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Summary
1. Rapid environmental change is placing increasing pressure on the survival of many species

globally. Ecological refuges can mitigate the impacts of change by facilitating the survival or
persistence of organisms in the face of disturbance events that would otherwise lead to their
mortality, displacement or extinction. Refuges may have a critical influence on the successional trajectory and resilience of ecosystems, yet their function remains poorly understood.
2. We review and describe the role of refuges in faunal conservation in the context of fire, a
globally important disturbance process.
3. Refuges have three main functions in relation to fire: they enhance immediate survival
during a fire event, facilitate the persistence of individuals and populations after fire and assist
in the re-establishment of populations in the longer term. Refuges may be of natural or
anthropogenic origin, and in each case, their creation can arise from deterministic or stochastic processes. The specific attributes of refuges that determine their value are poorly known,
but include within-patch attributes relating to vegetation composition and structure; patchscale attributes associated with their size and shape; and the landscape context and spatial
arrangement of the refuge in relation to fire patterns and land uses.
4. Synthesis and applications. Refuges are potentially of great importance in buffering the
effects of wildfire on fauna. There is an urgent need for empirical data from a range of ecosystems to better understand what constitutes a refuge for different taxa, the spatial and temporal dynamics of species’ use of refuges and the attributes that most influence their value to
fauna. Complementary research is also required to evaluate threats to naturally occurring refuges and the potential for management actions to protect, create and enhance refuges.
Knowledge of the spatial arrangement of refuges that enhance the persistence of fire-sensitive
species will aid in making decisions concerning land and fire management in conservation
reserves and large natural areas. Global change in the magnitude and extent of fire regimes
means that refuges are likely to be increasingly important for the conservation of biodiversity
in fire-prone environments.
Key-words: biodiversity, biological legacies, disturbance, prescribed fire, residual habitat,
unburnt patch, wildfire

Introduction
Globally, the survival of many species is under mounting
pressure from environmental change, including the
impacts of habitat loss and modification, invasive species,
*Correspondence author. E-mail: nm3robinson@students.latrobe.
edu.au

overexploitation of resources and climate change (Lindenmayer & Fischer 2006; Brook, Sodhi & Bradshaw 2008).
Such anthropogenic pressures can modify the temporal
and spatial dynamics of natural disturbance regimes, placing the inherent resilience of ecosystems under greater
stress (McKenzie et al. 2004; Brook, Sodhi & Bradshaw
2008). The ability of species to cope with change arising
from disturbance will depend on their ecological and
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life-history attributes (Sousa 1984). Species with low dispersal capabilities are less able to directly avoid rapid
shocks and will be at increased risk of mortality unless
they possess other adaptations (e.g. behaviours or physiologies) that allow them to survive in situ (Whelan 1995).
Specific components of a landscape that endure (or
escape) change caused by a disturbance can lessen the
impacts of environmental shocks on organisms and
increase their likelihood of surviving: these components
are commonly referred to as refuges (e.g. Lindenmayer
et al. 2009; Brennan, Moir & Wittkuhn 2011). Refuges
may have a critical influence on the successional trajectory
and resilience of ecosystems to disturbance events. Consequently, if the specific properties of high-quality refuges
can be successfully identified, then these areas can be
located and managed to ameliorate against major environmental pressures.
Refuges are defined here as habitat features within a
landscape that facilitate the survival or persistence of
organisms (or species) in the face of a disturbance event
that would otherwise result in their mortality, displacement or extinction (see also Mackey et al. 2002). We
review the concept and role of refuges in faunal conservation in the context of fire. Fire profoundly influences the
structure and composition of ecosystems, and the
distribution and abundance of organisms globally (Bond,
Woodward & Midgley 2005). The impact of fire is inherently heterogeneous (Burton et al. 2008). This reflects
variation in fire regimes (i.e. fire intensity, time since fire,
interfire interval, season of burning: Gill 1975) and in the
spatial pattern of fires (e.g. their size, shape and context
of unburnt vegetation). The occurrence of refuges is an
element of this heterogeneity. Thus, the relationship
between refuges, disturbance regimes and the environment
involves complex interactions that are both spatially and
temporally dynamic.
In the context of fire, refuges typically occur at relatively small spatial scales (e.g. forest patches, logs, burrows) within the fire boundary. They may occur as
isolated patches or as peninsulas surrounded by the burnt
matrix (Perera, Buse & Routledge 2007), but are distinct
from large tracts of unburnt vegetation adjacent to the
fire boundary. Conceptually, refuges partially overlap with
the idea of ‘biological legacies’ (Franklin et al. 2000).
However, the latter concept is broader and refers to all
biological or biologically derived features that persist following disturbance (including organisms themselves) and
the range of functions these may fulfil. Whilst some biological legacies can act as refuges (e.g. hollow trees, undisturbed patches of vegetation), others have extremely
limited capacity to fulfil this role (e.g. plant propagules,
faeces). In addition, there are features that function as refuges that are not biological in origin (e.g. rock outcrops).
In many fire-prone environments, synergies with
anthropogenic threats, such as habitat fragmentation and
invasive species, suggest that present-day impacts of fire
potentially are greater than those experienced by species

