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Refugia — areas that may facilitate the persistence of species during large-scale, long-term climatic change -
are increasingly important for conservation planning. There are many methods for identifying refugia, but
the ability to quantify their potential for facilitating species persistence (ie their “capacity”) remains elusive.
We propose a flexible framework for prioritizing future refugia, based on their capacity. This framework can
be applied through various modeling approaches and consists of three steps: (1) definition of scope, scale,
and resolution; (2) identification and quantification; and (3) prioritization for conservation. Capacity is
quantified by multiple indicators, including environmental stability, microclimatic heterogeneity, size, and
accessibility of the refugium. Using an integrated, semi-mechanistic modeling technique, we illustrate how
this approach can be implemented to identify refugia for the plant diversity of Tasmania, Australia. The high-
est-capacity climate-change refugia were found primarily in cool, wet, and topographically complex envi-
ronments, several of which we identify as high priorities for biodiversity conservation and management.
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efugia are locations where species may retreat (or

migrate) to and persist in during large-scale and long-
term climatic change; species therein have the potential to
recolonize the surrounding areas should the external cli-
matic conditions become favorable again (Keppel et al.
2012). Thus, refugia offer a suite of abiotic attributes — in
time and space — suitable for particular species. These habi-
tats become critical when conditions in the surrounding
landscape no longer support the species (Ashcroft 2010;
Keppel and Wardell-Johnson 2012). Ongoing anthro-
pogenic climate change is rapidly altering environmental

In a nutshell:

* Refugia are habitats to which species can retreat in the face of
climatic and other types of environmental change, thereby
allowing them to persist

® The capacity of climate refugia must be determined to prioritize
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® We propose a framework to prioritize climate-change refugia
effectively

® We use high-resolution spatial data on plant diversity and
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framework can be applied to identify the most important cli-
mate-change refugia
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conditions, with considerable impacts on the distribution
and ecology of species and ecosystems (Parmesan and Yohe
2003; Rosenzweig et al. 2008). As a result, refugia are
becoming increasingly important in conservation planning
(Loarie et al. 2008; Klein et al. 2009) and may offer the only
means of survival for many species.

Identifying the location and spatial extent of future refu-
gia, and quantifying the abiotic attributes that may protect
particular species (henceforth referred to as the “capacity”
of refugia), are essential to realizing their potential for
helping species adapt to climate change (Keppel and
Wardell-Johnson 2012; Reside et al. 2014). Here we pro-
pose a three-step framework that (1) defines the scope,
scale, and resolution of potential refugia; (2) identifies
potential refugia and quantifies their attributes; and (3)
prioritizes potential refugia according to their conservation
importance (Figure 1). We demonstrate the usefulness of
this framework by applying it to identify climate-change
refugia for maintaining native plant diversity of the State
of Tasmania, Australia, using a semi-mechanistic, commu-
nity-level biodiversity modeling approach that combines
both correlative and process-based components (Mokany
and Ferrier 2011; Mokany et al. 2012).

B Defining scope, scale, and resolution

What constitutes a refugium depends on the temporal and
spatial scales relevant to the persistence of the target
species, as well as on the specific threats to the species.
There are considerable differences in the types and magni-
tudes of climate-change threats in different regions
(Solomon et al. 2007). Species also respond individually to
changes in climatic variables (Stewart et al. 2010), and will
therefore likely have varying requirements for refugia. For
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example, although warming tem-
peratures are a major concern
globally, cold-adapted species in
mountainous regions and at
higher latitudes are especially sen-
sitive to such shifts (Rosenzweig
et al. 2008; Ackerly et al. 2010).
Refugia are dynamic entities that
will change in both size and
resilience as regional climate

changes (Hampe and Petit 2005),
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of a refugium will involve decid-
ing both the extent of the area to
be investigated and the resolu-
tion of the topographic and cli-
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of the target species, while the
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Figure 1. Conceptual diagram illustrating a flexible framework for the prioritization of future
climate-change refugia for conservation planning.

ments. Downscaling coarse-scale
climatic models to finer resolutions through the use of
detailed topographic maps and microclimatic data may be
required for this process (Austin and Van Niel 2011;
Franklin et al. 2013; Storlie et al. 2013), but the resulting
fine-grain environmental layers may still contain inaccu-
racies due to regional weather patterns (eg wind speed or
temperature inversions; Ashcroft et al. 2009).

