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Abstract. In fire-prone regions, wildfire influences spatial and temporal patterns of landscape
heterogeneity. The likely impacts of climate change on the frequency and intensity of wildfire highlights
the importance of understanding how fire-induced heterogeneity may affect different components of the
biota. Here, we examine the influence of wildfire, as an agent of landscape heterogeneity, on the
distribution of arboreal mammals in fire-prone forests in south-eastern Australia. First, we used a stratified
design to examine the role of topography, and the relative influence of fire severity and fire history, on the
occurrence of arboreal mammals 2-3 years after wildfire. Second, we investigated the influence of
landscape context on the occurrence of arboreal mammals at severely burnt sites. Forested gullies
supported a higher abundance of arboreal mammals than slopes. Fire severity was the strongest influence,
with abundance lower at severely burnt than unburnt sites. The occurrence of mammals at severely burned
sites was influenced by landscape context: abundance increased with increasing amount of unburnt and
understorey-only burnt forest within a 1 km radius. These results support the hypothesis that unburnt
forest and moist gullies can serve as refuges for fauna in the post-fire environment and assist recolonization
of severely burned forest. They highlight the importance of spatial heterogeneity created by wildfire and
the need to incorporate spatial aspects of fire regimes (e.g., creation and protection of refuges) for fire
management in fire-prone landscapes.
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INTRODUCTION

Fire exerts a profound influence on the
structure and function of ecosystems worldwide
(Bond and Keeley 2005, Pausas et al. 2008). Fire-
dependent ecosystems—those in which species
have evolved in the presence of fire—encompass
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over 50% of the global terrestrial area and
support a large proportion of the world’s biota
(Shlisky et al. 2007). In such ecosystems, large
fires are a key influence on the creation and
maintenance of landscape heterogeneity (Turner
et al. 1994, Burton et al. 2008), with post-fire
successional changes influencing vegetation
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structure and biota for decades or even centuries
(Schoennagel et al. 2008, Haslem et al. 2011).
While many studies have investigated temporal
changes in the occurrence and abundance of
species in post-fire succession (e.g., Fox 1982,
Briani et al. 2004, Kelly et al. 2011), less attention
has been given to how fire-induced spatial
heterogeneity, and the factors that determine
such heterogeneity, affect the distribution of
plant and animal species (but see e.g., Brotons
et al. 2005, Fuhlendorf et al. 2006, Lindenmayer
et al. 2013).

Landscape heterogeneity is influenced by
multiple components of the fire regime (sensu
Gill 1975), mediated by environmental variation
(e.g., topography, climate; Noss et al. 2006,
Bradstock et al. 2010, Mackey et al. 2012). Fire
intensity, for example, varies within a fire
boundary such that some patches of vegetation
remain unburnt, some are burnt at low severity
(e.g., understorey only is burnt), and others
experience high severity fire (both understory
and canopy are consumed; Burton et al. 2008,
Schoennagel et al. 2008, Roman-Cuesta et al.
2009). In forested landscapes, these patterns are
modified by topography: gullies and drainage
lines are less likely to be severely burnt than
slopes due to less flammable vegetation, protec-
tion from wind and higher moisture levels
(Bradstock et al. 2010, Leonard et al. 2014, Berry
et al. 2015a). Environmental variables that mod-
ify fire effects, such as topography or vegetation,
can also influence resource availability (e.g., soil
and water nutrients) which affects the distribu-
tion of biota (Soderquist and Mac Nally 2000,
Keppel et al. 2012). The prior fire history of a
landscape, such as the time since last fire, adds
further complexity to spatial patterns (Turner et
al. 1994, Avitabile et al. 2013).

Landscape heterogeneity from large fires in-
fluences the distribution of animal species in
several ways. First, there may be a direct effect
via mortality of species at different locations
during, or shortly after, a major fire (Whelan et
al. 2002). Second, indirect effects of fire on species
distributions arise via spatial variation in the fire
regime with consequent variation in the compo-
sition and structure of vegetation, which deter-
mine the availability of resources (shelter, refuge,
foraging substrates) for species (Smucker et al.
2005, Fontaine et al. 2009, Nimmo et al. 2014).
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Knowledge of the post-fire conservation status of
species depends on understanding the relation-
ship between the fire regime and occurrence of
species across the landscape, and how this is
moderated by environmental variation.

Third, landscape heterogeneity arising from
large wildfires influences the spatial context of
individual sites and the potential for species to
persist or recolonize (Brotons et al. 2005, Watson
et al. 2012, Lindenmayer et al. 2013). In particu-
lar, unburnt, or less severely burnt, vegetation
may act as a refuge for fauna within large fires
and have a strong influence on post-fire patterns
of occurrence in the burnt landscape (Robinson et
al. 2013). If such refuges do serve as a source for
recolonization and faunal recovery, then the
occurrence of species in burnt sites is likely to
be influenced by the proximity and amount of
unburnt vegetation. In contrast, if post-fire
recovery is driven primarily by in situ survival
rather than dispersal and recolonization (Banks
et al. 2011a), then context effects are less likely.

Here, we examine the influence of wildfire, as
a driver of landscape heterogeneity, on the
distribution of arboreal mammals in fire-prone
eucalypt forests in south-eastern Australia. These
are among the most fire-prone forests in the
world (Adams and Attiwill 2011). The limited
evidence available, particularly from tall wet
forests (e.g., Lindenmayer et al. 2013), suggests
that arboreal mammals are particularly vulnera-
ble to wildfire. This study was undertaken in the
lower altitude foothill forests within the bound-
ary of the Kilmore East-Murrindindi fire com-
plex, an extensive wildfire which started on
“Black Saturday,” February 2009, and resulted
in ~250,000 ha of forest being burnt, the loss of
1780 houses and tragically, 159 human fatalities
(Teague et al. 2010).

The study had two main components. First, we
used a stratified design to investigate the effect of
topography, wildfire severity and fire history on
the occurrence of arboreal mammals two years
after wildfire. We predicted that (1) forest gullies
would support a greater abundance of arboreal
mammals than adjacent slopes and (2) fire
severity would be the primary influence on
mammal occurrence after fire, such that severely
burnt sites would support fewer animals than
unburnt or less severely burnt sites. Second, we
investigated the influence of landscape context
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on the occurrence of arboreal mammals in
severely burnt forest, by selecting sites with
different levels of spatial isolation from unburnt
forest. We hypothesized that isolation would
have a detrimental effect on arboreal mammals
because (a) mortality from the fire event, or (b) a
reduction in habitat suitability, would limit the
rate of recolonization of isolated sites in severely
burnt forest. Hence, we predicted (3) that the
abundance of arboreal mammals in severely
burned forest would increase as the amount of
surrounding unburmnt forest increased.