during their evolutionary history (Brook, Sodhi &
Bradshaw2008). In these circumstances, refuges may have
an even greater role in sustaining species and communities. Further, with global climate change, fire-prone
regions are predicted to differentially experience changes
in the length of fire seasons and the frequency and/or
intensity of wildfires (Flannigan et al. 2009). This may
increase the importance of refuges for the persistence of
fire-sensitive fauna, whilst potentially also decreasing the
likelihood of refuges existing (McKenzie et al. 2004). The
limited understanding of the role of refuges and the factors that determine their value for the persistence of biota
in fire-prone landscapes means that land managers have
little guidance for incorporating the maintenance or creation of refuges into fire planning.
We outline a conceptual model of the functions of refuges in relation to fire, describe the origins of refuges,
review current understanding of the factors that influence
the value of refuges for fauna and identify knowledge
gaps. We acknowledge that some species are dependent
on fire, being either pyrophilic or associated with early
postfire successional stages (e.g. Hutto 2008), but focus
here on species that are likely to do less well in a world
experiencing more frequent and severe fires.

Refuges and their role in survival and postfire
recovery of fauna
Refuges have three primary roles in relation to fire:
(i) they enable survival of organisms during and immediately after a fire event; (ii) they facilitate in situ persistence
of organisms and populations within the fire boundary;
and (iii) they assist the re-establishment of populations
within the burnt area as it recovers. The length of time
that a specific habitat component may fulfil a refuge role
for an organism will vary, and through time, organisms
and populations may use different habitat components for
different roles.
SURVIVAL DURING A FIRE

The likelihood of immediate survival of an individual during a fire will be influenced by the severity of the fire, the
individual’s location in relation to potential refuges in the
landscape and the physical or behavioural mechanisms
the organism may use to avoid direct flames and radiant
heat (Friend 1993; Whelan 1995).
Numerous studies have linked postfire population sizes
with fire severity (e.g. Smucker, Hutto & Steele 2005). Individual survival may be relatively high after low intensity or
patchy fires in which vegetative components remain
unburnt or only partially burnt (Ford et al. 1999; Brennan,
Moir & Wittkuhn 2011). In contrast, severe fires can result
in large declines in population sizes (Newsome, McIlroy &
Catling 1975; Banks et al. 2011; Couturier et al. 2011).
Species that live permanently within less flammable
habitats (e.g. rock outcrops, rain forest gullies) may rarely
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have direct contact with fire (Whelan 1995). For other
species, individuals may either seek out or fortuitously be
present within a refuge when the fire passes (Grafe,
D€
obler & Linsenmair 2002; Garvey et al. 2010). Individual or social behaviour can also influence access to refuges and affect survival rates (Whelan et al. 2002). For
example, swamp wallabies Wallabia bicolor moved to
moist creekline vegetation during a fire, and then, individuals doubled back through the fire front to safety in
burned areas (Garvey et al. 2010). Savanna chimpanzees
Pan troglodytes verus exhibit a complex suite of behaviours in avoiding fire, including individuals apparently
warning other group members of approaching fire and
monitoring the progress of fires at close range (Pruetz &
LaDuke 2010).
PERSISTENCE OF INDIVIDUALS AND POPULATIONS
POSTFIRE