From a conservation planning perspective, it will first be
necessary to outline a management time frame over which
to define a refugium. Because refugia are meant to protect
species against long-term changes, this time span should
generally be as long as possible. However, the uncertainty
associated with climate predictions increases over time,
with climate models’ trajectories of atmospheric green-
house-gas emissions becoming increasingly divergent and
unreliable. Because the projections of climate-change
impacts beyond the next century are tenuous (Kujala et al.
2013), the temporal scale of analysis for identifying future
refugia should not exceed 100 years. Such a limited projec-
tion period is less than one generation for many long-lived
organisms (eg Lara and Villalba 1993), and is unlikely to
include the most extreme conditions that could occur.
Current efforts to identify refugia based on projections are
therefore inherently limited by their temporal scale.

Scope, scale, and resolution for identifying
Tasmanian refugia

The State of Tasmania consists of one large and several
smaller islands (total area = 68 401 km?) to the southeast
of mainland Australia (latitude 42°01’S, longitude

146°36’ E). Our analysis extends previous research, which
applied a semi-mechanistic macroecological modeling
approach — M-SET (Metacommunity — Space, Environ-
ment, Time) — to project climate-change outcomes
for the entire Tasmanian flora (2051 species) distributed
among a variety of habitats (Figure 2) at fine spatial
(250-m grid cell) and temporal (annual) scales (Mokany
etal. 2012).

Given that rare species are at greater risk of extinction
under climate change and are typically the primary target
for conservation (Thomas et al. 2004; Malcolm et al.
2006), we focused our analysis on refugia for “less wide-
spread” Tasmanian plant species. We defined these “less
widespread” species as those whose current (as of 2010)
estimated area of occurrence is in the lower three quar-
tiles of all Tasmanian plant species (1538 of the total
2051 species). These include many species endemic to
Tasmania, such as the King Billy pine (Athrotaxis selagi-
noides), huon pine (Lagarostrobos franklinii), celery-top
pine (Phyllocladus aspleniifolius), and Australia’s only
native winter-deciduous species, the tanglefoot beech
(Nothofagus gunnii) (Figures 2 and 3).

The overlap of refugia for multiple target species pro-
vides key areas for prioritization with broad applicability
for conservation. Our analysis considers the projections
from two climate-change models — CSIRO mk3.5
(Commonwealth Scientific and Industrial Research
Organisation’s global climatic model) and MIROCS3.2
(medres) (Model for Interdisciplinary Research on
Climate) — run for the A2 emission scenario, which
assumes a continued economic (and less environmental)
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the use of paleoecological and
genetic data (eg Kirkpatrick
and Fowler 1998; McKinnon et
al. 2004), but these refugia
$ have limited relevance for the
future, given that predicted cli-
mates are warmer than those
experienced during the period
considered in these studies. In
addition, potential future refu-
gia may be identified by inves-
tigating contemporary resource
availability and climatic and
disturbance processes (Mackey
et al. 2012; Schut et al. 2014).
By enabling the rapid inves-
tigation of extensive areas,
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Figure 2. Four notable Tasmanian habitats and associated species include: (a) open snow gum
(Eucalyptus pauciflora) forest of the south-central plateau; (b) alpine habitat of the endemic

remote sensing and spatial
analysis are increasingly being
relied on to detect such refugia
(Ashcroft et al. 2012; Mackey
N5 et al. 2012). Alternatively,
models can be used to forecast
species distributions and to
compare likely future and cur-
rent distributions of species (eg

Franklin et al. 2013). The wide

G Wardell-John

tanglefoot beech (Nothofagus gunnii) and King Billy pine (Athrotaxis selaginoides); (c) geographic variation in the

rainforest and riverine habitat notable for the endemic huon pine (Lagarostrobos franklinii),

spatial configuration of cli-

celery-top pine (Phyllocladus aspleniifolius), and horizontal scrub (Anodopetalum mate-change velocities (the

biglandulosum); and (d) coastal heath habitat.

