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ABSTRACT
Aim Extreme climatic events and large wildfires are predicted to increase as the

world’s climate warms. Understanding how they shape species’ distributions
will be critical for conserving biodiversity. We used a 7-year dataset of
mammals collected during and after south-east Australia’s Millennium Drought
to assess the roles of fire history, climatic extremes and their interactions in
shaping mammal distributions.
Location Grampians National Park, south-eastern Australia.
Methods We surveyed mammals at 36 sites along a ~50-year post-fire

chronosequence in each of the 7 years. We modelled ten mammal species in
relation to fire history, productivity and recent rainfall. Next, we examined the
consistency of species’ fire response curves across each of three climatic phases
relating to the Millennium Drought. Finally, we identified the optimal distribution of fire ages for small and medium-sized mammal conservation in each of
the three climatic phases.
Results The majority of species were influenced by fire history, and all native

species were negatively associated with recently burned vegetation. Seven of ten
species responded positively to the end of the Millennium Drought, but six of
these declined quickly thereafter. Species’ responses to fire history differed
depending on the climatic conditions. However, the optimal distribution of
fire-age classes consistently emphasized the importance of older age classes,
regardless of climatic phase. This distribution is in stark contrast to the current
distribution of fire ages across the study region.
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Main conclusions Mammals in the study region face an uncertain future. The
negative impact of drought, the short-lived nature of post-drought recovery
and, now, the possibility of a new drought beginning forewarn of further
declines. The stark contrast between the optimal and current fire-age distributions means that reducing the incidence of further fires is critical to enhance
the capacity of native mammal communities to weather an increasingly turbulent climate.
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INTRODUCTION
Fire is a critical component of ecosystems world-wide (Bowman et al., 2009). Fire shapes species’ distributions over long
time-scales, from decades to centuries (Watson et al., 2012;
Smith et al., 2013). Consequently, there is a growing emphasis on understanding how to best manage fire for biodiversity
conservation (Driscoll et al., 2010). Concurrently, climate
change models for many fire-prone regions predict an
increase in climatic extremes in coming decades, resulting in
more protracted droughts, punctuated by severe floods
(Allen et al., 2010; Intergovernmental Panel on Climate
Change, 2013). Such changes pose a direct threat to biodiversity (Jentsch & Beierkuhnlein, 2008), but will also have
indirect effects as they alter fire regimes (Flannigan et al.,
2000), leading to larger, more frequent and severe fires
(Clarke et al., 2011). Given the predicted changes to both
fire regimes and climatic extremes, it is crucial to understand
to what extent these factors shape ecological communities,
and what potential there is for interactions among these two
important processes (Driscoll et al., 2010; Kelly et al., 2012).
In virtually all terrestrial ecosystems, precipitation is a critical bottom-up driver (Liu et al., 2013). Changes to precipitation strongly modify vegetation structure and composition
(Flannigan et al., 2000), thereby altering resource availability
for fauna. Temporal variation in precipitation has been shown
to alter the rate of vegetation recovery following fire (Monamy & Fox, 2000; Letnic & Dickman, 2010). Therefore, there
exists a strong likelihood of interactions between fire and climatic extremes shaping animal communities in fire-prone
regions (Greenville et al., 2012). If species’ distributions
depend on the interplay between fire history and climatic
extremes, then fire management for biodiversity conservation
must acknowledge such interactions, for instance, when developing planned burning strategies (Di Stefano et al., 2013).
However, our current understanding of such interactions is
severely limited as there are few datasets which track the
response of ecological communities over prolonged timescales through climatic extremes (Bennett et al., 2014).
Terrestrial mammal species are often reliant on ground
vegetation, and their recovery following fire is commonly
associated with changes in its structure and complexity (Fox,
1982). For this reason, mammals have frequently been used
as a model group for understanding the effects of fire on
fauna (Monamy & Fox, 2000; Kelly et al., 2011). Small mammals have been pivotal in developing theories regarding how
biodiversity responds to climatic extremes (Letnic & Dickman, 2010). The concept of ‘boom’ and ‘bust’ ecosystems –
where mammal populations increase in size rapidly following
large rainfall events and then diminish when there is a lack
of rainfall – has been a central part of this (Holmgren et al.,
2006). Such community dynamics are well documented for
arid and semi-arid ecosystems (Lima & Jaksic, 1998; Dickman et al., 2010); however, whether these dynamics are also
relevant to more temperate mesic ecosystems is understood
to a lesser extent (Kelly et al., 2012). Furthermore, how such
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dynamics interact with fire regimes remains critically understudied (Letnic & Dickman, 2010).
Here, we use a large dataset on native mammal communities spanning seven consecutive years (2008–2014). Our
study region, the Grampians National Park of south-eastern
Australia, has recently experienced strong interactions
between fire and climatic extremes, including three large fires
(ranging from 35,000 to 85,000 ha) since 2005, and severe
drought followed by record-breaking rains. The consecutive
multiyear nature of our dataset allows us to investigate the
effects of fire and rainfall simultaneously. The region has a
diverse range of small-and-medium-sized mammals, including two monotremes, 14 marsupial species and six rodent
species (two of which are introduced). Using this dataset, we
address four questions of fundamental importance to both
ecological theory and applied ecology in fire-prone regions:
1. Does fire history drive mammal abundance and occurrence within this region, and if so, over what time frames?
2. Do climatic extremes affect mammal occurrence, and is
there evidence for boom and bust phases within this temperate mesic ecosystem?
3. Do fire history and climatic extremes interact to shape
species distributions?
4. What is the optimal distribution of fire-age classes for
mammal conservation and does this differ under different
climatic phases?
METHODS
Study area
The Grampians National Park in south-eastern Australia
(168,000 ha), a large conservation reserve embedded within
extensive agricultural lands (Enright et al., 1994), is a series
of sandstone ranges with east-facing escarpments (Cayley &
Taylor, 1997). The region has experienced a 50 year average
rainfall of 991 mm, with mean annual rainfall ranging from
601 mm to 1123 mm during the study period and has a
temperate climate, experiencing mild winters and hot summers. Native vegetation is dominated by eucalyptus forests,
heathy woodlands and open heathlands.
Site selection and description
Thirty-six study sites were selected within the Grampians
National Park (Fig. 1). Sites were initially selected to examine the consequences of a large wildfire on the mammal
community. The large wildfire occurred in 2006 and burned
~85,000 ha (~50% of the park). Sites were chosen to encompass areas that were burned (n = 19) and unburned (n = 17)
following the fire. Sites not burned in 2006 represented a
post-fire age gradient of ~50 years. Sites were spread across
the park and were predominately in heathy woodland and
sand heathland and were constrained by a further four factors: (1) all sites were located at an elevation < 470 m a.s.l.
to account for the influence of elevation on rainfall; (2) all
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were established within an intensive fox baiting area, maintaining consistent management practices; (3) all sites were
accessible via the road network for time efficiency; and (4)
all sites were established with a distance of at least 2 km
between them, increasing site independence.
Mammal data
Mammal trapping commenced between April and July in
2008, 2 years after the 2006 wildfire. At each site, a trapping
grid of approximately 2.25 ha (150 m 9 150 m) was established, with each grid containing 49 Elliott traps (small collapsible aluminium traps; 330 mm 9 90 mm 9 100 mm)
and 16 wire cage traps (490 mm 9 205 mm 9 175 mm).
Elliott traps were laid in a seven-by-seven grid with 25m spacing between traps, with cage traps laid in a four-by-four grid
with 50m spacing. All traps contained a bait of rolled oats,
peanut butter, honey, vanilla extract and raw linseed oil. Nesting material was placed in each Elliott trap to provide warmth,
and both Elliott and cage traps were wrapped in plastic to provide protection from the elements. Each grid was surveyed for
four consecutive nights each year, resulting in a total of 260
trap nights per site per year. All traps were checked twice daily
with individuals released at the point of capture.
Long-term sampling
The sampling protocol outlined above was repeated from
2009 to 2014, with all sites resampled between April and
July. During 2009, one of the 36 sites was not surveyed leading to a total of 251 site-specific surveys across all years. This
equates to an overall survey effort of 65,260 trap nights over
the duration of the study. During this period, the region
experienced a prolonged period of below-average rainfall due
to one of south-eastern Australia’s most severe droughts on
record, the ‘Millennium Drought’ (van Dijk et al., 2013).
This long-term drought (2001–2009) led to an accumulated
precipitation deficit twice that of other droughts on record
(Leblanc et al., 2012) and had far-reaching impacts on economic and ecological systems across Australia (van Dijk
et al., 2013). The Millennium Drought was broken by the
‘Big Wet’ in 2010–2011 with record-breaking, flooding rains
(Leblanc et al., 2012) – after which, annual rainfall fell back
to below average (Fig. 1). In addition to the large 2006 wildfire, two further large fires occurred in 2013 and 2014. The
2013 wildfire was 35,000 ha and burned six study sites (two
of the original > 20 years sites, one 10–20 years and three 0–
10 years), while the 2014 fire was 55,000 ha and burned a
further four study sites (one > 20 years, two 10–20 years and
one 0–10 years). The cumulative area burned by these large
wildfires is 145,263 ha or ~90% of the National Park.
Dependent variables
For each site, annual trap success was calculated to provide a
relative measure of mammal abundance for each species