Whilst all animals must avoid the immediate passage of
fire, by using either a refuge or fleeing, refuges can also
facilitate the postfire persistence of individuals and populations within the burned landscape. The importance of
refuges for the species’ persistence depends on the degree
to which they provide resources that, otherwise, are
unavailable in the burnt matrix. Species exhibit a continuum of levels of reliance on refuges for postfire persistence (e.g. Legge et al. 2008), and at least five patterns of
refuge use can be recognized.
First, individuals may use a refuge temporarily to
survive the fire front, but then live within the burned area
with no further dependence on the refuge (e.g. Garvey
et al. 2010). Second, individuals may persist within the
burned area, albeit at a reduced density, assisted by the
presence of postfire legacies (e.g. partly burned logs,
stumps) that provide physical refuge or shelter (Banks
et al. 2011). Third, individuals of some species may survive postfire by using both unburnt refuge habitat and
adjacent burned areas (Fraser et al. 2003). Such species
are likely to be favoured by fine-grained fire mosaics.
Fourth, persistence of a species may depend primarily on
unburned patches of vegetation to meet all their resource
requirements in the short term (up to several years)
(Watson et al. 2012a), before they gradually recolonize
the surrounding environment. Lastly, species that are
late-successional specialists may depend on unburned refuges for many years. For example, the Mallee Emu-wren
Stipiturus mallee is essentially absent from burned vegetation until at least 17 years postfire (Brown, Clarke &
Clarke 2009). In the absence of suitable refuges, such
specialists will be at high risk of local extinction (Silveira
et al. 1999; Peres, Barlow & Haugaasen 2003).
RE-ESTABLISHMENT OF POPULATIONS

In the longer term, refuges may contribute to re-establishment of populations in extensively burned landscapes in

two ways: as a source for population expansion from
within the fire boundary and by facilitating the colonization of individuals from outside the fire boundary (Banks
et al. 2011; Watson et al. 2012a).
If a species survives and persists within refuges, this
offers the potential for population expansion into the surrounding landscape from multiple dispersed nuclei when
conditions in the burnt environment become suitable
(Watson et al. 2012a). Little is known, however, of the
spatial dynamics of species in such situations, despite the
potential importance in recolonization processes (Banks
et al. 2011). Depending on the spatial isolation of refuges
relative to the mobility of the organism, spatial population
structure within the burned landscape may vary through
time along a gradient from a series of disjunct isolated
populations, to a metapopulation and to a patchy population linked by frequent movements (Templeton, Brazeal &
Neuwald 2011; Driscoll, Whitehead & Lazzari 2012).
Alternatively, refuges may facilitate colonization by
individuals from outside the fire boundary, by providing
resources in the short term (food, shelter) or longer term
(resident habitat). The distance from the fire boundary
and the spatial arrangement of refuges within the burned
area will influence the rate and capacity for colonization
by different species (Turner et al. 1998). Refuges close to
the boundary are more likely to be occupied (Watson
et al. 2012a).

Origins of refuges
Refuges can be created by natural processes, or by human
manipulation of the environment, often with the intent of
conserving organisms and communities. In both cases, the
processes giving rise to refuges may be deterministic or
stochastic.
NATURAL REFUGES