rates of displacement of cli-

focus with regional development. The climate projec-
tions were dynamically downscaled to 0.1° using the
CSIRO stretched-grid global atmospheric model (CCAM:
Conformal Cubic Atmospheric Model; Corney et al.
2010; Grose et al. 2010). Our time horizon is set to 2100,
this being the maximum time span for which future cli-
mate projections were available. Both climate models
project similar average changes in annual precipitation
between the present and 2100 (+5% and +2% for CSIRO
mk3.5 and MIROCS3.2, respectively), but MIROC3.2 pro-
jects substantially less intense warming (change in mean
annual temperature +3.24 °C and +2.76 °C for CSIRO
mk3.5 and MIROC3.2, respectively).

B Identification and quantification

There has been considerable progress recently in identifying
potential future refugia (Ashcroft et al. 2012; Keppel et dl.
2012). Historical refugia have mostly been identified using
ecological, genetic, and paleobiological patterns (Keppel et
al. 2012). However, these methods may be of limited rele-
vance for identifying future refugia, because past climatic
changes differ from those occurring now (Williams et al.
2007). For instance, in Tasmania some historical refugia
have been identified for the last glacial maximum through

matic conditions over the
Earth’s surface; Sandel et al. 2011) may also be used to iden-
tify refugia. Areas with low climate-change velocities are
often important historical refugia and may therefore be
important future refugia as well (eg Sandel et al. 2011).
Although any location in a landscape may be a potential
refugium for some species at some point in time, the capac-
ity of various locations to act as refugia will differ widely.
Potential capacity will depend primarily on the degree of
climatic buffering provided (Ashcroft et al. 2012) but also
on the ability of the location to sustain sufficiently large
populations, as well as on refugial accessibility, given the
current distribution of target species. The influence of
these attributes on capacity can be quantified by evaluat-
ing the environmental stability, microclimatic heterogene-
ity (the variability of climate at fine scales, often due to
topographic features), size, and accessibility of refugia.

Environmental stability

The ability to provide environmental conditions that are
no longer available in the surrounding landscape — a key
characteristic of refugia (Keppel et al. 2012) — may be
facilitated by buffering local “interior” conditions from
regional “exterior” conditions; this is often a function of
local topography. Cold-air pooling (the formation of a
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shallow and cooler air layer near the ground) is
a well-documented case of climatic buffering
and occurs commonly in sheltered mountain
valleys, mostly during winter months and at
night (eg Daly et al. 2010). While such cold-air
pooling will reduce the impacts of regional cli-
matic warming locally, the buffering capacity of
refugia would still be influenced by regional
trends. Quantifying the degree to which local
environmental conditions will change (ie the
environmental stability of the refugium) would
provide a key indicator of the potential capacity
of that habitat.

G Jordan

Microclimatic heterogeneity

Topographical complexity may create unique
microclimates through cooling of air with
increasing altitude, movement of water along
slopes, and shading of solar radiation
(Dobrowski 2011; Ashcroft et al. 2012).
Microclimatic heterogeneity is likely to increase
the chances of survival for species, because the
probability that a suitable climate will be pre-
sent at any point in time increases with increas-
ing diversity of microclimates. Microclimatic
variability is therefore an indicator of the capac-
ity of refugia (Ashcroft et al. 2012). Indeed,
microhabitat variation has been linked to both
species survival (eg Ohlemiiller et al. 2008) and
habitat quality (eg Weiss et al. 1988).

G Wardell-Johnson

Size

When calculating refugial capacity, size is impor-
tant because it defines the ability of a refugium to
sustain viable populations of target species. The
minimum size of a refugium will depend on the
size and ecology of the species (Ashcroft et al.

Figure 3. E
widespread”

xamples of Tasmanian vascular plant species included in (ie “less
— see text for definition) and excluded from (ie “widespread”)
modeling. “Less widespread” species either are endemic to Tasmania (eg [a] Richea
dracophylla — Ericaceae) or also occur outside Tasmania (eg [b] Epacris impressa
— Ericaceae), where they may be widespread and abundant. Excluded,
“widespread”  species may also be endemic to Tasmania (eg [c] Bellendena
montana — Proteaceae) or not (eg [d] Dipodium roseum — Orchidaceae) .

