of case studies 
attesting to ecological impacts [2], 
prompting several recent reviews 
on the subject (e.g., [3–6]). Several 
global meta-analyses confirm the 
pervasiveness of the global climate 
change “fingerprint” across continents, 
ecosystems, processes, and species 
[7–9]. Some studies have predicted 
increasingly severe future impacts 
with potentially high extinction rates 
in natural systems around the world 
[10,11]. Responding to this threat will 
require a concerted, multi-disciplinary, 
multi-scale, multi-taxon research effort 
that improves our predictive capacity 
to identify and prioritise vulnerable 
species in order to inform governments 
of the seriousness of the threat and to 
facilitate conservation adaptation and 
management [12,13].

If we are to minimise global 
biodiversity loss, we need significant 
decreases in global emissions to 
be combined with environmental 
management that is guided by sensible 
prioritisation of relative vulnerability. 
That is, we need to determine which 
species, habitats, and ecosystems will be 
most vulnerable, exactly what aspects 
of their ecological and evolutionary 
biology determine their vulnerability, 
and what we can do about managing 
this vulnerability and minimising the 

realised impacts. There is an emerging 
literature on specific traits that 
promote vulnerability under climate 
change (e.g., thermal tolerance [14]) 
as well as a broad literature on the traits 
that influence species’ vulnerability 
generally (e.g., review by [15]). Less is 
known about the various mechanisms 
for either ecological or evolutionary 
adaptation to climate change, although 
it is increasingly recognised as a vital 
component of assessing vulnerability 
[16,17]. 

Despite this emerging pool of 
knowledge, we believe that progress 
in vulnerability assessment relating to 
climate change could be hastened if 
a unified framework was available to 
coordinate the activities of disparate 
research disciplines. Specifically, 
what is needed is a complete 
working framework for assessing the 
vulnerability of species that explicitly 
links: the various components of 
biotic vulnerability; the regional and 
local factors determining exposure to 
climatic change; the potential for both 
evolutionary and ecological responses, 
resilience, and active management to 
mediate the final realised impacts; and 
the potential for feedback effects. Such 
a framework would be invaluable as it 
would integrate and guide thought, 
research programmes, and policy 
in the biodiversity/climate change 
arena and allow significant gaps in 
knowledge to be clearly identified. 
To this end, we present a conceptual 
framework that addresses these 
challenges (Figure 1). 

Vulnerability is the susceptibility 
of a system to a negative impact [18]. 
A practical first step in assessing 
vulnerability is to differentiate between 
factors that determine exposure and 
factors that govern sensitivity [19,20]. 
In this context, sensitivity is considered 
to be governed by traits that are 
intrinsic to a species and by exposure to 
factors that are extrinsic to the species 

and determined by regional climate 
change and local habitat effects. 

Sensitivity

In the simplest form, sensitivity of a 
species or individual will be determined 
by intrinsic factors including 
physiological tolerance limits, 
ecological traits (e.g., behaviour), and 
genetic diversity. However, there is 
also an increasing recognition that the 
sensitivity of a species will be mediated 
by resilience and adaptive capacity 
(bright yellow panels, Figure 1). 

Ecology, genetic diversity, and 
physiology. Clearly some traits that 
govern sensitivity will be more easily 
characterised than others. For example, 
information on relevant ecological 
traits such as reproductive output are 
typically available for a broad range of 
taxa and can be directly incorporated 
into vulnerability assessments 
(e.g., [15]). In contrast, for most 
organisms there is scant information 
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Figure 1. A General Framework To Assess the Vulnerability of Species to Global Climate Change
Vulnerability is a function of the species’ sensitivity and their exposure to climatic change, mediated by the adaptive potential of the species (both 
ecological and evolutionary), the resilience of the species, and the capacity for adaptive management to either reduce vulnerability, treat the impacts, 
mitigate regional exposure, or maximise the system resilience via resource management to increase buffering or reduce other threats. Any realised 
impacts are likely to cause feedback effects due to changes in biotic/abiotic interaction, loss of genetic diversity, and changes in or loss of ecosystem 
processes. These feedback effects could result in cascading impacts throughout the ecosystem. All elements of this framework need to be considered in 
a comprehensive evaluation of vulnerability. 
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on physiological tolerances and 
genetic diversity. For these traits, the 
best interim solution will be to make 
informed estimates based on the best 
available ecological knowledge of 
closely related species on how relevant 
traits, such as thermal tolerance, 
may vary across species and over 
large geographical, temporal, and 
phylogenetic scales (e.g., [21]). 