Patches of unburnt vegetation and features such as logs and
rock outcrops that provide refuge occur naturally in burned
landscapes (Burton et al. 2008). Few studies have quantified
the proportion of vegetation remaining unburnt during wildfires. Reported values range from as little as approximately
1–22%, of the fire-affected landscape, with this value largely
depending on weather conditions during the fire and
landscape characteristics (Rom
an-Cuesta, Gracia & Retana
2009; Madoui et al. 2010; S.W.J. Leonard, A.F. Clarke &
M.F. Bennett, in review).
Due to the influence of topographic position and environmental features, unburnt patches often occur in a nonrandom (deterministic) manner (Mackey et al. 2002;
Bradstock et al. 2005). Typically, the vegetation differs in
composition or moisture content from that in the surrounding fire-prone landscape, such as moist gullies
within temperate eucalypt forests (Penman et al. 2007),
rain forest patches within savanna woodlands (Bowman
2000) or deciduous forest within mixedwood boreal
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forests (Burton et al. 2008). In some instances, negative
feedback between vegetation succession and flammability
reduces the probability of fire over time (e.g. succession
from eucalypt forest to rain forest, Jackson 1968). Sites
that exhibit reduced flammability due to topography,
microclimate or vegetation type may remain unburnt over
several fire cycles in the surrounding landscape and therefore escape fire for extended periods (Camp et al. 1997).
In extreme fire weather conditions, however, even these
sites can burn (Gill & Allan 2008). In addition, deterministic refuges may be compromised or lost if they are subject to anthropogenic disturbances such as logging or land
clearing (Lindenmayer et al. 2011).
Natural refuges also arise due to stochastic processes
(Mackey et al. 2002). The interaction of weather and fire
is complex and can be unpredictable, particularly at the
local scale. Sudden variation in wind speed or direction
results in localized changes in fire intensity or direction of
travel, which in turn has the potential to result in patches
remaining unburnt. Such unburnt patches can be considered ‘transient’ refuges, as they ‘escape’ one fire event, but
not necessarily the next (Bradstock et al. 2005).
Animals may modify fuel characteristics within a site,
such that the likelihood of burning is reduced. Intense herbivory may reduce fuel loads to the extent that fire
is excluded (Leonard, Kirkpatrick & Marsden-Smedley
2010). Burrowing animals can create bare or sparsely
vegetated areas around warrens that inhibit fire spread
(Kotliar et al. 1999). Other soil-disturbing activities such as
wallowing (Knapp et al. 1999) may have similar effects.
Animals may also reduce fuel loads and hence flammability
through removing leaf litter (Mikami et al. 2010). The
duration of fire suppression from these actions varies from
weeks to months (e.g. migratory herbivores, McNaughton
1992) to decades (e.g. Cynomys spp. colonies, Kotliar et al.
1999).
REFUGES OF ANTHROPOGENIC ORIGIN

Land management practices can reduce fuel loads so that
areas adjacent to a treated area function as refuges or to
create potential refuges within a large treated area.
Prescribed burning may be used in a deterministic fashion (i.e. in a particular place and time) to maintain designated refuges by manipulating the location, size and
frequency of burns such that they prevent future wildfire
from spreading into adjacent designated areas (Burrows
2008). Other means of reducing fuel loads, such as
mechanical removal of fuel (Waldrop, Phillips & Simon
2010) or manipulation of grazing or browsing animals
(Valderrabano & Torrano 2000), may also be used to protect areas from fire. However, fuel reduction by such
means needs to be carefully considered as there are
examples of both mechanical fuel removal (e.g. salvage
logging, Donato et al. 2006) and herbivory (Leonard,
Kirkpatrick & Marsden-Smedley 2010) that increased
vegetation flammability.

Prescribed burning can also be used to create potential
refuges within a large treated area. Conservation managers
often adopt some form of patch mosaic burning with the
aim of introducing or maintaining landscape heterogeneity
by creating patches that vary in fire history and severity of
the most recent fire, including patches that remain unburnt
(Parr & Andersen 2006). The exact location and size of
unburnt patches is usually not predetermined, but the general pattern of the mosaic (e.g. overall burn cover, patch
grain) may be managed by selecting the timing and pattern
of ignition (Yibarbuk et al. 2001). For example, to maintain populations of relatively sedentary, refuge-dependent
fauna in northern Australian savanna, a fine-grained fire
mosaic is required in which fire patch size is less than the
home range of the species concerned (in some cases <1 ha;
Fraser et al. 2003; Yates, Edwards & Russell-Smith 2008).
The resultant mosaic may limit the spread and intensity of
subsequent wildfire, such that a higher proportion of the
landscape remains unburnt and natural refuge patches are
protected from fire incursion.
Alternatively, patches recently burnt by prescribed fire
may escape burning during a subsequent wildfire and thus
act as a refuge. However, their ability to function as a
long-term refuge may be limited by their simplified (fuel
reduced) structure (Catling 1991). The fate of prescribed
burns during subsequent wildfire depends on numerous
factors, including severity of the prescribed burn, time
since burn, rates of fuel re-accumulation, weather (both
between and during fires) and intensity of the wildfire
(Cary et al. 2009).
The likelihood of areas burning, or not burning, can
also be an unintentional effect of human activities. Vegetation fragmentation, for instance, can inhibit fire spread
and result in unburnt patches (Duncan & Schmalzer
2004). Other anthropogenic changes, such as invasion of
exotic plant species, can reduce or increase vegetation
flammability (Brooks et al. 2004). A widely observed
example of the latter effect is a positive feedback between
exotic grass invasion and fire intensity (the ‘grass–fire
cycle’; D’Antonio & Vitousek 1992), which may result in
an increased extent and decreased patchiness of fires
(Miller et al. 2010).

