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a b s t r a c t
Understanding climate change impacts on species is vital for correctly estimating their extinction risk and choosing appropriate conservation actions. We perceive four common challenges that hamper conservation planning
for species affected by climate change: (i) only considering climate exposure in assessments of vulnerability to
climate change, ignoring the two other components of vulnerability (sensitivity and adaptive capacity); (ii)
treating climate change as a long-term, gradual threat without recognising that it will change the frequency
and magnitude of climate extremes; (iii) treating climate change as a future threat, disregarding current impacts
of existing change; and, (iv) focusing on direct impacts of climate change, ignoring its interactions with other
threats. We describe the implications of these challenges and urge that establishing management objectives in
relation to species' vulnerability is crucial for choosing effective and efﬁcient conservation action.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Climate change is already having major direct impacts on biodiversity (Parmesan and Yohe, 2003; Dawson et al., 2011), altering human behavior (Oppenheimer, 2013), and interacting with other current
threatening processes in a myriad of ways (Mantyka-Pringle et al.,
2011). As greenhouse gas concentrations continue to rise in the Earth's
atmosphere, this will increasingly be the case. As a result, the costs, beneﬁts, and chances of success, of conservation actions are, or will soon be,
profoundly affected by climate change (Heller and Zavaleta, 2009):
rapid climate change is redirecting and redeﬁning the ways in which
we undertake environmental management.
Spatial conservation planning generally aims to determine the most
effective and efﬁcient actions to avert threatening processes in space
and time (Moilanen et al., 2009). Recognition of the increasing impact
of climate change on biodiversity has led to the rapid development of
a range of different approaches to assessing vulnerability, which variously aim to inform us about which species and ecosystems will be
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most affected, and how those species and ecosystems will be affected
(Pearson et al., 2013). Indeed, a recent review showed that hundreds
of papers have been published on the impacts of climate change on species in the conservation literature over the last decade (Chapman et al.,
2014).
To comprehensively assess species or ecosystem vulnerability to climate change, all – and not just some – of the contributing factors that
cause vulnerability need to be taken into account. A number of techniques have dominated this ﬁeld of research, e.g., correlative models,
such as species distribution models (SDMs), and it has been rapidly
evolving due to computational and methodological advances (Paciﬁci
et al., 2015). However, in spite of these advances, we perceive four common challenges in using assessments of impacts on species to inform
conservation planning processes: 1) too great an emphasis on climate
exposure, to the exclusion of sensitivity and adaptive capacity; 2) ignoring the impact of climate extremes; 3) a primary focus on the future,
disregarding the impacts of current climate change, and; 4) a major
focus only on the direct impacts of climate change. These are seriously
affecting how vulnerability is being evaluated, understood and acted
upon by scientists, policy makers and ultimately, conservation
managers.
Practitioners may be unable to use information on species' vulnerability to develop conservation action plans that accommodate climate
change, for reasons ranging from data limitations to lack of analytical robustness (McGahey et al., 2013), and a poor understanding of the
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mechanisms behind why species are vulnerable is affecting how we
plan (Young et al., 2014). To close this implementation gap, future research must address these challenges. Here, we synthesise and expand
on the challenges in more detail and explain why—if they are not
addressed—they are likely to be having a detrimental impact on how
we use information on climate change impacts for choosing effective
conservation actions. We then discuss how this relates to objectivebased climate adaptation planning for conservation: it is critical that
vulnerability is analysed in a way that can inform conservation action.

2. Challenge 1: a predominant focus on exposure
Researchers commonly measure only the exposure to climate
change, such as increasing temperature, to establish the level of threat
to a species posed by climate change (e.g. Beevor et al., 2015;
Chapman et al., 2014). However, this can result in an underestimation
or overestimation of vulnerability, which is also driven by two other factors: the sensitivity to a given magnitude of climate change, and the capacity to adapt to climate change (e.g. Williams et al., 2008; Dawson
et al., 2011; Fig. 1). By focusing only on exposure, the implicit assumption is being made that all species have equal sensitivity and adaptive capacity. This is manifestly not the case. Consider four species that inhabit
the same part of eastern Australia and hence have the same exposure to
climate change where their ranges overlap. The peregrine falcon Falco
peregrinus has a low sensitivity to climate change as it is a habitat generalist with a large spatial distribution (Lawler, 2009), while the southern corroboree frog Pseudophryne corroboree has a high sensitivity as it
is restricted to peat bog habitats, a habitat itself highly sensitive to climate change, and as such has a narrow spatial distribution (Hunter
et al., 2009). The common crow butterﬂy Euploea core has a high adaptive capacity as it can use a range of different food plants and a short
generation time (Scheermeyer et al., 1989) but the koala Phascolarctos
cinereus has low adaptive capacity due to its specialist diet and longer
generation time (Adams-Hosking et al., 2012). Although these species
have different range sizes and climate niches, they may all be found in
the same region (e.g. Kosciusko National Park, in eastern Australia),
and thus subject to the same (climate change) exposure at this location,
but their vulnerability will clearly vary according to their speciesspeciﬁc sensitivity and adaptive capacity, as determined by species
traits. A consideration of exposure only is likely to be seriously hampering efforts to understand how to manage and set priorities for species
effectively in a changing climate.
By ignoring adaptive capacity, it is possible to overlook the fact that
the species' capacity to adapt to climate change has been greatly reduced by several human-mediated factors (e.g. land clearing, facilitation
of spread of invasive species, changes in ﬁre regimes and reduced