MATERIAL AND METHODS

Study area

The study was undertaken in temperate
eucalypt forests of central Victoria, south-east
Australia (Fig. 1). Elevation ranges from ~150 to
1000 m, and the topography is varied, including
steep gully systems and gentle slopes and hills.
The climate is temperate with mild summers
(mean daily maximum and minimum tempera-
tures of 25°C and 12°C, respectively) and cool
winters (9°C and 4°C, respectively). Mean annual
rainfall is ~1300 mm. From 1997 to 2009, prior to
the wildfire, the region experienced an extended
and severe drought (van Dijk et al. 2013).
Subsequently, above-average rainfall occurred
in both 2010 and 2011, to end the drought.

The study area is dominated by foothill forests
of Messmate Stringybark (Eucalyptus obliqua) and
Broad and Narrow-leaf Peppermint (E. dives and
E. radiata), with a canopy height of 25-30 m. In
contrast to montane ash eucalypt forest (domi-
nated by E. regnans or E. delegatensis), in foothills
forest the overwhelming majority of eucalypts
survive even high intensity fire, regenerating
from epicormic shoots (Benyon and Lane 2013).
Lower slopes commonly have a mid-understorey
of trees and shrubs such as Blackwood Wattle
(Acacia melanoxylon), Prickly Tea-tree (Leptosper-
mum continentale), and Prickly Currant-bush
(Coprosma quadrifida). The understorey often
contains Austral Bracken (Pteridium esculentum)
and a mixture of grasses and herbs. In gullies,
Blue Gum (E. globulus) occurs along with
understory species that prefer moister conditions
(e.g., Rough Tree-fern (Cyathea australis) and
Common Understorey-fern (Calochlaena dubia).
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Site selection

Sites were selected in the western part of the
Kilmore East-Murrindindi fire complex, mostly
in managed forests or national parks (Fig. 1). In
the first component of the study (“fire regime
study”), we examined the relative influence of
fire severity, fire history and time since fire on
arboreal mammals. We selected 24 sites, stratified
to represent combinations of fire severity (un-
burnt, understorey burnt, severely burnt) and fire
history (not burnt for >20 yr before 2009, burnt
within 3 yr prior to 2009), with four replicates of
each of the six combinations. Sites were located
with a fire severity layer, aerial photography and
fire records from the Department of Environment
and Sustainability, in a Geographic Information
System (GIS). After selection, sites were inspect-
ed to verify fire severity and history. Each site
encompassed a 5-ha area of forest of the same fire
severity, and included a gully and slope (~100 m
apart). Sites disturbed by logging in the last 50
years (clearfell and selected logging) were ex-
cluded. Sites were at least 100 m from roads or
areas of different fire severity.

In the second component of the study (“isola-
tion study”), we investigated the effect of
isolation on the occurrence of arboreal mammals
in severely burnt forest. We chose 14 sites that
were severely burnt (i.e.,, both understorey and
canopy were scorched/burnt), located either close
to (<1 km) or far from (2-5 km) patches of
unburnt forest or forest with understorey-only
burn. We calculated the total amount of unburnt
forest and forest with understorey-only burnt
within a radius of 1 km. All sites from both
studies were at least 2 km apart.

Spotlight surveys

In the fire regime study, spotlight surveys were
undertaken ~2.5 years post-wildfire, with four
survey rounds completed at 28 sites from August
to November 2011. Surveys were conducted by
two people simultaneously at each site: one along
a gully transect and one along the adjacent slope
(at least 100 m apart), both within forest
vegetation. Observers moved in the same direc-
tion, remaining in communication to avoid
counting the same animal. Each transect was
200 m and was searched for 20 mins using a
handheld LED spotlight (LED Lenser M14).

For the isolation study, spotlight surveys were
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Fig. 1. Location of study sites within the boundary of the Kilmore East-Murrindindi wildfire. For the “fire
regime” study, sites were stratified by severity (unburnt, understorey-only burnt and severe) and fire history
before the wildfire (long > 20 yr, or short < 3 yr). For the “isolation study,” sites were in severely burnt forest and
were surrounded by different amounts of unburnt and understorey-only burnt forest in a 1 km radius.

carried out ~3.5 years post-wildfire, with four
survey rounds at 14 sites from August to
November 2012. At each site, two observers
simultaneously moved away (opposite direc-
tions) from the site midpoint, walking slowly
along a forest track, searching the forest on both
sides of the track along a 400 m transect (800 m in
total) for 30 min. Observers used a handheld
spotlight (50-watt, 12-V battery pack).

In each study, observers recorded all arboreal
mammals seen or heard and the distance (with a
rangefinder). Surveys commenced at least an
hour after sunset (for animals to leave their dens)
and nights with strong wind or rain were
avoided.
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Statistical analyses

Response and predictor variables.—We used
regression modeling to examine: (1) the effects
of topography (gullies and slopes) on the
abundance of arboreal mammals; (2) the effect
of fire severity, fire history and time since fire on
the number of arboreal mammals seen or heard;
and (3) the effect of isolation on the number of
arboreal mammals recorded in severely burnt
forest.

Response variables for the fire regime study
included the total number of arboreal mammals
and of the Greater Glider (Petauroides volans), and
the species richness of arboreal mammals, over
four surveys combined. For the isolation study,
four response variables were included: total
number of arboreal mammals, Greater Gliders

October 2015 ** Volume 6(10) %* Article 190



CHIA ET AL.

Table 1. Description of predictor variables used in the fire regime and isolation studies with the first level for each

categorical variable used as the reference level.

Variable Level Description
Fire regime study
Topography Gully Topographic location
Slope
Severity Unburnt Not burnt in 2009 wildfire
Understorey ~ Ground and/or understorey burnt
Severe Canopy scorched or completely burnt
History Long Unburnt >20 yr before 2009 wildfire
Short Burnt <3 yr before 2009 wildfire
Time since fire 20 yr > 20 yr since the last fire
3yr <3 yr since the last fire
0yr Burnt in the 2009 wildfires
Tree Continuous ~ Number of large trees >60 cm diameter
Isolation study
Area unburnt Continuous  Area (ha) of unburnt forest within 1 km radius
Area understorey  Continuous  Area (ha) of unburnt and understorey burnt forest combined within 1 km radius
Tree Continuous ~ Number of large trees >60 cm diameter
Reserve NA Geographic location of sites based on land management (random factor in all models)

and Common Ringtail Possums (Pseudocheirus
peregrinus), and species richness, all over four
surveys. Other species were not modeled due to
insufficient records (i.e., less than 10 records per
species).