What attributes of refuges contribute to their
value?
The attributes of faunal refuges can be considered in relation to temporal requirements of fauna associated with a
fire event (see Fig. 1).
SHORT-TERM SURVIVAL

The immediate survival of organisms during fire will be
greatest in patches or components that provide shelter
and physical protection from flames and radiant heat
(Fig. 1). Several types of refuges enhance the immediate
survival of organisms. These include habitat components
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patch and landscape context of the patch (Fig. 1). The
temporal context of the fire, with respect to other disturbances, biotic interactions and climatic events (e.g.
drought or rain), may further influence refuge quality.
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Fig. 1. A conceptual diagram of refuge function through time in
relation to fire. Bar width indicates the relative importance of
each attribute to function. At the onset of fire, refuges provide
immediate shelter. Following fire, they may enhance the persistence of individuals and populations, and later the re-establishment of populations in the burnt landscape.

that are not flammable (e.g. burrows, termite mounds,
Yarnell et al. 2008), components that are less flammable
(e.g. topographic locations such as gullies, or specific vegetation types, Penman et al. 2007), through to vegetation
components or habitat features that are intrinsically flammable, but due to fire behaviour do not burn or burn at
lower intensity (e.g. hollows in large trees, Xanthorrhoea
preissii, Brennan, Moir & Wittkuhn 2011). Each of these
functions at a range of scales: for example, intrinsically
flammable refuge habitats range from microhabitats associated with logs (Andrew, Rodgerson & York 2000) and
unburned litter (Kiss & Magnin 2006) to larger patches of
unburned vegetation (Swengel & Swengel 2007; Watson
et al. 2012a). Biotic interactions also influence immediate
survival, including competition for refuges just prior to
and during the fire event, and predation during or shortly
after the event (Whelan et al. 2002).

For an individual to persist in a refuge, suitable resources
need to be available (Fig. 1). Within-patch attributes that
influence longer term survival include vegetation composition and habitat structural features (e.g. Pereoglou et al.
2011). Attributes of patches are likely to be most important in the short- to medium-term postfire, when the contrast between patches and the surrounding environment
may be stark. However, as the burned environment recovers, resources become available more widely (Lindenmayer
et al. 2009) and the distinctiveness of within-patch attributes declines (Fig 1). Patch characteristics partly depend
on the mechanism through which a refuge is created.
Environmental conditions that contribute to the creation
of natural deterministic refuges typically lead to different
habitat qualities than those found within refuges created
by chance. Natural deterministic refuges such as riparian
zones and gallery forests (Palmer & Bennett 2006) or rock
outcrops (Clarke 2002) have intrinsically different vegetation and harbour different assemblages than those in the
broader, more flammable landscape. Deterministic refuges,
including those of both natural and anthropogenic origin,
are likely to have older, more mature vegetation than
those arising stochastically, due to the lower probability of
burning in the former (DeLong & Kessler 2000; Gandhi
et al. 2001).
Stochastic refuges, on the other hand, may reflect the
broader vegetation composition and structure of the landscape prior to disturbance. The fire history, or fire regime,
influences these habitat attributes. Long fire intervals result
in older vegetation of greater structural complexity within
patches created stochastically. Patches burnt recently, or at
high frequency, are likely to have a simplified vegetation
structure and provide less suitable refuge for species
requiring resources associated with long-undisturbed
vegetation (Catling 1991). However, they may provide
other services to the fauna, such as protection during fire,
foraging areas and habitat for early-seral species (Brotons,
Pons & Herrando 2005).

LONGER TERM PERSISTENCE AND RECOLONIZATION

In the longer term, refuge attributes that allow species to
persist or recolonize are complex and species specific.
There are few empirical studies on the relative value of
different attributes of refuges. However, the body of
literature on the occurrence of species in habitat patches
in fragmented landscapes (Mazerolle & Villard 1999;
Lindenmayer & Fischer 2006; Thornton, Branch & Sunquist 2011) suggests that three kinds of attributes will
influence the longer term value of refuges: within-patch
structural and biotic attributes, size and shape of the