Fig. 1. Relationship between the key factors in the vulnerability framework. s and r are
intrinsic species attributes while e corresponds to external abiotic factors such as
regional climate change. Impact is where management can act, and the interaction
between impact and adaptive capacity is essentially what determines vulnerability.
Adaptive capacity encompasses evolutionary response, behavioural response and
population growth.
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population size; Watson et al., 2013). Moreover, including adaptive capacity in conservation planning based on vulnerability could lead to different management actions (Beevor et al., 2015). For example, Segan
et al. (2015) showed that 10% of Important Bird and Biodiversity
Areas (IBA) identiﬁed in southern Africa that were previously considered ‘low risk’ based on their exposure to climate change, were actually
‘high risk’ when other climate-related factors were considered (the
adaptive capacity of human populations, in this example, and their related potential impact on these important conservation areas. Also see
Challenge 4). Conversely, over-estimations of vulnerability were made
for the mountain gorilla, Gorilla beringii beringei, in two areas in Central
Africa, as their ability to shift their reliance on different types of vegetation was not taken into account (Thorne et al., 2013). Similarly, the pinyon mouse Peromyscus truei found in the Sierra Nevada Mountains has
extended its range into previously unsuitable habitat types in response
to climate change, and shifted from being a habitat specialist to a habitat
generalist, and is therefore less vulnerable to climate change than was
previously considered (Yang et al., 2011).
There have been several calls for the inclusion of other aspects of
vulnerability, including Dawson et al. (2011), who highlighted the importance of accounting for all three aspects of vulnerability, Williams
et al. (2008), who included species' traits, and Van Allen et al. (2012)
and Fordham et al. (2012), who included vital rates and demographic
processes in assessments. Crossman et al. (2012) developed a transferable framework that included measures of sensitivity and adaptive capacity for plants to identify priority areas for vulnerability reduction at
the landscape scale. Foden et al. (2013) carried out a global analysis
for birds, amphibians and coral species, using all three components of
vulnerability, and found that areas of high vulnerability related to high
sensitivity and low adaptive capacity differed from areas identiﬁed as
highly vulnerable on the grounds of exposure alone. The NatureServe
Climate Change Vulnerability Index (CCVI) integrates several indicators
that modify exposure, for example, traits that drive species interactions,
plasticity and evolutionary capacity (Young et al., 2014). Lee et al.
(2015) identiﬁed and mapped individual components of sensitivity
and adaptive capacity, such as species' reliance on particular moisture
regimes or levels of genetic variation, to demonstrate climate adaptation management needs to target the reasons why species are vulnerable, not just the extent to which they are vulnerable.
3. Challenge 2: changing frequency and magnitude of climate extremes and variability may be ignored
Where climate change is treated as a gradual, predictable and continuous change in environmental conditions over time, other important
climate change components are not accounted for (Chapman et al.,
2014). While seasonality is at least partially captured by standard bioclimatic variables, inter-annual variation and extreme events are rarely
considered. Over recent decades, extreme weather and climate events
have increased in frequency and intensity in many regions of the planet
(Kerr, 2011). This pattern is likely to accelerate during this century
(Jentsch et al., 2007; Cai et al., 2014), leading to increases in extreme
events such as drought duration and intensity in the Mediterranean,
Central America, Northeast Brazil, Southern Africa, and ﬂood frequency
in East Africa, Central Europe, Canada and Northern Asia (IPCC, 2013). A
shifting climate can embody an increasing occurrence of climatic extremes, including discrete events ranging from heat waves to hurricanes; climate variability is the mean ﬂuctuation in regular weather
patterns, such as seasonal rainfall.
Intensiﬁcation of extreme events is one of the most signiﬁcant aspects of climate change, and research in this space is increasing, accounting for 20% of experimental climate research publications in
2004 (Jentsch et al., 2007). However, across the ecology and conservation literature, the focus has mainly been on population extinctions or
declines, and there has previously been a failure to discuss catastrophic
events (Good et al., 2008; Reed et al., 2003).