Predictor variables for each component of the
study are given in Table 1. We included the
number of large trees as a measure of habitat
suitability as these are more likely to contain
hollows used as den sites by arboreal mammals
(Gibbons and Lindenmayer 1997). For the fire
regime study, we counted the number of large
trees (diameter > 60 cm) on each gully and slope
transect (100 X 20 m). A linear mixed model
revealed no significant difference in the number
of large trees between fire severity classes. For
the isolation study, we counted large trees on
four transects (10 X 50 m), all within severely
burnt forest, on opposite sides of the road at even
distances.

For the isolation study, continuous predictor
variables were centered and scaled, by subtract-
ing the mean from each observation and dividing
by their standard deviations, to allow compari-
sons. Log transformation (with a constant of
0.001 added) of predictor variables was modeled
if there was evidence of improved model fit (i.e.,
AIC > 2).

Model selection.—We used generalized linear
mixed models (GLMM) to relate response vari-
ables to predictor variables, appropriate when
response variables are not normally distributed
and there is potential for temporal or spatial
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auto-correlation (Zuur et al. 2009). A Poisson
distribution (for count data) and a log-link
function were specified for all response variables.
Site groups based on geographic location of
reserves (reserve) were added as a random effect
to account for spatial correlation (Table 1). If
models were overdispersed (>1.5) using Pear-
son’s residuals, an observation-level random
effect was included to account for additional
variance (Zuur et al. 2009).

We used model selection within an informa-
tion theoretic framework to compare competing
hypotheses on the relative effect of predictor
variables on mammal response variables. A
model set was chosen for each study component,
based on conceivable ecological scenarios (see
Appendix: Table Al; Burnham and Anderson
2002). Model structures were fitted to each
response variable with GLMM. Models were
ranked for model fit and complexity using
Akaike’s information criterion corrected for small
sample size (AIC.), differences in AIC. (AAIC,),
and Akaike weights (w;). All models with AAIC,
< 2 from the top model (lowest AIC) were
considered to have substantial support (Burn-
ham and Anderson 2002). Parameter estimates
were examined for models with substantial
support. Predictor variables were considered to
have an important influence on the response
variable if the 95% confidence interval for the
parameter coefficient did not overlap with zero
(ie, z < =196 or z > 1.96; Burnham and
Anderson 2002). If a predictor variable was
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important, then model predictions were generat-
ed with the univariate model. Additional as-
sumptions of models were checked by plotting
the residuals of the predictor variables. R* was
quantified as a measure of model fit for marginal
(fixed factors) and conditional (fixed and random
factors) values (Nakagawa and Schielzeth 2013).

All statistical analyses were conducted in the
R statistical package version 3.1.1 (R Core Team
2014). GLMMs and predictions were run with
Ime4, MuMIn and AICcmodavg packages
(Barton 2014, Bates et al. 2014, Mazerolle
2014). R? values were calculated with the
rsquared.glmm function (Lefcheck and Casallas
2014).

REsuULTS

Species recorded and topography

In the fire regime study, six species of arboreal
mammal (all marsupials) were recorded: the
Greater Glider was the most common (28
observations), then Mountain Brushtail Possum
(Trichosurus cunninghami), Common Brushtail
Possum (T. vulpecula), Common Ringtail Possum,
Sugar Glider (Petaurus breviceps), and Koala
(Phascolarctos cinereus; Appendix: Table A2).
Overall, 57 observations were made at 24 sites
on 192 spotlight transects. Most animals were
observed at unburnt sites (50.9% of total) and less
in understory (38.6%) and severely burnt sites
(10.5%; equal number of sites in each fire severity
class).

The number of observations were too few to
generate a robust detection function to examine
differential detectability using distance sampling
(Buckland et al. 2001). To test for differences in
detectability in forest of different fire severity, we
used a linear model to compare the distance from
observer to (1) any arboreal mammal and (2) a
Greater Glider (species with sufficient observa-
tions), in relation to three classes of fire severity
(unburnt, understorey burnt, severely burnt).
The Greater Glider response was log-trans-
formed to meet assumptions of normality. There
was no difference in mean sighting distance
amongst fire severity classes for total arboreal
mammals (Fp44 = 0.537, P = 0.588) or for the
Greater Glider (F;,5 = 0.472, P = 0.629). There-
fore, we assumed no difference in detection
amongst severity classes.
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More observations of arboreal mammals (all
species combined) occurred in gullies than on
slopes (Appendix: Table A2; GLMM, estimate =
—0.54 = 0.27 SE, z = —1.96). There was no
difference in the number of Greater Gliders
(estimate =—0.44 * 0.39, z =—1.13) or in species
richness (estimate = —0.57 £ 0.35, z = —1.64)
between gullies and slopes.

In the isolation study, four species were
recorded: Greater Glider, Mountain Brushtail
Possum, Common Ringtail Possum and Sugar
Glider (Appendix: Table A2). In total, 44 animals
were recorded at 14 sites on 112 transects.

Fire regime study

We tested the relative influence of fire severity,
fire history, time since fire and number of large
trees for each response variable: overall, fire
severity had the greatest influence (Table 2).
There were no “best” models for which w; > 0.90,
hence we considered models with substantial
support (AAIC, < 2) and examined their param-
eter estimates.

For the total number of arboreal mammals,
three models including (1) fire severity, (2) large
trees, and (3) fire severity plus fire history had
substantial support (Table 2). Upon examination
of the parameter estimates, the abundance of
arboreal mammals was most strongly influenced
by fire severity (Table 3). In both the severity
model, and the severity plus history model,
fewer individuals were observed in severely
burnt sites than at unburnt sites (Fig. 2). There
was no difference in the number of individuals
between understorey burnt and unburnt sites,
nor with sites with a different number of large
trees (Table 3).

For the abundance of the Greater Glider, two
models had substantial support, namely (1) fire
severity plus large trees, and (2) fire severity plus
fire history plus large trees (Table 2). Fire severity
and the number of large trees were important
variables in both models (Table 3). Fewer
individuals were observed in severely burnt than
in unburnt sites, and Greater Gliders were
positively associated with sites containing more
large trees (Fig. 2).

