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Abstract

An increased understanding of the current and potential future impacts of
climate change has significantly influenced conservation in practice in recent
years. Climate change has necessitated a shift toward longer planning time
horizons, moving baselines, and evolving conservation goals and targets. This
shift has resulted in new perspectives on, and changes in, the basic
approaches practitioners use to conserve biodiversity. Restoration, spatial
planning and reserve selection, connectivity modelling, extinction risk
assessment, and species translocations have all been reimagined in the face of
climate change. Restoration is being conducted with a new acceptance of
uncertainty and an understanding that goals will need to shift through time. New
conservation targets, such as geophysical settings and climatic refugia, are
being incorporated into conservation plans. Risk assessments have begun to
consider the potentially synergistic impacts of climate change and other
threats. Assisted colonization has gained acceptance in recent years as a
viable and necessary conservation tool. This evolution has paralleled a larger
trend in conservation—a shift toward conservation actions that benefit both
people and nature. As we look forward, it is clear that more change is on the
horizon. To protect biodiversity and essential ecosystem services, conservation
will need to anticipate the human response to climate change and to focus not
only on resistance and resilience but on transitions to new states and new
ecosystems.
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Introduction

Climate change is one of the largest threats to biodiversity and to
natural systems in general'”. Recent changes in climate are driving
shifts in the timing of ecological events’, the distribution of
species™”’, and the functioning of ecosystems’. Models project even
greater changes for the future’'".

These climate-driven changes challenge the way the planning and
practice of conservation have traditionally been done. Most con-
servation has been predicated on the fact that the environment is
relatively stable over the time frames of management planning
(generally less than 50 years). However, projected changes in spe-
cies distributions and ecosystem functions present obvious chal-
lenges to this assumption. Over the last decade, there has been a
growing literature on what climate change means for biodiversity"'
and the implications this has for conservation planning and action'”.
As a consequence, there have been some notable shifts in the way
conservation is being conducted, from the goals and structure of
conservation organizations to the planning and execution of conser-
vation projects on the ground'*".

Climate change is increasingly integrated into the daily operations
of conservation organizations. The anticipated impacts of climate
change have driven planners and managers to consider longer time
horizons and to anticipate the potentially synergistic effects of cli-
mate change and other threats and the need to address them quickly.
Likewise, conservation biologists have begun to acknowledge the
importance of planning for extreme weather events in addition to
slow, long-term climatic change. These shifts have led to new per-
spectives on, and alterations to, approaches used to conserve biodi-
versity. Here, we describe some of the more prominent changes in
the approaches conservation planners and practitioners have taken to
help address the threat of climate change. Some of these approaches,
such as restoration and the prioritization of species for conservation
actions, have been around for quite some time but needed reframing
as a consequence of the likely impacts of climate change. Others,
such as assisted colonization, are new twists on old practices and
have arisen directly out of the challenges posed by climate change.

Changing conservation approaches to address
climate change

Rethinking restoration

Restoration is one of the basic tools of a conservation practitioner. It
has traditionally involved returning a system to its state prior to some
disturbance'*. However, climate change challenges the very nature
of restoration based on such a definition'". It brings into question the
utility of historical benchmarks as restoration targets, the species or
seed sources to be used, and the time frame for planning.

Rethinking how restoration efforts are applied in light of climate
change has led to shifts in thinking as well as in practice. Most
fundamentally, practicing restoration in a changing climate requires
embracing uncertainty and accepting that the goals of a project
may need to change over time'®. Instead of relying on historical
benchmarks, restoration efforts will likely need to look into the
future and anticipate change—perhaps relying on a dynamic refer-
ence process that accounts for variability in reference ecosystems'®"”.
Looking forward will also include rethinking the mix of species to
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be planted and potentially focusing on ecosystem function rather
than particular assemblages of species. Restoration efforts have
begun to make use of the same niche modelling methods that have
been used to assess potential species responses to climate change'®,
but there is clear recognition that better models are needed'”.

Many recent climate-adaptation efforts have involved restoration. Of
the projects funded by the Wildlife Conservation Society’s Climate
Adaptation Fund, at least 70% have involved restoration”’. These
projects have included riparian restoration to enhance connectivity,
coastal restoration to prevent storm damage, forest restoration to
reduce fire risk, and prairie restorations to enhance watershed func-
tion. In addition to the projects that clearly engage in restoration,
several projects are aimed at converting one type of ecosystem to
another—not necessarily restoring a historical condition but pre-
paring an ecosystem to function differently in a future climate. An
example of this type of project involved converting forested areas to
grasslands to facilitate marsh establishment in the face of sea-level
rise. Whether such actions are classified as restoration could be
debated, but clearly the lessons learned from decades of restoration
will be essential to these new types of adaptation projects.

Changes in how conservation planning is undertaken
Systematic conservation planning’' has been used widely around
the world to help prioritize conservation efforts, particularly the
location of protected areas’”. Most conservation planning has been
based on “static” representations of biodiversity across a region, an
approach that is clearly challenged by climate-driven changes in
the distribution of species and communities”. Consequently, sub-
stantial thought has been put into how best to incorporate climate
change into the conservation-planning process.

The cornerstone of initial approaches to integrate climate change
into conservation planning was the use of correlative niche models
to predict future distributions of species and ensure that these
were adequately represented by present-day conservation efforts.
The more sophisticated niche-based planning efforts included the
ability of species to track changing habitat conditions through
space and time*** and consideration of uncertainties in predicted
distributions’*”’. Climate, however, is only one of many factors
determining the distributions of species, and the relationship is
complex, uncertain, and in many cases evolving’®. The magnitude
of these ecological uncertainties compounded by the uncertainties
associated with climate predictions® led to calls to integrate climate
change into planning using approaches that were more robust to
uncertainty in predicted climate impacts**—~.