For example, thermal tolerances of 
many organisms have been shown to 
be proportional to the magnitude of 
temperature variation they experience: 
lower thermal limits differ more among 
species than upper thermal limits [22], 
and upper thermal tolerance is often 
positively related to acclimatory ability 
([23], but see [24]). Importantly, 
physiological limits are often 
phylogenetically constrained [25,26], 
meaning tolerances may only need 
to be estimated for representatives of 
many taxa. Similar guiding principles 
could potentially be developed for 
genetic diversity. That is, species with 
restricted ranges or small populations 
are predicted to have reduced capacity 
to adapt to environmental change 
[27], both because genetic variation 
and potential response to selection 
should be positively correlated with 
population size and because individuals 
should have lower fitness, owing to 
genetic problems such as inbreeding 
[28,29]. However, at present, empirical 
support for these predictions is mixed 
and different rules may be required for 
particular scenarios such as naturally 
small populations that have become 
inbred over extended periods of time 
(e.g., small isolated islands), because 
of potential for partial purging of 
genetic load and prior elimination of 
inbreeding depression [30].

Two additional factors will determine 
the extent to which sensitivity of 
individuals within a species will affect 
the vulnerability of the species as 
a whole. These are the degree of 
resilience of the species and the capacity 
of the species to adapt via either 
ecological or evolutionary responses, 
potentially modifying their physiological 
tolerance limits (Figure 1).

Resilience. Resilience is the ability of 
a species to survive and recover from a 
perturbation. The life history traits that 
are predicted to promote resilience 
and recovery and reduce extinction risk 
include high reproductive rates, fast 
life history, and short life span [15]. 

Generally, species with large range sizes 
tend also to be resistant to extinction, 
but this may not necessarily be the 
case in the context of climate change. 
Large spatial requirements (i.e., spatial 
scale of operation) may actually be 
disadvantageous to species in so far 
as they reduce the likelihood that 
species will be able to maintain a viable 
population size in small refugia that 
are buffered from climatic change, for 
example in cooler gorges or boulder 
field habitats. Finally, the ability to 
disperse within and across habitats, to 
track the preferred climate space, and 
to expand rapidly following disturbance 
will depend on both reproductive rates 
and dispersal ability [31]. 

Adaptive capacity. Adaptive capacity 
in its broadest sense includes both 
evolutionary changes and plastic 
ecological responses; in the climate 
change literature, it also refers to 
the capacity of humans to manage, 
adapt, and minimise impacts. All 
organisms are expected to have some 
intrinsic capacity to adapt to changing 
conditions; this may be via ecological 
(i.e., physiological and/or behavioural 
plasticity) or evolutionary adaptation 
(i.e., through natural selection acting 
on quantitative traits). There is now 
evidence in the scientific literature that 
evolutionary adaptation has occurred 
in a variety of species in response to 
climate change over relatively short 
time spans (e.g., five to 30 years 
[16]). However, this is unlikely to be 
the case for the majority of species 
and, additionally, the capacity for 
evolutionary adaptation is probably the 
most difficult trait to quantify across 
many species. There is little guidance 
available at present in terms of making 
indirect estimates of adaptive capacity. 

Evolutionary models have been 
developed to predict conditions when 
adaptation to rapid environmental 
change might be restricted (e.g., [32]). 
Models predict that the ability to adapt 
to changing environmental variables 
depends on a balance between 
sufficient heritable variation, indirect 
effects of population size on evolution, 
and the rate of environmental change 
[33]. Specialist species are likely 
to be particularly vulnerable since 
heritable variation for traits that limit 
distributions can be low, limiting 
evolutionary potential under changing 
environmental conditions even when 
population sizes are large and there is 

abundant variation at neutral loci [34]. 
Even where genetic variation exists, 
evolutionary changes can be limited 
by interactions among traits that limit 
the direction of evolution [28,35,36]. 
In addition, environmental conditions 
influence the expression of heritable 
variation and thereby limit evolutionary 
responses [37]. 

An obvious challenge is to identify 
ecological correlates of evolutionary 
potential and to undertake long-term 
studies that can separate genetic 
from plastic components of adaptive 
responses. In most cases, ecological 
plasticity is likely to be more important 
than evolutionary potential in regard 
to minimisation of impacts in the 
short term. This is because plasticity 
acts within a generation, whereas 
evolutionary genetic changes involve 
multiple generations. Studies have 
demonstrated a number of ways that 
species have already used pre-existing 
flexibility to respond to a changing 
climate, including shifts in distribution, 
contraction to refugia, shifts in 
temporal activity (diel and seasonal), 
acclimation, shifts in habitat/
microhabitat use, and changes to biotic 
interactions. These have been well 
reviewed elsewhere [1,4,7,38]. 