Species richness had three plausible models
including (1) fire severity plus fire history, (2)
large trees, and (3) fire severity (Table 2). The
parameter estimates of these models showed that
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Table 2. Models with the most support (AAIC < 2) for each response variable in the fire regime and isolation
studies including AIC values presented for each alternative model and model fit represented by R*m (variance
explained by fixed predictors) and R?c (variance explained by both fixed and random predictors).

Response variable Model structure df Log likelihood AIC. AAIC. Akaike weight R*m R’c

Fire regime study
All arboreal mammals Severity 5 —45.29 103.9  0.00 0.39 0.33 033
Tree 4 —47.38 1049  0.96 0.24 0.13 0.13
Severity + History 6 —44.37 105.7  1.77 0.16 0.38 0.38
Greater Glider Severity + Tree 5 —28.14 69.6  0.00 0.59 0.62 0.86
Severity + History + Tree 6 -27.10 71.1 1.54 0.28 0.61 0.90
Species richness Severity + History 5 —31.43 76.2  0.00 0.34 0.35 0.35
Tree 3 —34.79 76.8  0.59 0.25 0.07 0.07
Severity 4 —33.74 776 138 0.17 020 0.20

Isolation study

All arboreal mammals Area understory 4 —26.76 66.2  0.00 0.68 0.65 0.75
Greater Glider Area understory + Tree 4 —15.52 435  0.00 0.49 040 0.65
Area unburnt + Tree 4 -15.79 44.0 055 0.38 0.27 0.64
Common Ringtail Possum Area understoryf + Tree 4 —15.06 42.6  0.00 0.35 0.60 0.85
Tree 3 —17.26 429 036 0.29 0.16 0.76
Area understory 3 —17.32 43.0 048 0.28 0.64 0.84
Species richness Area understory 3 —16.86 421 0.00 0.65 0.60 0.60

+ Log transformed.

Table 3. Model parameters and coefficients for models with substantial support (i.e., AAIC, < 2) in the fire regime
study.

Response variable and model structure Variable Parameter Coefficient SE Z
All arboreal mammals
Severity Severity Intercept 1.00 0.34 2.98
Severity Understorey —0.17 0.46 —0.37
Severity Severe —1.49% 0.58* —2.59%
Tree Tree Intercept —0.69 0.77 —0.90
Tree Tree 0.15 0.09 1.74
Severity + history Severity Intercept 1.29 0.43 2.96
Severity Understorey —0.21 0.50 —0.42
Severity Severe —1.54* 0.65* —2.38*
History Short —0.57 0.44 -131
Greater Glider
Severity + tree Severity Intercept —2.06 1.26 —1.64
Severity Understorey 0.43 0.48 0.90
Severity Severe —2.52% 1.06* —2.38%
Tree Tree 0.28* 0.11* 2.51%
Severity + history + tree Severity Intercept —2.31 1.14 —1.63
Understorey 0.39 0.51 0.76
Severe —2.80* 1.09% —2.58*
History Short —0.75 0.52 —1.44
Tree Tree 0.35* 0.13* 2.70%
Species richness
Severity + history Severity Intercept 0.88 0.29 3.00
Severity Understorey -0.15 0.39 —0.39
Severity Severe —0.85 0.49 —1.74
History Short —0.79* 0.38* —2.07*
Tree Tree Intercept -0.29 0.52 —0.56
Tree Tree 0.08 0.06 1.22
Severity Severity Intercept 0.56 0.27 2.09
Severity Understorey -0.15 0.39 —-0.39
Severity Severe —0.85 0.49 —1.74

Note: Reference categories for categorical variables were unburnt (fire severity), and long > 20 years (fire history).
* Parameters are considered important if the 95% confidence limits of the coefficient do not overlap zero (i.e., Z values of >
1.96 or < —1.96).
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Fig. 2. Predicted values with 95% CI from univariate models of important variables and response variables for
the fire regime study and the isolation study including total number of arboreal mammals, number of Greater

Gliders, and number of Common Ringtail Possums.
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Table 4. Model parameters and coefficients for models with substantial support (i.e., AAIC. < 2) in the isolation

study.
Response variable and model structure Variable Coefficient SE z
All arboreal mammals
Area understorey Intercept 0.28 0.51 0.56
Area understoreyt 1.35% 0.57* 2.35%
Greater Glider
Area understorey + tree Intercept —0.83 0.84 —-0.99
Area understorey 0.89* 0.40* 2.21*
Tree —1.02* 0.33* —3.10*
Area unburnt + tree Intercept —0.80 0.96 —0.84
Area unburnt 0.69* 0.29% 2.36*
Tree —0.84* 0.31* —2.75*
Common Ringtail Possum
Area understorey + tree Intercept -1.32 1.07 -1.23
Area understorey 1.72 1.22 1.41
Tree 0.63 0.35 1.79
Tree Intercept —0.61 0.86 -0.72
Tree 0.75* 0.38* 1.98*
Intercept -1.15 1.09 —1.05
Area understoreyt 1.88 1.30 1.45
Species richness
Area understorey Intercept —0.22 0.38 —0.57
Area understoreyt 0.99* 0.49* 2.01%

+ Log transformed.

* Parameters are considered important if the 95% confidence limits of the coefficient do not overlap zero (i.e., Z values of >

1.96 or < —1.96).

fire history was the only influential variable
(Table 3). Species richness was lower at sites
with a short fire history where there had been a
recent burn (<3 yr) prior to the wildfires.

Isolation study

Isolation of severely burnt sites from unburned
forest within the wildfire boundary influenced
the abundance of arboreal mammals. For total
arboreal mammals, only the top model had
substantial support (Table 2). The number of
mammals increased with the combined area of
surrounding unburnt and understorey-only
bumnt forest (Table 4, Fig. 2).

The abundance of Greater Gliders was sup-
ported by two models: (1) the combined area of
surrounding unburnt and understorey burnt
forest plus large trees, and (2) the area of
surrounding unburnt forest plus large trees
(Table 2). There was a positive association
between Greater Glider abundance and area of
surrounding unburnt forest (Fig. 2), and com-
bined unburnt and understorey-only burnt forest
(Table 4). Surprisingly, there was also a negative
relationship with the number of large trees (Table
4).

For the Common Ringtail Possum, three
models had substantial support including (1)
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area of combined unburnt and understorey-burnt
forest plus large trees, (2) large trees, and (3) area
of combined unburnt and understorey-burnt
forest (Table 2). The number of large trees was
the only important parameter, with a positive
relationship between the number of Common
Ringtail Possums and abundance of large trees at
a site (Table 4, Fig. 2).