12

N. Butt et al. / Biological Conservation 199 (2016) 10–15

Extreme climate events and the impacts of climate extremes are critical determinants of patterns of biological diversity and will affect them
differently from impacts resulting from steady climate change (Walther,
2010): in some cases, there may be no change in predicted climate
means, but changes in climate minima and maxima. For example,
Rebelo et al. (2010) investigated the impact of climate change on
European bat distributions, and predicted some population extinctions
under higher mean temperature, and some tolerance of increased temperatures in Mediterranean and temperate groups. However, bats are
very sensitive to temperature extremes (Sherwin et al., 2012), and in
one Australian case temperatures over 42 °C resulted in the death of
several thousand individuals in several colonies of ﬂying foxes
(Welbergen et al., 2008). Extreme maximum temperature can therefore
be a critical factor in the vulnerability of bats to climate change, and failure to consider it in projections of species distributions under climate
change could lead to over-estimates of suitable climate space and species' range, and inaccurate assessments of vulnerability.
While it can be difﬁcult to measure the impact of climate extremes
on species, in a recent paper Thompson et al. (2013) proposed a method
to incorporate climatic variability into assessments of climate change
impacts on ecosystems, and there are other examples that do account
for extremes. Ameca y Juárez et al. (2013) produced a comprehensive
analysis of the impacts of cyclones and droughts on terrestrial mammals, one of the few large-scale studies to consider exposure to extreme
events. Their subsequent assessment of terrestrial mammal sensitivity
to extreme weather and climate events, identifying biological traits
that make large terrestrial mammals more susceptible to climateinduced population declines, moves some way towards addressing the
ﬁrst two challenges identiﬁed in this paper. An assessment of the impact
of climate change on platypus Ornithorhynchus anatinus in Australia
established that during the last century, the key climatic determinant
of occurrence shifted from rainfall to temperature, as related to thermal
tolerance and temperature extremes (Klamt et al., 2011). The models
indicated a loss of suitable habitat using annual maximum temperature
anomalies, and their results thus incorporated the impact of extreme
temperature. Klamt et al. (2011) concluded that because of the impact
of extreme temperature, listing the platypus as Least Concern by the
IUCN (www.iucnredlist.org), may underestimate its vulnerability.
This shift towards including climate extremes is a positive move, and
should be taken up or addressed in comprehensive vulnerability analyses. While incorporating climate extremes and climate variability is
complicated, omitting them will almost certainly lead to incomplete understanding of the impacts of climate change on species. The inclusion
of historical climate data and relevant ecophysiological information, as
in the examples above, along with incorporation of data on climate
anomalies, will be very useful.

be relevant for species persistence or guiding appropriate conservation
actions now.
Where species distribution modelling is used to inform species' vulnerability, the model links the occurrence of the species with current climate variables, with the ‘current’ climate baseline as, for example, as
used by the IPCC, 1961–1990 (Bindoff et al., 2013). In fact, shifts in climate prior to that period may have been important drivers of the species' current distribution. This could be particularly problematic for
animals as vulnerability may be underestimated if a species has already
shifted its range in response to climate pressure, as with small mammal
communities over the last century in Yosemite National Park, USA
(Moritz et al., 2008). Vulnerability may also be underestimated in
cases where a species has not shifted its range (e.g., long-lived plant
species): counts of adults may mask the fact that recruitment failure is
already occurring.
Recent shifts in climate have driven, and are driving, species' distributions, so that current distributions are not ﬁxed points from which
to navigate future vulnerability. For example, VanDerWal et al. (2012)
showed that climate in Australia had shifted rapidly in the previous
60 years, and had led to equally rapid shifts in climatic niche space for
more than 450 Australian bird species. They concluded that previous
analyses had underestimated both the scale of climate change impact
on species, and the speed of tracking that would be required by species
to remain within their climatic niche (VanDerWal et al., 2012). In another study, Buisson et al. (2008) investigated future distributions, turnover and species assemblages for French river ﬁsh. Projected mean
climate for 2051–2080 was used and they found that headwater species
would be most negatively impacted while downstream species would
expand their ranges by this time (Buisson et al., 2008). However, the
proportion of warm-water species has already increased signiﬁcantly
in the last 25 years. In addition to loss of species and changes in diversity, shifts in ﬁsh community assemblages may affect community functioning, and conservation actions are required now: such actions will
be most effective if they are informed by what is happening now rather
than changes projected half a century from now.
Some species or populations may already be in decline due to loss of
suitable habitat (they may be sink populations occupying marginal habitat at the edge of their range, or remnant populations), and in these

4. Challenge 3: a primary focus only on the future, disregarding current climate change
Climate change is already happening, with temperature increases of
at least 0.75 °C globally, and up to 2 °C in some regions: the change is
spatially and temporally variable and largely inhomogeneous (IPCC,
2013). It is widely believed that this has already altered community processes, population dynamics and species' distributions (Parmesan and
Yohe, 2003). However, research generally focuses on long-term
(N50 years from now), rather than immediate, impacts: almost 80% of
published research between 2000 and 2012 considered only longterm future impacts, without accounting for recent and ongoing change
(Chapman et al., 2014). While most long term studies may focus on decadal – or longer – climate conditions, many species' life cycles take
place within much shorter time scales; scales at which annual, or seasonal, climate factors have a more direct impact on species' vulnerability. Analyses that assume stable rather than dynamic states do not
specify a baseline for change, and focus on the far future, which means
that vulnerability analyses in relation to long-term impacts may not