An approach to planning that has gained some traction for conserva-
tion in a dynamic climate involves conserving the underlying geo-
physical variation in a region, also referred to as “conserving nature’s
stage”*. The rationale for this approach is that, theoretically, there
should be a strong relationship between species distributions and
geophysical settings (for example, elevation and geology)** such that
conserving representative examples of geophysical settings will
protect representative ecological communities under both current
and future climates®. A similar approach that focuses on current
and known patterns in a region emphasizes conserving connectivity
between climatically diverse areas’ -’
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Increasing connectivity

Increasing the connectivity of landscapes to allow species to move
in response to climate change is the most-often cited climate
change adaption strategy’*~’. Traditionally, connectivity planning
has focused on connecting patches of habitat with what amount
to linear strips or stepping-stones of more habitat. Although this
approach may allow species to move through the landscape, it may
do little to facilitate movement into what might become newly suit-
able habitat. Early attempts to model connectivity expressly for
addressing climate change involved projecting shifts in species dis-
tributions through time and either identifying overlap of current and
future distributions or mapping pathways that tracked those shifting
distributions*'*>. A more mechanistic application of this approach
involved mapping potential corridors through climate-driven shifts
in suitable levels of snowpack for wolverines in the northwestern
United States™. Other studies have taken different approaches to
identifying important areas for species movement in the face of cli-
mate change—approaches that are less reliant on projected future
changes in climate and species distributions. Brost and Beier** and
Beier” focused on the geophysical settings mentioned in the pre-
vious section, and charted routes across the landscape that either
connected similar geophysical setting or linked a diversity of set-
tings. Nufiez and colleagues’ mapped routes through landscapes
that connected slightly warmer patches of intact land to slightly
cooler ones with routes that followed gentle temperature gradients
and avoided human-impacted landscapes.

Although efforts continue to develop more relevant climate-
connectivity methods, the critical question of whether corridors
are really needed—or whether there might be other strategies and
approaches that would achieve the same result—has been repeat-
edly raised”. Some argue that the focus on corridors is misguided
and that, alternatively, protecting large intact ecosystems should be
prioritized**. Others have argued that the benefits of increasing the
size and number of corridors are fewer than those resulting from
simply increasing the amount of protected land, which, if regularly

distributed, would increase connectivity®’.

Assessing extinction risk through the climate change lens
Although a growing wealth of studies predict increased extinction
risk for species because of climate change’”', many of these vary
enormously in their estimations. It is also increasingly recognized
that the predictions of extinction risk do not reflect the number of
species that have become vulnerable (or extinct) to date, nor do
they match the number identified as threatened because of climate
change on the International Union for the Conservation of Nature
(TUCN) Red List (only 10.5% of the 22,176 species)”. A funda-
mental challenge has involved integrating the projections of species
niche models (the most-often used tool for assessing the impacts of
climate change on species) into the processes of real-world extinc-
tion assessments.

Simple measures of population size, geographic range size, and
other indicators of current status already used as IUCN Red List cri-
teria are likely to be good predictors of climate change-associated
extinction risk™. Such TUCN Red List criteria have been used to
predict the risk of extinction in the absence of conservation action

F1000Research 2015, 4(F1000 Faculty Rev):1158 Last updated: 25 MAY 2016

and the time lag between assessment and extinction™ . This time
lag amounts to a warning period in which adaptation efforts can be
taken to prevent extinction. Although there is a warning period, it
is finite and thus delays in developing and implementing conserva-
tion plans after a species is identified as being threatened could be
costly. Roughly half of listed species are likely to go extinct within
20 years of being listed as critically endangered™.

An additional challenge is that most species risk assessments treat
climate change as a problem driven by relatively slow, predictable,
and continuous change in environmental conditions and fail to
account for other important components of climate change, such
as increasing extreme weather and climate events (for example,
cyclones, floods, and drought)™’. It is increasingly recognized
that the increases in frequencies and intensities of extreme events
are critical determinants of patterns of biological diversity and will
affect it differently from impacts resulting from steady climate
change’. A good example of this is how climate change will impact
bat species: extreme maximum temperature is now considered a
critical factor in the vulnerability of bats to climate change™, but
many studies (for example, 60) fail to consider it in projections of
species distributions under climate change.

Even though our understanding of which extremes are most impor-
tant and how they are shifting is limited®', there are good examples of
assessments that do account for extremes. Recently, Ameca y Judrez
and colleagues® 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. They
followed this exposure analysis with an assessment of terrestrial
mammal sensitivity to extreme weather and climate events, iden-
tifying biological traits that make large terrestrial mammals more
susceptible to climate-induced population declines.

Alongside species risk assessments, the assessment of the vulner-
ability of species to climate change—as well as the climate-related
vulnerability of places and natural resources in general—has
emerged as an important step in the adaptation process™’. As with
extinction risk assessments, many different approaches to assessing
vulnerability have been proposed (for example, 64), each evaluat-
ing some subset or combination of sensitivity, exposure, and adap-
tive capacity®. These vulnerability assessments serve not only to
determine which species are likely to be most vulnerable but also to
identify the factors that make a species vulnerable and thus poten-
tial conservation actions—adaptation measures—that can be taken
to reduce vulnerability.

Assisted colonization

One of the relatively new tools in the conservation toolbox is assisted
colonization—broadly defined by the [UCN as the movement of an
organism outside of its native range to avoid extinction of popula-
tions due to current or future threats®. There are some species, par-
ticularly endemics with relatively specific habitat requirements and
poor dispersal abilities, that will be unable to move to suitable cli-
mates. When these species are threatened with extinction—because
of either climate change or some other factor—it may become nec-
essary to move them to prevent their loss.
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The question of whether assisted colonization should even be con-
sidered as an option spawned a lively debate®~">. Those opposed to
assisted colonization argue that the history of invasive species has
taught us that the potential impacts on the ecosystems into which
organisms would be moved could be too great®. Those in favour
of keeping the option of assisted colonization on the table argue
that it would likely be necessary for preventing the extinction of
certain species®, that the potential impact of translocated species
is likely overstated for several reasons®’" (including that the traits
of species that will need to be moved are not those traits generally
associated with invasive species’”), and that the amount of change
that systems will experience over the coming decades will likely
overshadow the impacts of translocated individuals of a rare and
declining species’.