Trait plasticity is determined by 
a combination of factors including 
phylogenetic constraints, degree of 
niche specialisation, spatial scale of 
operation, behavioural flexibility, 
microhabitat adjustments, and 
physiological tolerance ranges (e.g., 
[39]). It must be considered, however, 
that while these changes are initially 
behaviourally and physiologically 
mediated within an individual, the 
degree of plasticity may have an 
additive genetic component. If plastic 
responses are favoured by selection via 
increasing survival and reproduction, 
these responses may become fixed 
in populations over time. Although 
species with an increased tolerance to 
thermal extremes might not necessarily 
have lower fitness under non-
stressful conditions [40,41], there are 
potentially large costs associated with 
immediate plastic responses exhibited 
by species. For instance, acclimation 
that increases thermal resistance to 
high and low temperature extremes 
can have very large costs under non-
stressful thermal environments [42].

It is likely that two prerequisites 
(caveats) must exist for adaptive 
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responses and resilience to be 
successful in countering the 
rapid predicted change in global 
temperatures. These are biogeographic 
connectivity to allow organisms 
to reach suitable habitat/climate 
space/refugia and adequate time to 
allow adaptive changes. Lastly, any 
evolutionary shifts may be preceded 
by a reduction in population size [32] 
that puts the species at further risk 
of indirect effects of climate change, 
including effects of changing prey 
base, phenological mismatch, habitat 
type and extent, predators and disease 
pressure, and so on.

Exposure

The exposure to climatic changes will 
depend on the degree of regional 
climatic change that occurs across 
the range of the organism or habitat 
in question and the degree to which 
local microhabitat buffering might 
reduce exposure (orange panels, 
Figure 1). A species might be 
buffered from the full magnitude of 
regional climate change by living in 
a thermally sheltered microhabitat 
such as boulder fields or under logs 
or use behavioural adjustments to 
regulate body temperature [43]. For 
example, possums reduce exposure 
to extreme temperatures by actively 
choosing to den in tree hollows that 
are 1.6 ˚C cooler during the day than 
other potential den locations [44]. 
Microhabitat buffering is at present 
a poorly recognised consideration 
in assessing vulnerability. Buffered 
microclimates associated with 
specific microhabitats may act as a 
mediating factor that confounds the 
straightforward interpolation from 
regional climate predicted by general 
circulation model to conditions 
experienced by the organism [45]. 

Our understanding of exposure 
to climate change is becoming 
increasingly refined by analytical 
techniques that allow conditions within 
microhabitats to be characterised (e.g., 
[46]) and by a combination of higher-
resolution regional climate models 
and increasingly sophisticated spatial 
modelling of species distributions and 
demographics [47,48]. Increasingly, 
mechanistic models that incorporate 
physiological tolerances and energy 
constraints are being developed to 
make spatial predictions of how species 
will respond to changes in regional 

climate (e.g., [49–52]). However, 
mechanistic models can only be scaled 
up where general circulation model 
predictions are coupled to conditions 
directly experienced by organisms at 
finer spatial scales. Therefore, both a 
mechanistic understanding of factors 
that currently limit distribution [53] 
and knowledge of how organisms 
regulate exposure to extreme 
conditions at the microhabitat scale will 
be fundamental to understanding likely 
performance under future conditions. 
More robust predictions will emerge 
from a synergistic blend of these 
approaches.

The combination of exposure 
and sensitivity will determine the 
vulnerability of a species and thereby 
allow prediction of potential impacts 
on the species/habitat/process in 
question (pink/light red panels, Figure 
1). Integrating and quantifying the 
complex parameters that contribute 
to relative vulnerability in a robust 
manner that takes into account all of 
the above discussed factors affecting 
relative vulnerability, predicted climatic 
change, and uncertainty will not 
be easy and represents a significant 
challenge. 

Feedbacks and Cascading Impacts

All realised impacts will have additional 
flow-on impacts via changes in 
assemblage composition, losses of 
genetic diversity, and changes to 
biotic and/or abiotic interactions with 
other species and ecosystem processes 
(Figure 1). These feedback impacts 
are potentially very significant in 
determining the impacts of climate 
change (blue panel, Figure 1). 
However, while these feedback effects 
and impact cascades will invariably 
alter the sensitivity, and perhaps even 
the exposure, of many species, the 
nature of such cascades and feedback 
effects is almost impossible to predict. 
Feedbacks and cascading impacts are 
likely to change community structure 
and composition, as well as species 
interactions such as competition, 
predator–prey relationships, 
parasitic infections, and decoupling 
of mutualisms [1,54]. Species-
specific differences in sensitivity will 
undoubtedly result in the formation of 
novel assemblages [55] and changes 
to the functional roles of each species 
within the ecosystem. An increase in 
weedy and opportunistic species is 

also expected along with decoupling 
of phenological interactions [56] and 
changes in ecosystem processes such as 
primary productivity, decomposition, 
nutrient cycling, and fire regimes. 
Prediction of species vulnerability 
must be placed into a context of 
changing ecosystems and processes. 
However, the complexity and difficulty 
in predicting feedback impacts is 
considerable, and these feedback 
impacts will most likely need to be 
managed through a combination of 
monitoring and adaptive response with 
short- to medium-term objectives that 
are constantly re-evaluated. There are a 
number of ecosystem processes that can 
be evaluated immediately, and some 
progress has already been made in this 
regard (e.g., primary productivity and 
fire regimes [57,58]).