Fig. 2. Shifts in habitat suitability through space and time. Currently, a relict or sink
population occupies marginal habitat, which will become unsuitable under climate
change. As it is a sink population, it has no capacity to disperse over time to suitable
habitat further away. Protection of the future suitable habitat now will therefore be
pointless; assisted translocation could be indicated to enable the species to persist.
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cases, protection of habitat that will be suitable in future will not be sufﬁcient on its own, as there is very low possibility of the species or population dispersing there through space and time (Fig. 2). More drastic
intervention could be required, such as assisted translocation (Seddon
et al., 2014). Taking account of the timing and spatial variation across
the landscape of the climate change impact is critical in such cases
(McDonald-Madden et al., 2011).
Combining information on species' distribution ranges and historical/recent climate events or changes (see Ameca y Juárez et al., 2013)
provides scope to react to changes that are already taking place. As climate change is variable spatially as well as temporally, regional climate
models and data may also usefully inform this process. Of course this
kind of analysis is challenging as in many cases robust long-term data
for previous distributions are lacking. Consideration of vulnerability
needs to account for the current situation and not only focus on future
forecasts.
5. Challenge 4: too much focus on the direct impacts of climate
change on species, without accounting for indirect effects
Climate change is reshaping the ways in which people use the landscapes and seascapes they inhabit (Oppenheimer, 2013), and a signiﬁcant shortfall in the climate change vulnerability literature is that
most assessments ignore the single most signiﬁcant indirect impact:
how humans are responding, or likely to respond and adapt. Although
there are some examples that do this (Bradley et al., 2012; Lawler
et al., 2013; Turner et al., 2010), many impact and planning assessments
published to date do not recognise that many species' ability to respond
to climate change is already impaired by a myriad of interacting threatening processes driven by human activities (e.g., habitat destruction,
fragmentation, altered ﬁre regimes, changing agricultural practices;
Chapman et al., 2014), and as humans continue to respond to a changing
climate, these threatening processes are likely to change in both space
and time.
Examples of human adaptation responses that are likely to exacerbate threats to species and ecosystems include construction of sea
walls to protect against sea level rise, changing patterns of ﬁshing intensity, diversion and large-scale storage of water, changing grazing systems to cropping systems (and vice versa), and the planting of nonnative forestry tree species that are better suited to changed climatic
conditions (Mendelsohn, 2000). Changing precipitation and temperature patterns are reducing the productivity of some arable lands and
creating new opportunities for cultivation in intact areas
(Oppenheimer, 2013). The park system landscape matrix may look
very different in future, as a result of these human responses, and may
lead to changes in the requirements for protected areas, such as increased connectivity, as existing reserves decrease in size and habitat
quality. Finally, greening cities to make them more resilient to heat
waves (e.g. Declet-Barret et al., 2013), or restoring mangrove and wetland communities to protect against storm surges (e.g. Jones et al.,
2012), presents opportunities for conservation to capitalize on human
responses to climate extremes.
We need to understand and predict how humans will respond to climate change in conjunction with future climate change scenarios
(which do include human behaviour in the emissions projections). In
particular, information on changing human values and risk tolerances
in response to future conditions will be critical. Human responses to climate change should not automatically outweigh biodiversity conservation requirements; in places where there will be conﬂict between
conservation and human priorities, complex cost–beneﬁt analyses
may be required. Predicting human behaviour is difﬁcult, requiring collaboration with social and agricultural scientists and economists, but by
putting humans into the picture, and by using the best available knowledge and predictions, we have a better chance of efﬁciently achieving
conservation goals. This is increasingly happening, especially in marine
environments (Weeks and Jupiter, 2013), coastal ecosystems (Reece
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et al., 2013), and agricultural areas (Estes et al., 2014), and new methods
for combining information on predicted climate change and ecological
evaluation with social adaptive capacity are being developed (Maina
et al., 2015).
6. Using species' vulnerability to inform planning
A focus only on which species are most vulnerable is clearly useful
for generating comparative lists, such as the IUCN Red List (www.
iucnredlist.org), but without the right framing, may not be useful for
conservation actions on the ground. Several indices, for example, have
been developed with the aim of producing an ‘answer’ or single value
(for each species) which can then inform management practice (e.g.
Foden et al., 2013). While this method enables comparison between
the species being considered, and for the production of rankings, it
does not provide any useful information around what management actions should be taken and how they should be prioritised (Game et al.,
2013; Lee et al., 2015).
Some work has focused on planning and prioritisation incorporating
species' vulnerability, including investigating how this information is
being used (Young et al., 2014), and developing decision pathways for
reducing the impacts of climate change. For example, Shoo et al.
(2013) provide a very comprehensive decision framework for climate
change-speciﬁc management actions. The Adaptation for Conservation
Targets (ACT) framework developed by Cross et al. (2012) presents a
two-phase process, of which the ﬁrst step is to identify the conservation
feature and deﬁne the management objective. By doing this, the ACT
framework aims to translate general recommendations into actions
speciﬁcally linked to species, habitat or site (Cross et al., 2012). This
focus on establishing the management objective(s) at the outset of the
process, as also underlined by Stein et al. (2013), enables conservation
managers to apply the framework to their speciﬁc target, and allows
for other important components for adaptation (such as conserving
‘the stage’; Beier et al., 2015) to be considered. However, where such
vulnerability frameworks are not objective-based, they may merely increase the list of actions rather than help us choose between them. We
need to be clear about the intention of the vulnerability assessment and
what we need to do in response: by designing the assessment around an
objective, this can be achieved (Game et al., 2013).
7. Discussion
Conservation choices made to address climate change will be different according to which factors are taken into account, and some of the
challenges we describe may be more important than others. In the
case of climate extremes, completely different management decisions
may be made when only shifts in climate averages are considered compared with when climate extremes and extreme events are taken into
account. Climate change is operating on a long time scale, and some
facets will not have large impacts in the near- or mid-term, but it is
clearly crucial to take into account the fact that climate change is already
having an impact in some places. It is of course difﬁcult to draw meaningful conclusions over the short-term given the large uncertainty associated with short-term climate projections, which decreases with
longer-term forecasts. In terms of human responses and synergistic
and feedback interactions, the distinction between local (human-driven
change) and global (climate change) drivers, and the choices taken to
manage them, is critical to ensure that actions operate at the appropriate scale (Brown et al., 2014).
Gaining new information on species' intrinsic traits that can inform
understanding of their sensitivity and adaptive capacity is expensive,
and in some cases might reduce resources for direct conservation actions (e.g. restoring habitat, which is a key conservation strategy in
some regions). Furthermore, there will be cases when reducing uncertainty about a species' ecophysiology will not change their perceived
vulnerability to climate change. Value-of-information analysis is one