Species richness of arboreal mammals had one
model with support (the top model), the com-
bined area of unburnt and understory-only burnt
forest (Table 2). Species richness increased with
the surrounding area of both unburnt and
understorey burnt forest (Table 4).

DiscussioN

In this study, we used the opportunity arising
from a major wildfire to investigate how arboreal
mammals are affected by fire-induced landscape
heterogeneity and landscape context in a rarely
studied forest type. The study has three key
findings. First, the abundance of arboreal mam-
mals was influenced by topography, with higher
abundance in forest gullies than on adjacent
slopes (pooled across all fire severity classes).
Second, fire severity was an important factor in
the abundance of arboreal mammals at 2.5 years
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post-wildfire. Severely burnt forest supported
fewer animals than unburnt forest. Third, in a
separate study at 3.5 years after fire, the
abundance of arboreal mammals in severely
burnt forest was influenced by landscape context:
the number of arboreal mammals was positively
related to the amount of surrounding unburnt or
understorey-burnt forest. Together, these find-
ings highlight the importance of environmental
variation and fire-induced landscape heteroge-
neity in the aftermath of major wildfires. They
are consistent with the view that mesic forest
gullies and patches of unburnt or less-severely
burnt forest (understory only burnt) have a role
as refuges for arboreal mammals in severely
burnt landscapes, and that such refuges assist the
recovery of mammal populations after wildfire.

We recorded six species of arboreal mammal,
all of which occurred in relatively low abundance
(in both burned and unburned forest) compared
with other studies in south-eastern Australia
(e.g., Lunney 1987, Bennett et al. 1991). Two
additional species potentially occur in the region
(Yellow-bellied Glider Petaurus australis, Feather-
tailed Glider Acrobates pygmaeus) but were not
detected. The low abundance of arboreal mam-
mals is likely due, at least in part, to the study
occurring shortly after the end of a decade of
drought, the worst drought on record in south-
eastern Australia (van Dijk et al. 2013). In the
nearby wet forests of the central highlands, the
Greater Glider has declined at a yearly rate of
8.8% in the 12 years prior to 2010 in part due to
low rainfall (Lindenmayer et al. 20114). Other
species in these forests are also vulnerable to low
rainfall, for example the Sugar Glider (Linden-
mayer et al. 2011b). Similarly, drought caused a
decrease in arboreal mammals in coastal forests
of New South Wales, Australia (Lunney 1987).
The paucity of records means that the clearest
results relate to pooled data for all arboreal
mammal species rather than for individual
species.

Topographic influence

Mesic gullies supported a greater abundance
of arboreal mammals (all species) than slopes.
Other studies have also reported a greater
abundance of arboreal mammals in gullies in
forests in southern Australia (e.g., Lindenmayer
et al. 1990, Pausas et al. 1995), including after
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wildfire (Lunney 1987, Berry et al. 2015b). The
topographic location of gullies, their high mois-
ture content and fire resistant vegetation reduce
exposure to high severity fires (or even multiple
fires), allowing them to maintain structural
complexity, including trees with hollows (Collins
et al. 2012). Gullies not only are important for the
recovery of arboreal mammal populations and
other species shortly after fire, but also provide
valuable habitats in the long term (Collins et al.
2012, Diffendorfer et al. 2012, Bassett et al. 2015).

Relative influence of fire severity

Wildfire severity was the most important
component of the fire regime driving arboreal
mammal abundance in these foothill forests.
Several factors contribute to reduced abundance
in severely burned forest. First, injury or mortal-
ity during, or immediately after, a fire is likely to
be higher in severely burnt forest compared with
forest burnt at low severity. Animals often
survive in less intense fires or unburnt areas
(Garvey et al. 2010, Banks et al. 2011b). Arboreal
mammals are less able to escape than more
mobile taxa such as birds (Whelan et al. 2002).
The lower abundance in severely burned forest at
the time of this survey (2.5 years post-fire) may
reflect fire mortality, with insufficient time for
populations to recover.

Second, lower abundance in severely burnt
forest is likely associated with habitat less
suitable to sustain populations. At the time of
the study, severely burned forest was in the early
stages of recovery after incineration or death of
canopy foliage. Even though the canopy was re-
sprouting, this may not have been sufficient to
support arboreal mammal populations. Post-fire
shortage of foliage as food for folivores, such as
the Greater Glider, would severely affect local
populations (Lindenmayer et al. 2013). Loss of
canopy and vegetation structural complexity also
equates to less cover for possums and gliders
(Catling et al. 2001, van der Ree and Loyn 2002).
Other structural changes, such as reduced avail-
ability of tree hollows for nesting (Inions et al.
1989, Banks et al. 2011b) also limit populations.
Severe fire can exacerbate the collapse of large
hollow-bearing trees, and reduce the number of
den sites for arboreal mammals (Inions et al.
1989, Banks et al. 20115, Collins et al. 2012). It is
interesting to note that the relationship of
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arboreal mammal abundance to fire severity is
comparable to that described by Lindenmayer et
al. (2013) in montane ash eucalypt forest at a
similar time post-fire, despite the difference in
post-fire canopy structure between foothills and
ash forests (i.e., regenerating canopy versus
largely absent canopy). This suggests that re-
sources for arboreal mammals, including the
foothill forest canopy, has not recovered suffi-
ciently to allow restoration of arboreal mammal
populations at 2-3 years after wildfire.

Third, arboreal mammal populations can be
affected by predator activity; animals that sur-
vive fire may be more vulnerable to predation in
burnt forest than in unburnt stands (Russell et al.
2003, Wayne et al. 2006) due to reduced cover
and refuge. There is a need for better under-
standing of the relative roles of resource limita-
tion, competition and predation in the
persistence of individuals and populations after
fire.

Spatial isolation

In severely burnt forest, sites that were more
isolated from unburnt or understory-only burnt
forest supported a lower abundance of arboreal
mammals. There are two main options for
population recovery in burned environments:
survival in situ of some individuals, or recoloni-
zation by individuals dispersing into the burned
environment from unburned forest (Banks et al.
2011a). In many situations, both processes are
likely. Evidence for an isolation effect in this
study lends support to the hypothesis that the
status of populations in severely burned forest is
influenced, at least in part, by recolonization
from nearby unburned areas.