As the debate worked its ways through the scientific literature,
many researchers started to ask more productive questions—facing
the reality that assisted colonization was already being used. There
were, for example, several early efforts to develop frameworks for
determining under what circumstances assisted colonization would
be a viable conservation option’¢. Other studies have highlighted
the importance of the timing of assisted colonization efforts’”’,
developed advanced modelling approaches for identifying poten-
tial sites for translocations’, and explored the situations in which
invasions will be less likely and hence assisted colonization a less
risky venture”. Furthermore, calls for the development of policies
to address assisted colonization® have begun to be met**>. Overall,
it appears that, at least in the scientific literature, assisted coloniza-
tion is gaining acceptance as a tool in the conservation toolbox and
one that may not differ so much from other movements of species
for conservation reasons***.

Future trends

The practice, and to some degree the study, of conservation is cur-
rently undergoing a major shift—a shift from a focus on nature to a
focus on nature and people. The idea that people are a part of eco-
systems and that conservation needs to include the social sciences
is not new and this is not the shift to which we are referring. This
new shift is one from conserving nature for nature’s sake to con-
serving nature both for nature’s sake and for the use and enjoyment
by people®. This shift has resulted in an apparent change in the
missions and the actions of several major non-governmental con-
servation organizations (for example, The Nature Conservancy, the
World Wildlife Fund, and Conservation International). Like the sub-
ject of assisted colonization, however, this shift has not been well
received by all in the conservation community and there remains
a heated debate in conservation circles as well as in the literature
about the degree to which conservation should focus on the needs
of people™ .

The impact of this shift can be clearly seen in the way that conser-
vation organizations are addressing climate change and is reflected
in the application of all of the approaches mentioned above. With
respect to restoration, conservation planning, and connectivity,
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conservation practitioners have begun to target efforts that consider
the roles that natural systems play in protecting people against
the potential impacts of climate change®’. These ecosystem-
based adaptation strategies may be more cost-effective than
hard infrastructure-based solutions. One striking example of this
approach is The Nature Conservancy’s “flood plains by design”
strategy in which stretches of river are restored in places that will
simultaneously reduce flooding of nearby communities and restore
fish habitat. Another example is the active protection of coastal
habitats, which has the potential to reduce the risks and the costs
of sea-level rise, providing a critical service in the face of climate
change”'.

Because climate-driven changes are likely to be so large in some
places, climate change is in part causing conservation practitioners
to question their goals as well as the approaches they use’. These
new goals are beginning to take people’s needs into account. For
example, restoration efforts are now being refocused toward eco-
system function and ecosystem services instead of the specific set
of species in a given ecosystem'”. In addition, assisted colonization
may be called on not just to preserve threatened species, but also
to provide certain functions—and perhaps to allow ecosystems to
provide certain services’*”.

Given that our understanding of climate change impacts is still
evolving, the theory and practice of conservation will likely con-
tinue to change at a relatively fast pace. One of the greatest future
challenges to the conservation of biodiversity will likely come from
how people respond to climate change”™. Sea-level rise is forcing
human populations to consider radical adaption action, including
the construction of massive sea walls and the migration of coastal
and island communities” . Water shortages and crop failures will
similarly result in human migrations, shifts in agriculture, and
increased water withdrawals. There is increasing recognition that,
in many places, human responses to climate change may further
constrain options for biodiversity conservation, and therefore plan-
ning needs to simultaneously consider both human and biodiver-
sity responses™. The tools that conservation practitioners have to
address climate change (for example, conservation planning, res-
toration, species risk assessments, and assisted colonization) will
likely be most effective if their application takes human responses
to climate change into account.

Continued rapid climate change will also necessitate a shift from
discussions of resistance and resilience to more strategies that
embrace change and foster transitions™. Particularly if society
hopes to continue to be the recipient of essential ecosystem services
and to enjoy a diversity of plants and animals, conservation efforts
will need to focus on smoothly transitioning ecosystems from one
state to another. The enormity of that challenge necessitates poli-
cies and actions that reduce greenhouse-gas emissions and increase
carbon sequestration. Unless adaptation is accompanied by mean-
ingful mitigation efforts, it will be hard for conservation practition-
ers to accomplish even their shifting and evolving goals.

Page 5 of 9



Abbreviation
IUCN, International Union for the Conservation of Nature.

Competing interests
The authors declare that they have no competing interests.

References

F1000Research 2015, 4(F1000 Faculty Rev):1158 Last updated: 25 MAY 2016

Grant information
Joshua J. Lawler thanks the Wilburforce Foundation and the
Denman endowment at the University of Washington for funding.

[ confirm that the funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

F1000 recommended

Sala OE, Chapin FS, Armesto JJ, et al.: Global biodiversity scenarios for the
year 2100. Science. 2000; 287(5459): 1770-4.
PubMed Abstract | Publisher Full Text

Millennium Ecosystem Assessment: Ecosystems and Human Well-being
Biodiversity Synthesis. Washington DC, World Resources Institute. 2005.
Reference Source

Gregory RD, Willis SG, Jiguet F, et al.: An indicator of the impact of climatic
change on European bird populations. PLoS One. 2009; 4(3): e4678.
PubMed Abstract | Publisher Full Text | Free Full Text

Chen IC, Hill JK, Ohlemtiller R, et al.: Rapid range shifts of species
associated with high levels of climate warming. Science. 2011; 333(6045):
1024-6.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

H Pinsky ML, Worm B, Fogarty MJ, et al.: Marine taxa track local climate
velocities. Science. 2013; 341(6151): 1239-42.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Lane JE, Kruuk LE, Charmantier A, et al.: Delayed phenology and reduced
fitness associated with climate change in a wild hibernator. Nature. 2012;
489(7417): 554-7.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Watson JEM, Iwamura T, Butt N: Mapping vulnerability and conservation
adaptation strategies under climate change. Nat Clim Change. 2013; 3(11):
989-94.