14

N. Butt et al. / Biological Conservation 199 (2016) 10–15

approach to making decisions about information gain and can quantify
the beneﬁts of reducing ecological uncertainty before making a management decision (Maxwell et al., 2015). There is now considerable
scope for novel application of value-of-information analysis to evaluate
the beneﬁts of reﬁning knowledge of species ecophysiology or life history traits before implementing management actions. Adaptive management is another way conservation managers can approach uncertainty
(Conroy et al., 2011): conservation actions can be implemented within
a system of reiteration, so that monitoring informs evaluation and
leads to adjustment of the conservation action (Hansen et al., 2010).
The challenges we describe here are of course not the only ones relevant to all biodiversity conservation outcomes. Local population declines, reductions in range size, and the erosion of genetic diversity
can all impact upon functional diversity and the provision of ecosystem
services (O'Neil et al., 2014), and all lead to loss of genetic variation
which impacts ‘evolutionary resilience’ (Sgrò et al., 2011). We note
that these aspects of biodiversity need to be planned for and fostered
in conservation actions, especially considering that evolutionary adaptation, where it is rapid, can enhance species' capacity to cope under
changing conditions (Hoffmann and Sgrò, 2011; Skelly et al., 2007).
The scale and grain size of exposure projections used to assess species' vulnerability can signiﬁcantly bias analyses of climate change impacts, both in terms of climate parameters, such as temperature range
variation across and within different sized cells (Ackerly et al., 2010),
and suitable climate space for plant species (Randin et al., 2009),
where larger-scale analyses disagree with ﬁne scale results. As exposure
assessments at coarse grain sizes can be inaccurate or unreliable,
within-cell variation and microclimate heterogeneity across the landscape should also be considered.
8. Conclusion
We are now at a cross roads – assessing species' risk from climate
change as a discipline is well over a decade old – and there are hundreds
of papers being published each year on the subject of species' vulnerability (Chapman et al., 2014). Factors contributing to the lack of development around overcoming the challenges we describe probably
relate to research favouring datasets that are easy to access and use
(e.g. WorldClim), rather than those that are difﬁcult to acquire and involve high levels of uncertainty, and the difﬁculty of predicting both climate extremes and changes in human behaviour. Issues of scale are also
important. Global or even continental analyses may not be useful for
informing actual planning and management at regional and smaller
scales. In many cases, managers and planners need to predict and respond to conservation issues without having access to detailed information and diagnostic tools: there is a clear need for the conservation
science community to increase sharing of skills and information with
those implementing conservation actions on the ground.
It is important to recognize that in some situations, it may not be
possible for all of the challenges we describe to be effectively addressed,
and even if they were, they may not lead to a large difference in conservation outcomes. Overcoming the challenges that climate change presents to conservation practitioners requires not only adequate data to
help overcome these challenges but also the adequate institutional
frameworks to act upon this information (Cross et al., 2012). So efforts,
beyond more science, need to be undertaken to ensure institutional
frameworks are set up that are ﬂexible and adaptive and capable of
dealing with uncertainty, to ensure effective management may be implemented even in the face of data limitations.
Acknowledgements
We thank Stuart Butchart, Jamie Carr, Molly Cross, Wendy Foden,
David Hole, Carissa Klein, Richard Pearson, Erika Rowland, Dan Segan,
Luke Shoo, Justin Welbergen, Stephen Williams, and Bruce Young for
earlier discussions around the topic. We thank Leonie Seabrook for