2009). Furthermore, refugia may change in spa-
tial extent with changing climatic conditions over time.
Larger refugia are more likely to support larger populations
and could also facilitate the conservation of species requiring
greater range sizes (Gaston and Blackburn 1996). Such gener-
alizations allow the rapid inclusion of refugium size into
capacity appraisal, which may be desirable if there is a paucity
of detailed information on the target species.

Accessibility

Lack of knowledge about the rate at which populations will
be able to shift their ranges to keep pace with anthro-
pogenic climate change (eg Chen et al. 2011) is a major
disadvantage when trying to identify suitable refugia. In
the context of contemporary conservation planning, the
apparent slowness with which many species appear to have
moved out of their refugia after the last glacial maximum

suggests that predicted rates of climate change will likely
exceed species’ ability to keep pace (Svenning and Skov
2007). Nevertheless, the closer the species is to the
refugium, the smaller the required range shift will be, and
hence the greater the chances of survival. Thus, the prox-
imity of potential future refugia to the target species’ cur-
rent range is an important consideration when prioritizing
areas for conservation, especially for small-range species,
which are likely to be more vulnerable to changing condi-

tions (Ohlemiiller et al. 2008).

Identifying and quantifying refugia for Tasmanian
plants

We used a dynamic macroecological modeling approach
— incorporating multiple indicators (environmental sta-
bility, microclimatic heterogeneity, and accessibility) — to
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Figure 4. Capacity of refugia, as indicated by the number of “I

ess widespread” plant species (see text for definition) predicted to be

supported in each 250-m grid cell across Tasmania in 2100, under climate change, using: (a) the CSIRO mk3.5 (A2 scenario) and

(b) the MIROC3.2 global climatic models. Maps illustrating the

present distribution of the number of “less widespread” plant species

supported in each 250-m grid cell, and the projected change to 2100, are presented in WebFigure 1.

identify both the locations and capacities of climate-
change refugia for Tasmanian plant diversity. This com-
bined approach to assess refugial capacity is based on the
number and identity of target species predicted to be sup-
ported in each assemblage (defined as a 250-m grid cell)
in the year 2100 (under climate change), together with
the combined size of adjacent cells supporting high
species diversity in 2100. Under this approach, commu-
nity-level models of species richness (a-diversity) and
compositional dissimilarity (B-diversity) were fitted,
including fine-scale climate, topography, and substrate
information. These models were projected spatially, and
combined with all available occurrence data to predict
the current composition of each grid cell (which is not
known for most grid cells) using the DynamicFOAM
algorithm (Mokany et al. 2011). These predictions of cur-
rent assemblage composition then form the initial condi-
tions for the M-SET metacommunity model. M-SET
integrates the processes of dispersal and community
assembly with future projections of species richness and
compositional dissimilarity models to predict change in
the composition of each grid cell over time (Mokany et al.
2012). In the present analyses, all 2051 Tasmanian plant
species were included in the model, but outcomes were
examined only for the less widespread 1538 species.
Assemblages (grid cells) where the largest numbers of less-
widespread species either persisted, or retreated to, by the
end of the simulation possessed the greatest capacity as refu-
gia (Figure 4). The modeling approach, which is partially
driven by fine-scale environmental conditions and the pro-
jected shifts of those conditions under climate change,
inherently incorporates environmental stability and micro-
climatic variation. Furthermore, the model directly includes
dispersal processes and metacommunity dynamics, thus

accounting for changes in the size and accessibility of habi-
tats over time. In this case, therefore, microclimate varia-
tion, environmental stability, size, and accessibility are all
directly integrated into the modeling approach, and do not
need to be considered separately. The results (Figure 4) allow
further assessment of the size of refugia, based on the number
of contiguous grid cells of high capacity (Figure 5).