Publisher Full Text

Thuiller W, Lavorel S, Aratjo MB, et al.: Climate change threats to plant diversity
in Europe. Proc Natl Acad Sci U S A. 2005; 102(23): 8245-50.
PubMed Abstract | Publisher Full Text | Free Full Text

Peterson AT, Ortega-Huerta MA, Bartley J, et al.: Future projections for Mexican
faunas under global change ios. Nature. 2002; 416(6881): 626—9.
PubMed Abstract | Publisher Full Text

Lawler JJ, Shafer SL, White D, et al.: Projected climate-induced faunal change in
the Western Hemisphere. Ecology. 2009; 90(3): 588-97.

PubMed Abstract | Publisher Full Text

Chapman S, Mustin K, Renwick AR, et al.: Publishing trends on climate change
vulnerability in the conservation literature reveal a predominant focus on
direct impacts and long time-scales. Divers Distrib. 2014; 20(10): 1221-8.
Publisher Full Text

Schmitz OJ, Lawler JJ, Beier P, et al.: Conserving Biodiversity: Practical
Guidance about Climate Change Adaptation Approaches in Support of
Land-use Planning. Nat Areas J. 2015; 35(1): 190-203.

Publisher Full Text

Seimon A, Watson J, Dave R, et al.: A Review of Climate Change Adaptation
Initiatives within the Africa Biodiversity Collaborative Group Members. ABCG
Arlingt USA. 2011; 124.

Reference Source

National Research Council: Restoration of Aquatic Ecosystems: Science,
Technology, and Public Policy. Haworth Press. 1992.
Reference Source

Harris JA, Hobbs RJ, Higgs E, et al.: Ecological restoration and global climate
change. Restor Ecol. 2006; 14(2): 170-6.
Publisher Full Text

Wiens JA, Hobbs RJ: Integrating Conservation and Restoration in a Changing
World. BioScience. 2015; 65(3): 302—12.
Publisher Full Text

Hiers JK, Mitchell RJ, Barnett A, et al.: The dynamic reference concept:
measuring restoration success in a rapidly changing no-analogue future. Ecol
Restor. 2012; 30(1): 27-36.

Publisher Full Text

Padonou EA, Teka O, Bachmann Y, et al.: Using species distribution models to
select species resistant to climate change for ecological restoration of bowé
in West Africa. Afr J Ecol. 2015; 53(1): 83-92.

Publisher Full Text

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Starzomski BM: Novel ecosystems and climate change. In: Hobbs RJ, Higgs ES,
Hall CA, editors. Novel Ecosystems: Intervening in the New Ecological World Order.
West Sussex UK, Wiley-Blackwell. 2013; 88—101.

Publisher Full Text

Wildlife Conservation Society: WCS Climate Adaptation Fund Grants List.
Bozeman Montana USA, Wildlife Conservation Society. 2014.
Reference Source

Margules CR, Pressey RL: Systematic conservation planning. Nature. 2000;
405(6783): 243-53.
PubMed Abstract | Publisher Full Text

Groves CR: Drafting a Conservation Blueprint: A Practitioners Guide to
Planning for Biodiversity. Washington DC, Island Press. 2003; 22(2): 147—148.
Reference Source

Pressey RL, Cabeza M, Watts ME, et al.: Conservation planning in a changing
world. Trends Ecol Evol. 2007; 22(11): 583-92.
PubMed Abstract | Publisher Full Text

Williams P, Hannah L, Andelman S, et al.: Planning for climate change:
Identifying minimum-dispersal corridors for the Cape proteaceae. Conserv Biol.
2005; 19(4): 1063-74.

Publisher Full Text

Carroll C: Role of climatic niche models in focal-species-based conservation
planning: Assessing potential effects of climate change on Northern Spotted
Owl in the Pacific Northwest, USA. Biol Conserv. 2010; 143(6): 1432—7.
Publisher Full Text

Carvalho SB, Brito JC, Crespo EG, et al.: Conservation planning under climate
change: Toward accounting for uncertainty in predicted species distributions
to increase confidence in conservation investments in space and time. Bio/
Conserv. 2011; 144(7): 2020-30.

Publisher Full Text

Kujala H, Moilanen A, Aratjo MB, et al.: Conservation planning with
uncertain climate change projections. PLoS One. 2013; 8(2): e53315.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Gillson L, Dawson TP, Jack S, et al.: Accommodating climate change
contingencies in conservation strategy. Trends Ecol Evol. 2013; 28(3): 135-42.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

Lawler JJ, Tear TH, Pyke C, et al.: Resource management in a changing and
uncertain climate. Front Ecol Environ. 2010; 8(1): 35-43.

Publisher Full Text

Millar Cl, Stephenson NL, Stephens SL: Climate change and forests of the
future: managing in the face of uncertainty. Ecol Appl. 2007; 17(8): 2145-51.
PubMed Abstract | Publisher Full Text

Game ET, Lipsett-Moore G, Saxon E, et al.: Incorporating climate change
adaptation into national conservation assessments. Glob Change Biol. 2011;
17(10): 3150-60.

Publisher Full Text

Groves CR, Game ET, Anderson MG, et al.: Incorporating climate change into
systematic conservation planning. Biodivers Conserv. 2012; 21(7): 1651-71.
Publisher Full Text

Anderson MG, Ferree CE: Conserving the stage: climate change and the
geophysical underpinnings of species diversity. PLoS One. 2010; 5(7): e11554.
PubMed Abstract | Publisher Full Text | Free Full Text

Lawler JJ, Ackerly DD, Albano CM, et al.: The theory behind, and the challenges
of, conserving nature’s stage in a time of rapid change. Conserv Biol. 2015;
29(3): 618—29.
PubMed Abstract | Publisher Full Text

Beier P, Brost B: Use of land facets to plan for climate change: conserving
the arenas, not the actors. Conserv Biol. 2010; 24(3): 701-10.
PubMed Abstract | Publisher Full Text | F1000 Recommendation
Ashcroft MB, Chisholm LA, French KO: Climate change at the landscape scale:
predicting fine-grained spatial heterogeneity in warming and potential refugia
for vegetation. Glob Change Biol. 2009; 15(3): 656-67.
Publisher Full Text