providing comments on manuscript drafts. N Butt is supported by ARC
Grant DE150101552. We are grateful to Paul Beier and four anonymous
reviewers for their insightful comments on a previous version.
References
Ackerly, D., Loarie, S., Cornwell, W., Weiss, S.B., Hamilton, H., Branciforte, R., Kraft, N.,
2010. The geography of climate change: implications for conservation biogeography.
Divers. Distrib. 16, 476–487.
Adams-Hosking, C., McAlpine, C., Rhodes, J.R., Grantham, H.S., Moss, P.T., 2012. Modelling
changes in the distribution of the critical food resources of a specialist folivore in response to climate change. Divers. Distrib. 18, 847–860.
Ameca y Juárez, E.I., Mace, G.M., Cowlishaw, G., Cornforth, W.A., Pettorelli, N., 2013.
Assessing exposure to extreme climatic events for terrestrial mammals. Conserv.
Lett. 6, 145–153.
Beevor, E.A., O'Leary, J., Mengelt, C., West, J.M., Julius, W., Green, N., Magness, D., Petes, L.,
Stein, B., Nicotra, A.B., Hellmann, J.J., Robertson, A.L., Staudinger, M.D., Rosenberg, A.A.,
Babji, E., Brennan, J., Schuurman, G.W., Hofmann, G.E., 2015. Improving conservation
outcomes with a new paradigm for understanding species' fundamental and realised
adaptive capacity. Conservation Letters. http://dx.doi.org/10.1111/conl.12190.
Beier, P., Hunter, M.L., Anderson, M., 2015. Special section: conserving nature's stage.
Conserv. Biol. 29, 613–617.
Bindoff, N.L., Stott, P.A., Achuta Rao, K.M., Allen, M.R., Gillett, N., Gutzler, D., Hansingo, K.,
Hegerl, G., Hu, Y., Jain, S., Mokhov, I.I., Overland, J., Perlwitz, J., Sebbari, R., Zhang, X.
(2013). Detection and attribution of climate change: from global to regional supplementary material. In: Climate Change 2013: The Physical Science Basis. Contribution
of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung,
A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.). Available from www.
climatechange2013.org and www.ipcc.ch.
Bradley, B.A., Estes, L.D., Hole, D.G., Holness, S., Oppenheimer, M., Turner, W.R., Beukes, H.,
Schulze, R.E., Tadross, M.A., Wilcove, D.S., 2012. Predicting how adaptation to climate
change could affect ecological conservation: secondary impacts of shifting agricultural suitability. Diversity and Distribution 18, 425–437.
Brown, C.J., Saunders, M.I., Possingham, H.P., Richardson, A.J., 2014. Interactions between
local and global stressors of ecosystems determine management effectiveness in cumulative impact mapping. Divers. Distrib. 20, 538–546.
Buisson, L., Thuiller, W., Lek, S., Lim, P., Grenouillet, G., 2008. Climate change hastens the
turnover of stream ﬁsh assemblages. Glob. Chang. Biol. 14, 2232–2248.
Cai, W., Borlace, S., Lengaigne, M., et al., 2014. Increasing frequency of extreme El Niño
events due to greenhouse warming. Nat. Clim. Chang. 4, 111–116.
Chapman, S., Mustin, K., Renwick, A.R., Segan, D.B., Hole, D.G., Pearson, R.G., Watson,
J.E.M., 2014. Publishing trends on climate change vulnerability in the conservation literature reveal a predominant focus on direct impacts and long time-scales. Diversity
and Distributions. http://dx.doi.org/10.1111/ddi.12234.
Conroy, M.J., Runge, M.C., Nichols, J.D., Stodola, K.W., Cooper, R.J., 2011. Conservation in
the face of climate change: the roles of alternative models, monitoring, and adaptation in confronting and reducing uncertainty. Biol. Conserv. 144, 1204–1213.
Cross, M.S., Zavaleta, E.S., Bachelet, D., Brooks, M.L., Enquist, C.A.F., Fleishman, E.,
Graumlich, L.J., Groves, C.R., Hannah, L., Hansen, L., Hayward, G., Koopman, M.,
Lawler, J.J., Malcolm, J., Nordgren, J., Petersen, B., Rowland, E.L., Scott, D., Shafer, S.L.,
Shaw, M.R., Tabor, G.M., 2012. The Adaptation for Conservation Targets (ACT) framework: a tool for incorporating climate change into natural resource management. Environ. Manag. 50, 341–351.
Crossman, N.D., Bryan, B.A., Summers, D.M., 2012. Identifying priority areas for reducing
species vulnerability to climate change. Divers. Distrib. 18, 60–72. http://dx.doi.org/
10.1111/j.1472-4642.2011.00851.x.
Dawson, T.P., Jackon, S.T., House, J.I., Prentice, I.C., Mace, G.M., 2011. Beyond predictions:
biodiversity conservation in a changing climate. Science 332, 53.
Declet-Barret, J., Brazel, A.J., Martin, C.A., Winston, T.L., Harlan, S., 2013. Creating the park
cool island in an inner-city neighborhood: heat mitigation strategy for Phoenix, AZ.
Urban Ecosystems 16, 617–635.
Estes, L.D., Paroz, L.-L., Bradley, B.A., Green, J.M.H., Hole, D.G., Holness, S., Ziv, G.,
Oppenheimer, M.G., Wilcove, D.S., 2014. Using changes in agricultural utility to quantify future climate-induced risk to conservation. Conserv. Biol. 28, 427–437.
Foden, W.B., Butchart, S.H.M., Stuart, S.N., et al., 2013. Identifying the world's most climate
change vulnerable species: a systematic trait-based assessment of all birds, amphibians and corals. PLoS One 8, e65427.
Fordham, D.A., Resit Akçakaya, H., Araújo, M.B., Elith, J., Keith, D.A., Pearson, R., Auld, T.D.,
Mellin, C., Morgan, J.W., Regan, T.J., Tozer, M., Watts, M.J., White, M., Wintle, B.A.,
Yates, C., Brook, B.W., 2012. Plant extinction risk under climate change: are forecast
range shifts alone a good indicator of species vulnerability to global warming?
Glob. Chang. Biol. 18, 1357–1371. http://dx.doi.org/10.1111/j.1365-2486.2011.
02614.x.
Game, E.T., Kareiva, P., Possingham, H.P., 2013. Six common mistakes in conservation priority setting. Conserv. Biol. 27, 480–485.
Good, T.P., Davies, J., Burke, B.J., Ruckelshaus, M.H., 2008. Incorporating catastrophic risk
assessments into setting conservation goals for threatened Paciﬁc salmon. Ecol.
Appl. 18, 246–257.
Hansen, L., Hoffman, J., Drew, C., Mielbrecht, E., 2010. Designing climate-smart conservation: guidance and case studies. Conserv. Biol. 24, 63–69.
Heller, N.E., Zavaleta, E.S., 2009. Biodiversity management in the face of climate change: a
review of 22 years of recommendations. Biol. Conserv. 142, 14–32.
Hoffmann, A.A., Sgrò, C.M., 2011. Climate change and evolutionary adaptation. Nature
470, 479–485.