Little is known of the processes of faunal
dispersal and (re)colonization following fire
(Robinson et al. 2013). It is likely to depend on
distance from source populations, size of source
populations and the relative mobility of the taxa
involved (Brotons et al. 2005, Banks et al. 20114,
Watson et al. 2012, Lindenmayer et al. 2013). This
study indicates that recovery of the arboreal
mammal assemblage remains incomplete at 3.5
years post fire, although there may be differences
between taxa. While an isolation effect was
detected for total arboreal mammals and the
Greater Glider, it was not evident for the
Common Ringtail Possum, although records
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were sparse.

Implications for conservation

Fire creates spatial heterogeneity in forest
landscapes by variation in fire severity within a
single fire, and by the combined effects of
multiple fires over decades. This study in foothill
eucalypt forests, together with work in nearby
montane forests (Lindenmayer et al. 2013),
demonstrates that arboreal mammals are partic-
ularly sensitive to fire severity even in forests
with re-sprouting canopy, being less abundant in
severely burned forest within the post-fire
environment. Further, the positive influence of
surrounding unburnt forest is consistent with the
hypothesis that post-fire population recovery is
assisted by recolonization from nearby source
areas. Thus, scarce patches of unburnt forest
within and adjacent to the fire boundary (<1% of
the total areal Leonard et al. 2014) have
important conservation value as refuges, at least
in the short term.

The presence of unburnt patches in foothill
forests was determined primarily by topography,
fire intensity and time since last fire (Leonard et
al. 2014). Such refuges were more likely to occur
in less severe fire conditions, and be located in
moister gullies or areas recently burned (<3
years) prior to the wildfire. Thus, planned
burning has potential to contribute to refuge
habitat for arboreal mammals in the face of
subsequent wildfire, by strategically reducing
fuel loads to reduce the likelihood of high-
severity fire in important areas such as moist
gullies and drainage lines, and forest stands of
high quality habitat for arboreal mammals and
other forest fauna (e.g., mature forest with high
density of large old trees).

While this study has identified fire severity
and fire-induced landscape heterogeneity as
important influences on arboreal mammals in
foothills forest, the fauna of this extensive system
is also under pressure from other disturbances,
such as introduced predators and competitors,
logging, expanding human settlement, and cli-
matic extremes such as drought. Targeted stud-
ies, along with long-term monitoring, will be
important to understand the interactions be-
tween fire and these other stressors; particularly
in the context of a changing climate expected to
increase the size, frequency and intensity of
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wildfire (McKenzie et al. 2004, Wotton et al.
2010).

ACKNOWLEDGMENTS

This study is part of the Faunal Fire Refuges Project,
funded by the Department of Sustainability and
Environment, Victoria. We appreciate the support of
Parks Victoria, Victorian State Forests, and associated
staff. We thank Natasha Robinson for contributions to
the project and surveys; Mark Hall, Jemima Connell,
Phil Rance, Megan Osborn and volunteers for field
assistance; and Greg Holland for advice on statistical
models. Comments from an anonymous reviewer
improved the final version of this manuscript. E. K.
Chia and M. Bassett were supported with Australian
postgraduate research awards. Research was conduct-
ed under DEPI permit (10005478) and Deakin animal
welfare permit (A56-2010).

LiteraTure CITED

Adams, M., and P. Attiwill. 2011. Burning issues:
sustainability and management of Australia’s
southern forests. CSIRO Publishing, Melbourne,
Victoria, Australia.

Avitabile, S. C., et al. 2013. Systematic fire mapping is
critical for fire ecology, planning and management:
a case study in the semi-arid Murray Mallee, south-
eastern Australia. Landscape and Urban Planning
117:81-91.

Banks, S. C., M. Dujardin, L. McBurney, D. Blair, M.
Barker, and D. B. Lindenmayer. 2011a. Starting
points for small mammal population recovery after
wildfire: Recolonisation or residual populations?
Oikos 120:26-37.

Banks, S. C., E. J. Knight, L. McBurney, D. Blair, and
D. B. Lindenmayer. 2011b. The effects of wildfire on
mortality and resources for an arboreal marsupial:
resilience to fire events but susceptibility to fire
regime change. PLoS ONE 6:€22952.

Barton, K. 2014. MuMIn: multi-model inference. R
package. Version 1.10.5. https://cran.r-project.org/
web/packages/MuMIn/

Bassett, M., E. K. Chia, S. W. ]J. Leonard, D. G. Nimmo,
G. ]J. Holland, E. G. Ritchie, M. F. Clarke, and A. F.
Bennett. 2015. The effects of topographic variation
and the fire regime on coarse woody debris:
insights from a large wildfire. Forest Ecology and
Management 340:126-134.

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2014.
Ime4: linear mixed-effects models using Eigen and
S4. R package version 1.1-7. https://cran.r-project.
org/web/packages/lme4/

Bennett, A., L. Lumsden, J. Alexander, P. Duncan, P.
Johnson, P. Robertson, and C. Silveira. 1991.

ECOSPHERE % www.esajournals.org

CHIA ET AL.

Habitat use by arboreal mammals along an
environment gradient in north-eastern Victoria.
Wildlife Research 18:125-146.

Benyon, R. G, and P. N. J. Lane. 2013. Ground and
satellite-based assessments of wet eucalypt forest
survival and regeneration for predicting long-term
hydrological responses to a large wildfire. Forest
Ecology and Management 294:197-207.

Berry, L. E., D. A. Driscoll, S. C. Banks, and D. B.
Lindenmayer. 2015b. The use of topographic fire
refuges by the Greater Glider (Petauroides volans)
and the Mountain Brushtail Possum (Trichosurus
cunninghami) following a landscape-scale fire.
Australian Mammalogy 37:39-45.

Berry, L. E., D. A. Driscoll, J. A. Stein, W. Blanchard,
S. C. Banks, R. A. Bradstock, and D. B. Linden-
mayer. 2015a. Identifying the location of fire
refuges in wet forest ecosystems. Ecological Appli-
cations, in press.

Bond, W. ], and ]. E. Keeley. 2005. Fire as a global
"herbivore’: the ecology and evolution of flamma-
ble ecosystems. Trends in Ecology and Evolution
20:387-394.

Bradstock, R. A., K. A. Hammill, L. Collins, and O.
Price. 2010. Effects of weather, fuel and terrain on
fire severity in topographically diverse landscapes
of south-eastern Australia. Landscape Ecology
25:607-619.