Page 6 of 9


http://www.ncbi.nlm.nih.gov/pubmed/10710299
http://dx.doi.org/10.1126/science.287.5459.1770
http://www.millenniumassessment.org/documents/document.354.aspx.pdf
http://www.ncbi.nlm.nih.gov/pubmed/19259270
http://dx.doi.org/10.1371/journal.pone.0004678
http://www.ncbi.nlm.nih.gov/pmc/articles/2649536
http://f1000.com/prime/13098956
http://www.ncbi.nlm.nih.gov/pubmed/21852500
http://dx.doi.org/10.1126/science.1206432
http://f1000.com/prime/13098956
http://f1000.com/prime/718106717
http://www.ncbi.nlm.nih.gov/pubmed/24031017
http://dx.doi.org/10.1126/science.1239352
http://f1000.com/prime/718106717
http://f1000.com/prime/718558241
http://www.ncbi.nlm.nih.gov/pubmed/22878721
http://dx.doi.org/10.1038/nature11335
http://f1000.com/prime/718558241
http://dx.doi.org/10.1038/nclimate2007
http://www.ncbi.nlm.nih.gov/pubmed/15919825
http://dx.doi.org/10.1073/pnas.0409902102
http://www.ncbi.nlm.nih.gov/pmc/articles/1140480
http://www.ncbi.nlm.nih.gov/pubmed/11948349
http://dx.doi.org/10.1038/416626a
http://www.ncbi.nlm.nih.gov/pubmed/19341131
http://dx.doi.org/10.1890/08-0823.1
http://dx.doi.org/10.1111/ddi.12234
http://dx.doi.org/10.3375/043.035.0120
http://pdf.usaid.gov/pdf_docs/Pdacs576.pdf
http://www.nap.edu/read/1807/chapter/1
http://dx.doi.org/10.1111/j.1526-100X.2006.00136.x
http://dx.doi.org/10.1093/biosci/biu235
http://dx.doi.org/10.3368/er.30.1.27
http://dx.doi.org/10.1111/aje.12205
http://dx.doi.org/10.1002/9781118354186.ch10
http://www.wcsnorthamerica.org/AdminPlus/Docustore.aspx?Command=Core_Download&EntryId=27745
http://www.ncbi.nlm.nih.gov/pubmed/10821285
http://dx.doi.org/10.1038/35012251
https://islandpress.org/book/drafting-a-conservation-blueprint
http://www.ncbi.nlm.nih.gov/pubmed/17981360
http://dx.doi.org/10.1016/j.tree.2007.10.001
http://dx.doi.org/10.1111/j.1523-1739.2005.00080.x
http://dx.doi.org/10.1016/j.biocon.2010.03.018
http://dx.doi.org/10.1016/j.biocon.2011.04.024
http://f1000.com/prime/724142794
http://www.ncbi.nlm.nih.gov/pubmed/23405068
http://dx.doi.org/10.1371/journal.pone.0053315
http://www.ncbi.nlm.nih.gov/pmc/articles/3566137
http://f1000.com/prime/724142794
http://f1000.com/prime/717963613
http://www.ncbi.nlm.nih.gov/pubmed/23146578
http://dx.doi.org/10.1016/j.tree.2012.10.008
http://f1000.com/prime/717963613
http://dx.doi.org/10.1890/070146
http://www.ncbi.nlm.nih.gov/pubmed/18213958
http://dx.doi.org/10.1890/06-1715.1
http://dx.doi.org/10.1111/j.1365-2486.2011.02457.x
http://dx.doi.org/10.1007/s10531-012-0269-3
http://www.ncbi.nlm.nih.gov/pubmed/20644646
http://dx.doi.org/10.1371/journal.pone.0011554
http://www.ncbi.nlm.nih.gov/pmc/articles/2904386
http://www.ncbi.nlm.nih.gov/pubmed/25922899
http://dx.doi.org/10.1111/cobi.12505
http://f1000.com/prime/721995074
http://www.ncbi.nlm.nih.gov/pubmed/20067491
http://dx.doi.org/10.1111/j.1523-1739.2009.01422.x
http://f1000.com/prime/721995074
http://dx.doi.org/10.1111/j.1365-2486.2008.01762.x

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

58.

54.

55.

56.

57.

58.

59.

60.

Hodgson JA, Thomas CD, Wintle BA, et al.: Climate change, connectivity and
conservation decision making: back to basics. J App/ Ecol. 2009; 46(5): 964-9.
Publisher Full Text

Mawdsley JR, O’Malley R, Ojima DS: A review of climate-change adaptation
strategies for wildlife management and biodiversity conservation. Conserv
Biol. 2009; 23(5): 1080-9.

PubMed Abstract | Publisher Full Text

Lawler JJ: Climate change adaptation strategies for resource management and
conservation planning. Ann N'Y Acad Sci. 2009; 1162: 79-98.

PubMed Abstract | Publisher Full Text

Heller NE, Zavaleta ES: Biodiversity management in the face of climate change:
A review of 22 years of recommendations. Biol Conserv. 2009; 142(1): 14-32.
Publisher Full Text

Phillips SJ, Williams P, Midgley G, et al.: Optimizing dispersal corridors for the
Cape Proteaceae using network flow. Ecol Appl. 2008; 18(5): 1200—11.
PubMed Abstract | Publisher Full Text

Vos CC, Berry P, Opdam P, et al.: Adapting landscapes to climate change:
examples of climate-proof ecosystem networks and priority adaptation zones.
J Appl Ecol. 2008; 45(6): 1722-31.

Publisher Full Text

McKelvey KS, Copeland JP, Schwartz MK, et al.: Climate change predicted to
shift wolverine distributions, connectivity, and dispersal corridors. Ecol Appl.
2011; 21(8): 2882-97.

Publisher Full Text

Brost BM, Beier P: Use of land facets to design linkages for climate change.
Ecol Appl. 2012; 22(1): 87-103.

PubMed Abstract | Publisher Full Text

Beier P: Conceptualizing and designing corridors for climate change. Eco/
Restor. 2012; 30(4): 312-9.