Patch size and shape
The size of a refuge patch influences its detectability and
availability to different organisms and the number of individuals it can support, whilst patch shape determines the
availability of core habitat uncompromised by edge effects
(Forman 1995). In general, the probability of species
occurring within a patch increases with increasing patch
area and decreasing isolation (Lindenmayer & Fischer
2006). However, the relationship between patch metrics
and occurrence of species in large fire mosaics is more
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complex than, for example, forest fragments in agricultural landscapes. First, the postfire environment is a complex array of different fire severities, compounded by
environmental gradients (e.g. topography, vegetation) and
spatial variation in the number and type of biological legacies after fire (Burton et al. 2008). Consequently, patch
boundaries are often indistinct and represent gradients in
quality rather than marked contrasts. Second, what constitutes a refuge patch differs amongst species. In some
instances, such as unburnt vegetation surrounded by
severely burnt vegetation, patches are visibly distinct. In
other situations, such as the persistence of small mammals
(Banks et al. 2011) or ants (Andrew, Rodgerson & York
2000) amongst logs and rocks in burnt vegetation, the difference between refuge and matrix may be subtle. Third,
the postfire mosaic is temporally dynamic, changing in
quality and contrast as vegetation recovery proceeds (e.g.
Ashton 1981). To the degree that patches become less distinct from their surroundings over time, it is likely that
the importance of patch size and shape will also diminish
(Fig. 1).
Landscape context
The spatial arrangement of refuge patches and their context in the broader fire mosaic is important for re-establishing and maintaining populations over time (Watson
et al. 2012a) (Fig. 1). For species that depend on refuge
patches, the ability of individuals to either disperse
through the burned landscape or use refuge patches as
‘stepping stones’ is an important determinant of (re)colonization of unoccupied habitat (Brotons, Pons & Herrando 2005; Pereoglou et al. 2013). A greater potential for
individuals to (re)establish local populations in unoccupied habitat increases the chances of species surviving in
patchy habitats (Templeton, Brazeal & Neuwald 2011).
The dispersal ability of a species is determined by the
mobility of individuals and the extent to which they perceive the burned landscape as hostile or benign.
The optimal spatial arrangement of refuge patches within
the postfire environment will vary amongst species
(Bradstock et al. 2005; Clarke 2008), and the value of different configurations may also differ between ecosystems. For
example, in fire-prone savanna woodlands of northern Australia, a fine-grained mosaic of burned and unburned vegetation is considered desirable for many species, such as the
partridge pigeon Geophaps smithii (Fraser et al. 2003). A
trend towards coarse-grained fire mosaics in this system has
been linked to declines of small mammal species (Andersen,
Woinarski & Parr 2012). In contrast, in other ecosystems,
a fine-scale patch arrangement may be detrimental to
taxa if perceived as fragmentation (Taylor et al. 2012).
Biotic interactions
The value of a refuge is also influenced by interactions
with other species. Although few examples are available

from fire ecology, changes in interactions including
predation, competition, parasitism and mutualisms have
been documented after landscape change and isolation of
habitats in other situations (Lindenmayer & Fischer 2006;
Ritchie et al. 2009). For example, loss of predators in isolated fragments can lead to cascading effects on ecosystems, with resultant outbreaks of herbivores significantly
altering habitat structure (Ritchie & Johnson 2009). Many
generalist predators are not restricted to unburned refuges
and may be favoured by fire (Dees, Clark & Manen
2001). In the immediate postfire environment, predator
abundance can increase due to greater availability of food
from burnt carcasses and increased hunting efficiency due
to reduced vegetative cover for prey (Conner, Castleberry
& Derrick 2011).

Knowledge gaps and further steps in
understanding refuges
The commonly assumed importance of refuges for survival, persistence and recovery of fauna from fire contrasts with the paucity of published evidence. Studies
relating to the value of faunal refuges, often undertaken
opportunistically after wildfire, have frequently been limited by issues such as inadequate documentation of fire
severity, history and spatial properties; monitoring on limited spatial and temporal scales; inadequate replication;
inability to separate mortality from emigration; and interactions with other disturbances (e.g. Newsome, McIlroy
& Catling 1975; Murphy et al. 2010; Zozaya, Brotons &
Vallecillo 2011). The limited understanding of fire refuges
contrasts with that for refuges in freshwater systems
where knowledge is more advanced and functions and
attributes have been outlined (Sedell et al. 1990). To give
direction to future research, we highlight knowledge gaps
in three broad areas.
POSTFIRE PATTERNS AND DYNAMICS OF POTENTIAL
REFUGE HABITATS