Briani, D. C.,, A. R. Palma, E. M. Vieira, and R. P
Henriques. 2004. Post-fire succession of small
mammals in the Cerrado of central Brazil. Biodi-
versity and Conservation 13:1023-1037.

Brotons, L., P. Pons, and S. Herrando. 2005. Coloniza-
tion of dynamic Mediterranean landscapes: Where
do birds come from after fire? Journal of Biogeog-
raphy 32:789-798.

Buckland, S. T., D. R. Anderson, K. P. Burnham, J. L.
Laake, D. L. Borchers, and L. Thomas. 2001.
Introduction to distance sampling: estimating
abundance of biological populations. Oxford Uni-
versity Press, Oxford, UK.

Burnham, K. P, and D. R. Anderson. 2002. Model
selection and multimodel inference: a practical
information-theoretic approach. Second edition.
Springer, New York, New York, USA.

Burton, P. J.,, M. A. Parisien, ]J. A. Hicke, R. J. Hall, and
J. T. Freeburn. 2008. Large fires as agents of
ecological diversity in the North American boreal
forest. International Journal of Wildland Fire
17:754-767.

Catling, P. C., N. C. Coops, and R. J. Burt. 2001. The
distribution and abundance of ground-dwelling
mammals in relation to time since wildfire and
vegetation structure in south-eastern Australia.
Wildlife Research 28:555-564.

Collins, L., R. A. Bradstock, E. M. Tasker, and R. ].
Whelan. 2012. Can gullies preserve complex forest

October 2015 ** Volume 6(10) %* Article 190



structure in frequently burnt landscapes? Biological
Conservation 153:177-186.

Diffendorfer, J., G. M. Fleming, S. Tremor, W. Spencer,
and J. L. Beyers. 2012. The role of fire severity,
distance from fire perimeter and vegetation on
post-fire recovery of small-mammal communities
in chaparral. International Journal of Wildland Fire
21:436-448.

Fontaine, J. B., D. C. Donato, W. D. Robinson, B. E.
Law, and J. B. Kauffman. 2009. Bird communities
following high-severity fire: response to single and
repeat fires in a mixed-evergreen forest, Oregon,
USA. Forest Ecology and Management 257:1496—
1504.

Fox, B. J. 1982. Fire and mammalian secondary
succession in an Australian coastal heath. Ecology
63:1332-1341.

Fuhlendorf, S. D., W. C. Harrell, D. M. Engle, R. G.
Hamilton, C. A. Davis, and D. M. Leslie. 2006.
Should heterogeneity be the basis for conservation?
Grassland bird response to fire and grazing.
Ecological Applications 16:1706-1716.

Garvey, N., D. Ben-Ami, D. Ramp, and D. B. Croft.
2010. Survival behaviour of Swamp Wallabies
during prescribed burning and wildfire. Wildlife
Research 37:1-12.

Gibbons, P, and D. B. Lindenmayer. 1997. Developing
tree retention strategies for hollow-dependent
arboreal marsupials in the wood production
eucalypt forests of eastern Australia. Australian
Forestry 60:29-45.

Gill, A. M. 1975. Fire and the Australian flora: a review.
Australian Forestry 38:4-25.

Haslem, A., L. T. Kelly, D. G. Nimmo, S. J. Watson,
S. A. Kenny, R. S. Taylor, S. C. Avitabile, K. E.
Callister, L. M. Spence-Bailey, M. F. Clarke, and
A. F. Bennett. 2011. Habitat or fuel? Implications of
long-term, post-fire dynamics for the development
of key resources for fauna and fire. Journal of
Applied Ecology 48:247-256.

Inions, G. B., M. T. Tanton, and S. M. Davey. 1989.
Effect of fire on the availability of hollows in trees
used by the Common Brushtail Possum, Trichosu-
rus vulpecula Kerr, 1792, and the Ringtail Possum,
Pseudocheirus peregrinus Boddaerts, 1785. Wildlife
Research 16:449-458.

Kelly, L. T, D. G. Nimmo, L. M. Spence-Bailey, A.
Haslem, S. J. Watson, M. F. Clarke, and A. F.
Bennett. 2011. Influence of fire history on small
mammal distributions: insights from a 100-year
post-fire chronosequence. Diversity and Distribu-
tions 17:462—-473.

Keppel, G., K. P. Van Niel, G. W. Wardell-Johnson, C. J.
Yates, M. Byrne, L. Mucina, A. G. T. Schut, S. D.
Hopper, and S. E. Franklin. 2012. Refugia: identi-
fying and understanding safe havens for biodiver-
sity under climate change. Global Ecology and

ECOSPHERE % www.esajournals.org

CHIA ET AL.

Biogeography 21:393-404.

Lefcheck, J., and J. S. Casallas. 2014. R-squared for
generalized linear mixed-effects models. R-script
code. Version 0.2-4. https://github.com/jslefche/
rsquared.glmer

Leonard, S. W.]., A. E. Bennett, and M. F. Clarke. 2014.
Determinants of the occurrence of unburnt forest
patches: potential biotic refuges within a large,
intense wildfire in south-eastern Australia. Forest
Ecology and Management 314:85-93.

Lindenmayer, D., R. Cunningham, M. Tanton, A.
Smith, and H. Nix. 1990. Habitat requirements of
the Mountain Brushtail Possum and the Greater
Glider in the montane ash-type eucalypt forests of
the central highlands of Victoria. Wildlife Research
17:467-478.

Lindenmayer, D. B., W. Blanchard, L. McBurney, D.
Blair, S. C. Banks, D. Driscoll, A. L. Smith, and
A. M. Gill. 2013. Fire severity and landscape
context effects on arboreal marsupials. Biological
Conservation 167:137-148.

Lindenmayer, D. B.,, J. T. Wood, L. McBurney, C.
MacGregor, K. Youngentob, and S. C. Banks. 2011a.
How to make a common species rare: a case against
conservation complacency. Biological Conservation
144:1663-1672.

Lindenmayer, D. B., ]. Wood, L. McBurney, D. Michael,
M. Crane, C. Macgregor, R. Montague-Drake, P.
Gibbons, and S. C. Banks. 2011b. Cross-sectional vs.
longitudinal research: a case study of trees with
hollows and marsupials in Australian forests.
Ecological Monographs 81:557-580.

Lunney, D. 1987. Effects of logging, fire and drought
on possums and gliders in the coastal forests near
Bega, NSW. Australian Wildlife Research 14:263—
274.