M Prioritization

Determining when to classify an area as potential refugial
habitat needs to be carefully considered for each study,
and depends on the target species, the geographical set-
ting, and the predicted intensity of climate change. The
highest-capacity refugia can be prioritized for conserva-
tion and management to maximize their contribution in
supporting biodiversity as the climate changes. However,
for conservation planning, additional factors require con-
sideration. These include the economic costs of acquiring
and/or managing the land hosting the refugium, social
considerations relating to landowners and stakeholders,
the integration of the refugium into existing conservation
frameworks and priorities, and any degradation or frag-
mentation due to previous anthropogenic activities (Vos

et al. 2008; Klein et al. 2009).

Prioritizing refugia for Tasmanian plant biodiversity

Our analyses indicate that, for both climate models
(CSIRO mk3.5 and MIROCS3.2), the highest-capacity
refugia for Tasmanian plants under climate change are
generally located in higher elevation, topographically
complex areas in the southwest portion of the main island
in the Tasmanian archipelago (Figure 4). Our results con-
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Figure 5. The ten areas of highest capacity as refugia in Tasmania, defined as the largest contiguous areas predicted to support 20 or
more of the “less widespread” plant species to 2100, under climate change, using: (a) the CSIRO mk3.5 (A2 scenario) and (b) the

MIROCS3.2 global climatic models.

cur with the findings of other researchers (eg Ashcroft et
al. 2012), who have shown that topographical complexity
can indicate locations likely to harbor important future
refugia. These topographically complex areas are usually
cooler and wetter than their surroundings.

As a simple demonstration of how these projections
can be used to identify high-priority areas for conserva-
tion and management, we determined the ten largest
contiguous areas of high-capacity climate-change refugia
for plant diversity in Tasmania (Figure 5). Despite the rel-
atively small area that these high-capacity refugia cover,
about 95% of the “less widespread” plant species are pre-
dicted to occur within these ten areas in 2100 (Figure 5).
The ten areas occur primarily among contiguous habitat
patches within the existing protected area network and
provide a focus for ongoing threat management activities
(eg controlling alien species, strategic fire management).
In the climate model with the mildest temperature pro-
jections for 2100 (MIROC3.2), an additional high-prior-
ity refugium was located on the smaller islands to the
northeast of Tasmania. The greater importance of these
smaller islands in milder temperature scenarios was sup-
ported when a milder-warming scenario (B1) was applied

to the CSIRO mk3.5 model (WebFigure 2).

M Discussion

The framework we describe here quantifies the relative
capacity of refugia by integrating information about their
environmental stability, microclimatic heterogeneity,
size, and accessibility. Together, these form the minimum
set of capacity indicators that should be considered,
although other factors, such as current level of habitat
disturbance, may also be important. A previous attempt
to quantify the capacity of refugia focused primarily on

environmental stability and microclimatic variability
(Ashcroft et al. 2012). Our framework also emphasizes the
importance of clearly defining the taxonomic, geo-
graphic, and temporal scale of the study.

Our approach integrates outcomes for all species and
several capacity indicators. It is therefore unsuitable for
discerning the fate of an individual species of particular
conservation concern. Species distribution modeling —
through the use of climate-plus-terrain models, with clear
identification of the habitat and dispersal potential of the
species (Austin and Van Niel 2011) — would be more
appropriate for this purpose.

The degree to which the actual distribution of refugia
corresponds with projected distributions will also depend
on stochastic factors, especially the interacting influences
of disturbance and climate change (Bradstock 2010). In
Tasmania, the distribution of rainforest on nutrient-poor
soils is related to topographic fire refugia, with topogra-
phy mediating the fire—vegetation feedbacks that main-
tain vegetation mosaics (Wood et al. 2011). The evolu-
tionary impacts of fire in our case study have been
partially incorporated into the results, because the dri-
ving models of species richness and compositional dissim-
ilarity implicitly account for intrinsic relationships
between fire and environmental conditions (Bradstock
2010; Wood et al. 2011). Nevertheless, future fire regimes
are likely to be quite different from those that currently
prevail in the region, adding uncertainty to our projec-
tions (Bradstock 2010). The flexible, multidisciplinary
approach we propose above helps in quantifying the
capacity of refugia, thereby facilitating their integration
into conservation planning and modeling. Our case study
demonstrates the utility of this framework for defining,
identifying, and prioritizing refugia for conserving bio-
diversity under rapid climate change.
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