Potential for Adaptive 
Management To Reduce Realised 
Impacts

The only truly effective method 
of minimising exposure is by the 
reduction of global greenhouse gas 
emissions (green panels, Figure 1). 
Without a significant reduction in 
the output of these gases, regional 
and species-specific management 
plans are doomed in the long term 
as climate change will continue. No 
matter what mitigation measures are 
put in place, lag effects will result in 
increasing impacts over the remainder 
of this century [6,59]. Therefore, 
regardless of future emission scenarios, 
understanding vulnerability will 
be a necessary part of planning for 
adaptation and resilience management. 
Assessing relative vulnerability can 
play a number of roles in this context. 
Firstly, research and management 
efforts can be directed and prioritised. 
Secondly, robust predictions of impacts 
that take into account all aspects of 
vulnerability can be used to estimate 
acceptable mitigation levels to inform 
government policy. 

Locally, there may be some capacity 
to ameliorate impacts through targeted 
management actions that decrease 
exposure or increase resilience of the 
most vulnerable taxa or ecosystems, for 
example deployment of shade cloth 
shelters to lower nest temperatures 
[52]. Optimising the allocation of 
management effort requires a balance 
of the perceived threat/vulnerability, 
rate of change, consequences of 
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inaction, social/political/scientific will, 
and available resources or management 
tools. Such management options could 
include, for example, maintenance 
of canopy cover and buffered 
microhabitats such as fallen debris 
through fire management, or the 
provision of thermally buffered shelters 
such as nest boxes for high-risk birds 
and mammals. In order to maximise 
the resilience of natural ecosystems, 
resource management must focus 
on maintaining healthy ecological 
processes and functions and minimise 
actions that may damage the inherent 
ability of the ecosystem to recover. 
This includes the full complement of 
standard conservation management 
practices such as minimising human 
impacts in potential refugial areas, 
minimising habitat loss, reducing 
fragmentation and maximising 
connectivity, and minimising the 
impacts of introduced animals, plants, 
and diseases. Additionally, we need 
to develop more refined tools for 
conservation planning that account for 
a changing climate. 

Systematic conservation planning 
is an inherently spatial problem; 
however, climatic space is shifting 
and our traditional reserve systems 
are static. Given the current rate of 
climatic change, it will be impossible 
to maintain traditional approaches 
to conservation planning. Clearly, 
different components of an ecosystem 
may respond at different rates (e.g., 
structural shifts such as woody plant 
encroachment may take a long time, 
while fire regimes may change quite 
quickly). This introduces an added 
complication for policy makers and 
resource managers. If we wish to 
minimise the impacts of climate 
change on biodiversity, we need 
to develop dynamic approaches to 
conservation planning that integrate 
the different levels of vulnerability, 
rates, and spatial patterns of shifting 
biodiversity and the full spectrum of 
reserve and non-reserve preservation 
tactics. This will necessitate robust 
predictions of the future (what 
changes should we expect and how 
soon) because it is now essential that 
we move to a proactive approach to 
systematic conservation management 
rather than the more traditional 
reactive approach that is currently 
used within most management 
agencies. 

Concluding Statement

We have provided a conceptual 
framework that uses the best available 
information to clarify exactly how 
individual factors are expected to 
interact to yield a particular outcome 
for vulnerability under climate change. 
The next great challenge will be to 
apply the theoretical structure of 
the framework to derive quantitative 
estimates of vulnerability across a 
broad range of taxa. That is, it will be 
necessary to design a practical set of 
algorithms that describe interactions 
between traits/factors identified in the 
framework and assign sensible values 
(observed or inferred) to the input 
parameters to estimate vulnerability. 
We are encouraged by the fact 
that some quantitative links in the 
framework are already beginning to 
be forged [48,50,52]. The framework 
will ultimately enable comprehensive 
assessments of relative vulnerability 
(species, habitats, and processes). 
This understanding of the biological 
mechanisms underlying vulnerability 
will allow natural resource managers to 
determine the most efficient allocation 
of resources and researchers to identify 
important gaps in knowledge. With 
the requisite information, optimising 
the allocation of management effort 
will balance the perceived threat/
vulnerability, rates of change, 
consequences of inaction, social/
political/scientific will, and available 
resources/management tools [60]. ◼
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