N. Butt et al. / Biological Conservation 199 (2016) 10–15
Hunter, D., Osborne, W., Smith, M., McDougall, K., 2009. Breeding habitat use and the future management of the critically endangered Southern Corroboree Frog. Ecol.
Manag. Restor. 10, S103–S109. http://dx.doi.org/10.1111/j.1442-8903.2009.00461.x.
IPCC, 2013. In: Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J.,
Nauels, A., Xia, Y., Bex, V., Midgley, P.M. (Eds.), Climate Change 2013: The Physical
Science Basis. Contribution of Working Group I to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change. IPCC, Cambridge.
Jentsch, A., Kreyling, J., Beierkuhnlein, C., 2007. A new generation of climate-change experiments: events, not trends. Front. Ecol. Environ. 5, 365–374.
Jones, H.P., et al., 2012. Harnessing nature to help people adapt to climate change. Nat.
Clim. Chang. 2, 504–509.
Kerr, R.A., 2011. Humans are driving extreme weather, time to prepare. Science 334,
1040.
Klamt, M., Thompson, R., Davis, J., 2011. Early response of the platypus to climate
warming. Glob. Chang. Biol. 17, 3011–3018.
Lawler, J., 2009. Climate Change Sensitivity Database. http://climatechangesensitivity.org.
Lawler, J., Ruesch, A., Olden, J., McRae, B., 2013. Projected climate-driven faunal movement routes. Ecol. Lett. 16, 1014–1022.
Lee, J.R., Maggini, R., Taylor, M.F.J., Fuller, R.A., 2015. Mapping the drivers of climate
change vulnerability for Australia's threatened species. PLoS ONE 10, e0124766.
Maina, J., Kithiia, J., Cinner, J., Neale, E., Nobel, S., Charels, D., Watson, J.E.M., 2015. Integrating social-ecological vulnerability assessments with climate forecasts to improve
local climate adaptation planning for coral reef ﬁsheries in Papua New Guinea. Regional Environmental Change. http://dx.doi.org/10.1007/s10113-015-0807-0.
Mantyka-Pringle, C.S., Martin, T.G., Rhodes, J.R., 2011. Interactions between climate and
habitat loss effects on biodiversity: a systematic review and meta-analysis. Glob.
Chang. Biol. 18, 1239–1252.
Maxwell, S.L., Rhodes, J.R., Runge, M.C., Possingham, H.P., Ng, C.F., McDonald-Madden, E.,
2015. How much is new information worth? Evaluating the ﬁnancial beneﬁt of resolving management uncertainty. J. Appl. Ecol. 52, 12–20.
McDonald-Madden, E., Runge, M.C., Possingham, H.P., Martin, T.G. (2011). Optimal timing
for managed relocation of species faced with climate change. Nat. Clim. Chang., 1:
261–265.http://dx.doi.org/10.1038/nclimate1170.
McGahey, D.J., Williams, D.G., Muruthi, P., Loubser, D.I., 2013. Investigating climate change
vulnerability and planning for adaptation: learning from a study of climate change
impacts on the Mountain Gorilla in the Albertine Rift. Natural Science 5, 10–17.
http://dx.doi.org/10.4236/ns.2013.55A002.
Mendelsohn, R., 2000. Efﬁcient adaptation to climate change. Clim. Chang. 45, 583–600.
Moilanen, A., Wilson, K.A., Possingham, H.P. (Eds.), 2009. Spatial Conservation
Prioritisation: Quantitative Methods and Computational Tools. Oxford University
Press, Oxford, UK.
Moritz, C., Patton, J.L., Conroy, C.J., Parra, J.L., White, G.C., Beissinger, S.R., 2008. Impact of a
century of climate change on small-mammal communities in Yosemite National Park,
USA. Science 322, 261–264.
O'Neil, S.T., Dzurisin, J.D.K., Williams, C.M., Lobo, N.F., Higgins, J.K., Deines, J.M.,
Carmichael, R.D., Zeng, E., Tan, J.C., Wu, G.C., Emrich, S.J., Hellmann, J.J., 2014. Gene expression in closely related species mirrors local adaptation: consequences for responses to a warmer world. Mol. Ecol. 23, 2686–2698.
Oppenheimer, M., 2013. Climate change impacts: accounting for the human response.
Clim. Chang. 117, 439–449.
Paciﬁci, M., Foden, W.B., Visconti, P., Watson, J.E., Butchart, S.H., Kovacs, K.M., Scheffers,
B.R., Hole, D.G., Martin, T.G., Akçakaya, H.R., 2015. Assessing species vulnerability to
climate change. Nat. Clim. Change 5, 215–224.
Parmesan, C., Yohe, G., 2003. A globally coherent ﬁngerprint of climate change impacts
across natural systems. Nature 421, 37–42.
Pearson, R.G., Phillips, S.J., Loranty, M.M., Beck, P.S.A., Damoulas, T., Knight, S.J., Goetz, S.J.,
2013. Shifts in Arctic vegetation and associated feedbacks under climate change. Nat.
Clim. Chang. 3, 673–677.
Randin, C.F., Engler, R., Normand, S., Zappa, M., Zimmerman, N.E., Pearman, P.B., Vittoz, P.,
Thuiller, W., Guisan, A., 2009. Climate change and plant distribution: local models
predict high-elevation persistence. Glob. Chang. Biol. 15, 1557–1569.