Mackey, B., S. Berry, S. Hugh, S. Ferrier, T. D.
Harwood, and K. J. Williams. 2012. Ecosystem
greenspots: identifying potential drought, fire, and
climate-change micro-refuges. Ecological Applica-
tions 22:1852-1864.

Mazerolle, M. ]J. 2014. AICcmodavg. R package.
Version 2.00. https://cran.r-project.org/web/
packages/AICcmodavg/

McKenzie, D., Z. Gedalof, D. L. Peterson, and P. Mote.
2004. Climatic change, wildfire, and conservation.
Conservation Biology 18:890-902.

Nakagawa, S., and H. Schielzeth. 2013. A general and
simple method for obtaining R* from generalized
linear mixed-effects models. Methods in Ecology
and Evolution 4:133-142.

Nimmo, D. G.,, L. T. Kelly, L. M. Farnsworth, S. J.
Watson, and A. F. Bennett. 2014. Why do some
species have geographically varying responses to
fire history? Ecography 37:805-813.

Noss, R. E,, J. F. Franklin, W. L. Baker, T. Schoennagel,
and P. B. Moyle. 2006. Managing fire-prone forests

October 2015 ** Volume 6(10) %* Article 190



in the western United States. Frontiers in Ecology
and the Environment 4:481-487.

Pausas, J. G., L. W. Braithwaite, and M. P. Austin. 1995.
Modelling habitat quality for arboreal marsupials
in the South Coastal forests of New South Wales,
Australia. Forest Ecology and Management 78:39—
49.

Pausas, J. C., J. Llovet, A. Rodrigo, and R. Vallejo. 2008.
Are wildfires a disaster in the Mediterranean
basin? A review. International Journal of Wildland
Fire 17:713-723.

R Core Team. 2014. R: a language and environment for
statistical computing. R Foundation for Statisitcal
Computing, Vienna, Austria.

Robinson, N. M., S. W. J. Leonard, E. G. Ritchie, M.
Bassett, E. K. Chia, S. Buckingham, H. Gibb, A. F.
Bennett, and M. F. Clarke. 2013. Refuges for fauna
in fire-prone landscapes: their ecological function
and importance. Journal of Applied Ecology
50:1321-1329.

Roman-Cuesta, R. M., M. Gracia, and J. Retana. 2009.
Factors influencing the formation of unburned
forest islands within the perimeter of a large forest
fire. Forest Ecology and Management 258:71-80.

Russell, B. G., B. Smith, and M. L. Augee. 2003.
Changes to a population of Common Ringtail
Possums (Pseudocheirus peregrinus) after bushfire.
Wildlife Research 30:389-396.

Schoennagel, T., E. A. H. Smithwick, and M. G. Turner.
2008. Landscape heterogeneity following large
fires: insights from Yellowstone National Park,
USA. International Journal of Wildland Fire
17:742-753.

Shlisky, A., J. Waugh, P. Gonzalez, M. Gonzalez, M.
Manta, H. Santoso, E. Alvarado, A. A. Nuruddin,
D. A. Rodriguez-Trejo, and R. Swaty. 2007. Fire,
ecosystems and people: threats and strategies for
global biodiversity conservation. Nature Conser-
vancy, Arlington, Virginia, USA.

Smucker, K. M., R. L. Hutto, and B. M. Steele. 2005.
Changes in bird abundance after wildfire: impor-
tance of fire severity and time since fire. Ecological
Applications 15:1535-1549.

Soderquist, T. R.,, and R. Mac Nally. 2000. The
conservation value of mesic gullies in dry forest
landscapes: mammal populations in the box-
ironbark ecosystem of southern Australia. Biolog-
ical Conservation 93:281-291.

Teague, B.,, R. McLeod, and P. Pascoe. 2010. 2009

CHIA ET AL.

Victorian bushfires royal commission: final report.
Parliament of Victoria, Melbourne, Victoria, Aus-
tralia.

Turner, M. G., W. W. Hargrove, R. H. Gardner, and
W. H. Romme. 1994. Effects of fire on landscape
heterogeneity in Yellowstone-National-Park, Wyo-
ming. Journal of Vegetation Science 5:731-742.

van der Ree, R., and R. H. Loyn. 2002. The influence of
time since fire and distance from fire boundary on
the distribution and abundance of arboreal marsu-
pials in Eucalyptus regnans-dominated forest in the
Central Highlands of Victoria. Wildlife Research
29:151-158.

van Dijk, A. I, H. E. Beck, R. S. Crosbie, R. A. Jeu, Y. Y.
Liu, G. M. Podger, B. Timbal, and N. R. Viney. 2013.
The millennium drought in southeast Australia
(2001-2009): natural and human causes and impli-
cations for water resources, ecosystems, economy,
and society. Water Resources Research 49:1040-
1057.

Watson, S. J., R. S. Taylor, D. G. Nimmo, L. T. Kelly,
M. F. Clarke, and A. F. Bennett. 2012. The influence
of unburnt patches and distance from refuges on
post-fire bird communities. Animal Conservation
15:499-507.

Wayne, A. F., A. Cowling, D. B. Lindenmayer, C. G.
Ward, C. V. Vellios, C. F. Donnelly, and M. C.
Calver. 2006. The abundance of a threatened
arboreal marsupial in relation to anthropogenic
disturbances at local and landscape scales in
Mediterranean-type forests in south-western Aus-
tralia. Biological Conservation 127:463-476.

Whelan, R. J., L. Rodgerson, C. R. Dickman, and E. F.
Sutherland. 2002. Critical life cycles of plants and
animals:developing a process-based understanding
of population changes in fire-prone landscapes.
Pages 94-124 in R. A. Bradstock, J. E. Williams, and
A. M. Gill, editors. Flammable Australia: the fire
regimes and biodiversity of a continent. Cambridge
University Press, Cambridge, UK.

Wotton, B. M., C. A. Nock, and M. D. Flannigan. 2010.
Forest fire occurrence and climate change in
Canada. International Journal of Wildland Fire
19:253-271.

Zuur, A. E., E. N. Ieno, N. J. Walker, A. A. Saveliev, and
G. M. Smith. 2009. Mixed effects models and
extensions in ecology with R. Springer Science,
New York, New York, USA.

SUPPLEMENTAL MATERIAL

EcoLoaGicAL ARCHIVES

The Appendix is available online at: http://dx.doi.org/10.1890/ES15-00327.1.sm

ECOSPHERE % www.esajournals.org

October 2015 ** Volume 6(10) %* Article 190


http://dx.doi.org/10.1890/ES15-00327.1.sm