Publisher Full Text

Nufez TA, Lawler JJ, McRae BH, et al.: Connectivity planning to address
climate change. Conserv Biol. 2013; 27(2): 407-16.

PubMed Abstract | Publisher Full Text

Mackey BG, Watson JEM, Hope G, et al.: Climate change, biodiversity
conservation, and the role of protected areas: An Australian perspective.
Biodiversity. 2008; 9(3—4): 11-8.

Publisher Full Text

Watson JEM, Fuller RA, Watson AWT, et al.: Wilderness and future conservation
priorities in Australia. Divers Distrib. 2009; 15(6): 1028-36.

Publisher Full Text

Hodgson JA, Thomas CD, Cinderby S, et al.: Habitat re-creation strategies for
promoting adaptation of species to climate change. Conserv Lett. 2011; 4(4):
289-97.

Publisher Full Text

Thomas CD, Cameron A, Green RE, et al.: Extinction risk from climate change.
Nature. 2004; 427(6970): 145-8.
PubMed Abstract | Publisher Full Text

Foden WB, Butchart SHM, Stuart SN, et al.: Identifying the world’s most
climate change vulnerable species: a systematic trait-based assessment of all
birds, amphibians and corals. PLoS One. 2013; 8(6): €65427.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation
Akgakaya HR, Butchart SHM, Watson JEM, et al.: Preventing species extinctions
resulting from climate change. Nat Clim Change. 2014; 4(12): 1048-9.

Publisher Full Text

Pearson RG, Stanton JC, Shoemaker KT, et al.: Life history and spatial traits
predict extinction risk due to climate change. Nat Clim Change. 2014; 4(3):
217-21.

Publisher Full Text

Stanton JC, Shoemaker KT, Pearson RG, et al.: Warning times for species
extinctions due to climate change. Glob Chang Biol. 2015; 21(3): 1066-77.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

Keith DA, Mahony M, Hines H, et al.: Detecting extinction risk from climate
change by IUCN Red List criteria. Conserv Biol. 2014; 28(3): 810-9.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Kerr RA: Climate change. Humans are driving extreme weather; time to
prepare. Science. 2011; 334(6059): 1040.
PubMed Abstract | Publisher Full Text

IPCC: Climate Change 2014: Impacts, Adaptation, and Vulnerability.
Contribution of Working Group Il to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge, UK, Cambridge
University Press. 2014.

Reference Source

Walther GR: Community and ecosystem responses to recent climate
change. Philos Trans R Soc Lond B Biol Sci. 2010; 365(1549): 2019-24.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Sherwin HA, Montgomery WI, Lundy MG: The impact and implications of climate
change for bats. Mammal Rev. 2013; 43(3): 171-82.
Publisher Full Text

Rebelo H, Tarroso P, Jones G: Predicted impact of climate change on European
bats in relation to their biogeographic patterns. Glob Change Biol. 2010; 16(2):
561-76.

Publisher Full Text

F1000Research 2015, 4(F1000 Faculty Rev):1158 Last updated: 25 MAY 2016

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Hegerl GC, Hanlon H, Beierkuhnlein C: Climate science: Elusive extremes. Nat
Geosci. 2011; 4(3): 142-3.

Publisher Full Text

Ameca y Juarez El, Mace GM, Cowlishaw G, et al.: Assessing exposure to
extreme climatic events for terrestrial mammals. Conserv Lett. 2013; 6(3):
145-53.

Publisher Full Text

Glick P, Stein BA, Edelson NA: Scanning the Conservation Horizon: A Guide
to Climate Change Vulnerability Assessment. Washington DC, National Wildlife
Federation. 2011.

Reference Source

Lankford AJ, Svancara LK, Lawler JJ, et al.: Comparison of climate change
vulnerability assessments for wildlife. Wildl Soc Bull. 2014; 38(2): 386—94.
Publisher Full Text

Dawson TP, Jackson ST, House JI, et al.: Beyond predictions: biodiversity
conservation in a changing climate. Science. 2011; 332(6025): 53-8.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

IUCN S: Guidelines for reintroductions and other conservation translocations.
Gland Switz Camb U K IUCNSSC Re-Introd Spec Group. 2013.
Reference Source

McLachlan JS, Hellmann JJ, Schwartz MW: A framework for debate of
assisted migration in an era of climate change. Conserv Biol. 2007; 21(2):
297-302.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Ricciardi A, Simberloff D: Assisted colonization is not a viable conservation
strategy. Trends Ecol Evol. 2009; 24(5): 248-53.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Schlaepfer MA, Helenbrook WD, Searing KB, et al.: Assisted colonization:
evaluating contrasting management actions (and values) in the face of
uncertainty. Trends Ecol Evol. 2009; 24(9): 471-2. author reply 476-7.
PubMed Abstract | Publisher Full Text

Seddon PJ, Armstrong DP, Soorae P, et al.: The risks of assisted colonization.
Conserv Biol. 2009; 23(4): 788-9.
PubMed Abstract | Publisher Full Text

Vitt P, Havens K, Hoegh-Guldberg O: Assisted migration: part of an integrated
conservation strategy. Trends Ecol Evol. 2009; 24(9): 473—4. author reply 476-7.
PubMed Abstract | Publisher Full Text

Hewitt N, Klenk N, Smith AL, et al.: Taking stock of the assisted migration
debate. Biol Conserv. 2011; 144(11): 2560-72.
Publisher Full Text

Gallagher RV, Makinson RO, Hogbin PM, et al.: Assisted colonization as a
climate change adaptation tool. Austral Ecol. 2015; 40(1): 12-20.
Publisher Full Text

Kostyack J, Lawler JJ, Goble DD, et al.: Beyond reserves and corridors: policy
solutions to facilitate the movement of plants and animals in a changing
climate. Bioscience. 2011; 61(9): 713-9.