An important step is to develop a stronger, predictive
understanding of the relationship between fire characteristics (e.g. severity, size, seasonality) and the spatial pattern
of potential refuge areas that occurs postfire. Systematic
mapping of areas remaining unburnt in relation to vegetation type and topography (e.g. Madoui et al. 2010) provides a valuable opportunity to determine the spatial
patterns of potential refuges, including natural deterministic refuges (moist drainage lines, less flammable vegetation), natural stochastic refuges (e.g. patches that escape
burning) and anthropogenic refuges arising from prior
prescribed burns. The occurrence and dynamics of other
types of refuges, such as burrows, rock outcrops and
unburnt habitat components (e.g. logs, tree hollows, litter
patches), are less readily mapped remotely, but can be
assessed by systematic survey of the postfire environment.
Of particular value are quantitative studies that examine
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spatial attributes of potential refuges – including number,
size, location and configuration – in relation to aspects of
fire regime and land management (e.g. Collins et al.
2012). Such studies are required in relation to both wildfires and prescribed burns in different ecosystems.
FAUNAL USE OF REFUGES

A comprehensive understanding of how refuges mitigate
the effects of fire requires more empirical data on refuge
use by a wide range of taxa from different types of fireprone ecosystems. This includes greater insight into what
constitutes a refuge for particular taxa, specific attributes
of the refuge and when it is used (e.g. during fire, immediate postfire, longer term). A key challenge is to identify
potential relationships between life-history attributes of
species and their need for, and use of, different types of
refuges. Opportunistic studies after wildfire will continue
to be an important source of information, as will planned
studies of responses of individuals and populations to prescribed burns of different severity, size and season (e.g.
Fraser et al. 2003). Longitudinal studies of responses of
fire-sensitive species that extend beyond a few years are
scarce (Driscoll et al. 2010). Consequently, there is little
knowledge of the time period over which species may
depend on refuges or how refuge use changes over time.
Such insights are particularly important for species known
to favour late-successional vegetation or that rely on habitat components that take many years to recover (Haslem
et al. 2011; Watson et al. 2012b).
A major knowledge gap relates to the spatial patterns
and dynamics of populations within postfire mosaics. Such
knowledge would assist in conservation planning for firesensitive species by determining whether there is a need for
management intervention to protect or create refuge habitats, and if so, their spatial arrangement. Empirical data
on species’ dependence on refuges, refuge spatial isolation
and patterns of movement by individuals between them
will give important insight into the spatial structure (or
continuity) of the population within the fire boundary.
ANTHROPOGENIC CREATION AND MANAGEMENT OF
REFUGES

As natural fire regimes are increasingly altered by landuse change, wildfire suppression, anthropogenic burning
and effects of climate change (Flannigan et al. 2009),
active management of refuges to safeguard sensitive species from displacement or local extinction will become
more important. Knowledge of the location of natural refuges should be used to highlight areas for protection,
either from natural or from anthropogenic disturbances
(Mackey et al. 2002). Management actions that improve
connectivity between such refuges may also be beneficial
(e.g. Brown, Clarke & Clarke 2009). However, planning
in this regard will need to consider potential risks such as
increased wildfire propagation and spread of pests and

disease (Camp et al. 1997). Planned burns can be used to
protect or create refuge habitats, either in specific locations or as part of a landscape mosaic (Parr & Andersen
2006; Andersen, Woinarski & Parr 2012), but this requires
a sound understanding of what constitutes a suitable
landscape pattern, as well as technical skills to deliver the
required burn pattern under a range of fire conditions.
There is a great need for further evaluation of the outcomes of fire management practices designed to mitigate
the effects of fire on biodiversity, including their effectiveness in creating or maintaining refuges. It is also essential
to evaluate the effects of fire management for purposes
such as hazard reduction and other land management
practices that may result in the loss or degradation of
refuges. Much progress could be made by the integration
of experimental management with systematic monitoring
and research (Driscoll et al. 2010). This includes experimentally testing different management options for creating or protecting refuge habitats, together with long-term
monitoring of faunal abundance and habitat use at the
landscape scale.
Faunal fire refuges are likely to become increasingly
important under expected changes in the occurrence,
intensity and extent of wildfires (McKenzie et al. 2004).
Managing for the refuge needs of fauna will help mitigate
the detrimental impacts of fire and facilitate biodiversity
conservation in fire-prone landscapes.
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