15

Rebelo, H., Tarroso, P., Jones, G., 2010. Predicted impact of climate change on European
bats in relation to their biogeographic patterns. Glob. Chang. Biol. 16, 561–576.
Reece, J.S., Noss, R.F., Oetting, J., Hoctor, T., Volk, M., 2013. A vulnerability assessment of
300 species in Florida: threats from sea level rise, land use, and climate change.
PLoS One 8, e80658.
Reed, D.H., O'Grady, J.O.J., Ballou, J.D., Frankham, R., 2003. The frequency and severity of
catastrophic die-offs in vertebrates. Animal Ecology 6, 109–114.
Scheermeyer, E., Kitching, R.L., Jones, R.E., 1989. Host plants, temperature and seasonal effects on immature development and adult size of Euploea-Core-Corinna (Lepidoptera, Danainae). Australian Journal of Zoology 37, 599–608.
Seddon, P.J., Grifﬁths, C.J., Soorae, P.S., Armstrong, D.P., 2014. Reversing defaunation: restoring species in a changing world. Science 345, 406–412.
Segan, D.B., Hole, D.G., Donatti, C.I., Zganjar, C., Martin, S., Butchart, S.H.M., Watson, J.E.M.,
2015. Considering the impact of climate change on human communities signiﬁcantly
alters the outcome of species and site-based vulnerability assessments. Divers.
Distrib. 21, 1101–1111.
Sherwin, H.A., Montgomery, W.I., Lundy, M.G., 2012. The impact and implications of climate change for bats. Mammal Rev. 43, 171–182.
Shoo, L.P., Hoffmann, A.A., Garnett, S., Pressey, R.L., Williams, Y.M., Taylor, M., Falconi, L.,
Yates, C.J., Scott, J.K., Alagador, D., Williams, S.E., 2013. Making decisions to conserve
species under climate change. Clim. Chang. 119, 239–246.
Sgrò, C.M., Lowe, A.J., Hoffmann, A.A., 2011. Building evolutionary resilience for conserving biodiversity under climate change. Evolutionary Applications 4, 326–337.
Skelly, D.K., Joseph, L.N., Possingham, H.P., Freidenburg, L.K., Farrugia, T.J., Kinniso,n M.T.,
Hendry, A.P. (2007). Evolutionary responses to climate change. Conserv. Biol. 21:
1353–1355.
Stein, B.A., Staudt, A., Cross, M.S., Dubois, N.S., Enquist, C., Grifﬁs, R., Hansen, L.J., Hellmann,
J.J., Lawler, J.J., Nelson, E.J., Pairis, A. (2013). Preparing for and managing change: climate adaptation for biodiversity and ecosystems. Front. Ecol. Environ. 11: 502–510.
Thompson, R.M., Beardall, J., Beringer, J., Grace, M., Sardina, P., 2013. Means and extremes:
building variability into community-level climate change experiments. Ecol. Lett. 16,
799–806.
Thorne, J.H., Seo, C., Basabose, M., Belﬁore, N.M., Hijmans, R.J., 2013. Alternative biological
assumptions strongly inﬂuence models of climate change effects on mountain gorillas. Ecosphere 4. http://dx.doi.org/10.1890/ES13-00123.1 Article 108.
Turner, W.R., Bradley, B.A., Estes, L.D., Hole, D.G., Oppenheimer, M., Wilcove, D.S., 2010.
Climate change: helping nature survive the human response. Conserv. Lett. 3,
304–312.
Van Allen, B.G., Dunham, A.E., Asquith, C.M., Rudolf, V.H.W., 2012. Life history predicts risk
of species decline in a stochastic world. Proc. R. Soc. B 279, 2691–2696.
VanDerWal, J., Murphy, H.T., Kutt, A.S., Perkins, G.C., Bateman, B.L., Perry, J.P., Reside, A.,
2012. Focus on poleward shifts in species' distribution underestimates the ﬁngerprint
of climate change. Nat. Clim. Chang. 3, 239–243.
Walther, G.-R., 2010. Community and ecosystems responses to recent climate change.
Philos. Trans. R. Soc. B 365, 2019–2024.
Watson, J.E.M., Iwamura, T., Butt, N., 2013. Mapping vulnerability and conservation adaptation strategies in a time of climate change. Nat. Clim. Chang. 3, 989–994. http://dx.
doi.org/10.1038/nclimate2007.
Weeks, R., Jupiter, S.D., 2013. Adaptive comanagement of a marine protected area network in Fiji. Conserv. Biol. 27, 1234–1244.
Welbergen, J.A., Klose, S.M., Markus, N., Eby, P., 2008. Climate change and the effects of
temperature extremes on Australian ﬂying-foxes. Proc. R. Soc. B 275, 419–425.
Williams, S.E., Shoo, L.P., Isaac, J.L., Hoffmann, A.A., Langham, G., 2008. Towards an integrated framework for assessing the vulnerability of species to climate change. PLoS
Biol. 6, e325.
Yang, D.-S., Conroy, C.J., Moritz, C., 2011. Contrasting responses of Peromyscus mice of
Yosemite National Park to recent climate change. Glob. Change Biol. 17, 2559–2566.
Young, B.E., Dubois, N.S., Rowland, E.L., 2014. Using the Climate Change Vulnerability
Index to inform adaptation planning: lessons, innovations, and next steps. Wildlife Society Bulletin. http://dx.doi.org/10.1002/wsb.478.