Publisher Full Text

Hoegh-Guldberg O, Hughes L, Mcintyre S, et al.: Ecology. Assisted
colonization and rapid climate change. Science. 2008; 321(5887): 345—-6.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

Richardson DM, Hellmann JJ, McLachlan JS, et al.: Multidimensional
evaluation of managed relocation. Proc Nat/ Acad Sci U S A. 2009; 106(24):
9721-4.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

McDonald-Madden E, Runge MC, Possingham HP, et al.: Optimal timing for

managed relocation of species faced with climate change. Nat Clim Change.

2011; 1(5): 261-5.

Publisher Full Text

E Fordham DA, Watts MJ, Delean S, et al.: Managed relocation as an
aptation strategy for mitigating climate change threats to the persistence of

an endangered lizard. Glob Chang Biol. 2012; 18(9): 2743-55.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Mclntyre S: Ecological and anthropomorphic factors permitting low-risk

assisted colonization in temperate grassy woodlands. Biol Conserv. 2011;

144(6): 1781-9.

Publisher Full Text

Schwartz MW, Hellmann JJ, McLachlan JM, et al.: Managed Relocation:

Integrating the Scientific, Regulatory, and Ethical Challenges. BioScience.

2012; 62(8): 732—43.

Publisher Full Text

Klenk NL: The development of assisted migration policy in Canada: An

analysis of the politics of composing future forests. Land Use Policy. 2015; 44:

101-9.

Publisher Full Text

Klenk NL, Larson BMH: The assisted migration of western larch in British
Columbia: A signal of institutional change in forestry in Canada? Glob Environ
Change. 2015; 31(0): 20-7.

Publisher Full Text

Thomas CD: Translocation of species, climate change, and the end of
trying to recreate past ecological communities. Trends Ecol Evo. 2011; 26(5):
216-21.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Page 7 of 9


http://dx.doi.org/10.1111/j.1365-2664.2009.01695.x
http://www.ncbi.nlm.nih.gov/pubmed/19549219
http://dx.doi.org/10.1111/j.1523-1739.2009.01264.x
http://www.ncbi.nlm.nih.gov/pubmed/19432646
http://dx.doi.org/10.1111/j.1749-6632.2009.04147.x
http://dx.doi.org/10.1016/j.biocon.2008.10.006
http://www.ncbi.nlm.nih.gov/pubmed/18686581
http://dx.doi.org/10.1890/07-0507.1
http://dx.doi.org/10.1111/j.1365-2664.2008.01569.x
http://dx.doi.org/10.1890/10-2206.1
http://www.ncbi.nlm.nih.gov/pubmed/22471077
http://dx.doi.org/10.1890/11-0213.1
http://dx.doi.org/10.3368/er.30.4.312
http://www.ncbi.nlm.nih.gov/pubmed/23410037
http://dx.doi.org/10.1111/cobi.12014
http://dx.doi.org/10.1080/14888386.2008.9712902
http://dx.doi.org/10.1111/j.1472-4642.2009.00601.x
http://dx.doi.org/10.1111/j.1755-263X.2011.00177.x
http://www.ncbi.nlm.nih.gov/pubmed/14712274
http://dx.doi.org/10.1038/nature02121
http://f1000.com/prime/724133806
http://www.ncbi.nlm.nih.gov/pubmed/23950785
http://dx.doi.org/10.1371/journal.pone.0065427
http://www.ncbi.nlm.nih.gov/pmc/articles/3680427
http://f1000.com/prime/724133806
http://dx.doi.org/10.1038/nclimate2455
http://dx.doi.org/10.1038/nclimate2113
http://f1000.com/prime/725266580
http://www.ncbi.nlm.nih.gov/pubmed/25263856
http://dx.doi.org/10.1111/gcb.12721
http://f1000.com/prime/725266580
http://f1000.com/prime/718273117
http://www.ncbi.nlm.nih.gov/pubmed/24512339
http://dx.doi.org/10.1111/cobi.12234
http://f1000.com/prime/718273117
http://www.ncbi.nlm.nih.gov/pubmed/22116846
http://dx.doi.org/10.1126/science.334.6059.1040
https://ipcc-wg2.gov/AR5/report/
http://f1000.com/prime/720603132
http://www.ncbi.nlm.nih.gov/pubmed/20513710
http://dx.doi.org/10.1098/rstb.2010.0021
http://www.ncbi.nlm.nih.gov/pmc/articles/2880129
http://f1000.com/prime/720603132
http://dx.doi.org/10.1111/j.1365-2907.2012.00214.x
http://dx.doi.org/10.1111/j.1365-2486.2009.02021.x
http://dx.doi.org/10.1038/ngeo1090
http://dx.doi.org/10.1111/j.1755-263X.2012.00306.x
http://www.habitat.noaa.gov/pdf/scanning_the_conservation_horizon.pdf
http://dx.doi.org/10.1002/wsb.399
http://f1000.com/prime/718020124
http://www.ncbi.nlm.nih.gov/pubmed/21454781
http://dx.doi.org/10.1126/science.1200303
http://f1000.com/prime/718020124
https://portals.iucn.org/library/efiles/documents/2013-009.pdf
http://f1000.com/prime/1075773
http://www.ncbi.nlm.nih.gov/pubmed/17391179
http://dx.doi.org/10.1111/j.1523-1739.2007.00676.x
http://f1000.com/prime/1075773
http://f1000.com/prime/1160249
http://www.ncbi.nlm.nih.gov/pubmed/19324453
http://dx.doi.org/10.1016/j.tree.2008.12.006
http://f1000.com/prime/1160249
http://www.ncbi.nlm.nih.gov/pubmed/19595475
http://dx.doi.org/10.1016/j.tree.2009.05.008
http://www.ncbi.nlm.nih.gov/pubmed/19627304
http://dx.doi.org/10.1111/j.1523-1739.2009.01200.x
http://www.ncbi.nlm.nih.gov/pubmed/19595474
http://dx.doi.org/10.1016/j.tree.2009.05.007
http://dx.doi.org/10.1016/j.biocon.2011.04.031
http://dx.doi.org/10.1111/aec.12163
http://dx.doi.org/10.1525/bio.2011.61.9.10
http://f1000.com/prime/720190864
http://www.ncbi.nlm.nih.gov/pubmed/18635780
http://dx.doi.org/10.1126/science.1157897
http://f1000.com/prime/720190864
http://f1000.com/prime/723916727
http://www.ncbi.nlm.nih.gov/pubmed/19509337
http://dx.doi.org/10.1073/pnas.0902327106
http://www.ncbi.nlm.nih.gov/pmc/articles/2694035
http://f1000.com/prime/723916727
http://dx.doi.org/10.1038/nclimate1170
http://f1000.com/prime/718267867
http://www.ncbi.nlm.nih.gov/pubmed/24501053
http://dx.doi.org/10.1111/j.1365-2486.2012.02742.x
http://f1000.com/prime/718267867
http://dx.doi.org/10.1016/j.biocon.2011.03.023
http://dx.doi.org/10.1525/bio.2012.62.8.6
http://dx.doi.org/10.1016/j.landusepol.2014.12.003
http://dx.doi.org/10.1016/j.gloenvcha.2014.12.002
http://f1000.com/prime/720492627
http://www.ncbi.nlm.nih.gov/pubmed/21411178
http://dx.doi.org/10.1016/j.tree.2011.02.006
http://f1000.com/prime/720492627

84.

85.

86.

87.

88.

89.

90.

Seddon PJ, Griffiths CJ, Soorae PS, et al.: Reversing defaunation: restoring
species in a changing world. Science. 2014; 345(6195): 406—12.
PubMed Abstract | Publisher Full Text

Kareiva P, Marvier M: What Is Conservation Science? BioScience. 2012; 62(11):
962-9.
Publisher Full Text

Soule M: Also seeking common ground in conservation. Conserv Biol. 2014;
28(3): 637-8.
PubMed Abstract | Publisher Full Text

Soulé M: The “new conservation”. Conserv Biol. 2013; 27(5): 895-7.
Publisher Full Text

Tallis H, Lubchenco J: Working together: A call for inclusive conservation.
Nature. 2014; 515(7525): 27-8.
PubMed Abstract | Publisher Full Text

Jones HP, Hole DG, Zavaleta ES: Harnessing nature to help people adapt to
climate change. Nat Clim Change. 2012; 2: 504-9.
Publisher Full Text

Hobbs RJ, Higgs E, Hall CM, et al.: Managing the whole landscape: historical,
hybrid, and novel ecosystems. Front Ecol Environ. 2014; 12(10): 557-64.
Publisher Full Text

F1000Research 2015, 4(F1000 Faculty Rev):1158 Last updated: 25 MAY 2016

91.

92.

93.

94.

95.

96.

Arkema KK, Guannel G, Verutes G, et al.: Coastal habitats shield people and
property from sea-level rise and storms. Nat Clim Change. 2013; 3(10): 913-8.
Publisher Full Text

Lunt ID, Byrne M, Hellmann JJ, et al.: Using assisted colonisation to conserve
biodiversity and restore ecosystem function under climate change. Bio/
Conserv. 2013; 157: 172-7.

Publisher Full Text

Watson JEM: Human Responses to Climate Change will Seriously Impact
Biodiversity Conservation: It’s Time We Start Planning for Them. Conserv Lett.
2014; 7(1): 1-2.

Publisher Full Text

Wyett K: Escaping a Rising Tide: Sea Level Rise and Migration in Kiribati. Asia
Pac Policy Stud. 2014; 1(1): 171-85.

Publisher Full Text

Birk T, Rasmussen K: Migration from atolls as climate change adaptation:
Current practices, barriers and options in Solomon Islands. Nat Resour Forum.
2014; 38(1): 1-13.

Publisher Full Text

Chornesky EA, Ackerly DD, Beier P, et al.: Adapting California’s Ecosystems to a
Changing Climate. BioScience. 2015; 65(3): 247-62.

Publisher Full Text

Page 8 of 9


http://www.ncbi.nlm.nih.gov/pubmed/25061203
http://dx.doi.org/10.1126/science.1251818
http://dx.doi.org/10.1525/bio.2012.62.11.5
http://www.ncbi.nlm.nih.gov/pubmed/24702594
http://dx.doi.org/10.1111/cobi.12293
http://dx.doi.org/10.1111/cobi.12147
http://www.ncbi.nlm.nih.gov/pubmed/25373659
http://dx.doi.org/10.1038/515027a
http://dx.doi.org/10.1038/nclimate1463
http://dx.doi.org/10.1890/130300
http://dx.doi.org/10.1038/nclimate1944
http://dx.doi.org/10.1016/j.biocon.2012.08.034
http://dx.doi.org/10.1111/conl.12083
http://dx.doi.org/10.1002/app5.7
http://dx.doi.org/10.1111/1477-8947.12038
http://dx.doi.org/10.1093/biosci/biu233

FIOOOResearch F1000Research 2015, 4(F1000 Faculty Rev):1158 Last updated: 25 MAY 2016

Open Peer Review

Current Referee Status: l_ J [_ J [_ J

Editorial Note on the Review Process

F1000 Faculty Reviews are commissioned from members of the prestigious F1000 Faculty and are edited as a
service to readers. In order to make these reviews as comprehensive and accessible as possible, the referees
provide input before publication and only the final, revised version is published. The referees who approved the
final version are listed with their names and affiliations but without their reports on earlier versions (any comments
will already have been addressed in the published version).

The referees who approved this article are:

1 Bruce Stein, Climate Adaptation and Resilience, National Wildlife Federation, Washington, DC, USA
Competing Interests: No competing interests were disclosed.

2 A Townsend Peterson, Biodiversity Institute and Department of Ecology and Evolutionary Biology, The
University of Kansas, Lawrence, KS, USA
Competing Interests: No competing interests were disclosed.

3 Paul Beier, School of Forestry, Northern Arizona University, Flagstaff, AZ, USA
Competing Interests: No competing interests were disclosed.

Page 9 of 9


http://f1000research.com/channels/f1000-faculty-reviews/about-this-channel
http://f1000.com/prime/thefaculty