(Caughley, 1980). Trap success (TS) was determined using
the following formula:
TS ¼Number of individuals of a particular species captured
=ðtotal trap nights
 ðtotal number of captures of other speciesÞÞ
where total trap nights = trap nights 9 total number of
traps per site.
This TS calculation was adjusted depending on whether
the target species could be caught in only Elliot traps (e.g.
house mouse Mus musculus), only cage traps (e.g. common
brushtail possum Trichosurus vulpecula) or both (e.g. heath
mouse Pseudomys shortridgei).
To account for a trap becoming unavailable once it had
been triggered, a frequency–density transformation (Caughley, 1980) was then applied to the TS for each species. The
formula used to adjust for trap success was as follows:
Adjusted trap success ¼ lnð1  trap successÞ  ð100Þ
where ln returns the natural logarithm of a number.

Independent variables
We used four independent variables throughout the study: (1)
time since fire for each survey site; (2) average rainfall for
18 months prior to April; (3) productivity; and (4) climatic phase.
Each site was assigned a time since fire based on historical
and remotely sensed data from Landsat imagery, provided
and prepared by Parks Victoria using geographic information
systems.
We quantified rainfall using monthly rainfall averages
(mm) from the pooled data of three rainfall stations located
between 0 and 4 km from the national park (located at Mirranatwa, Dunkeld and Wartook; Bureau of Meteorology,
2013). Three rainfall lag times were assessed (6, 12 and
18 months prior to trapping), rainfall for the 18 months
prior to the commencement of trapping in April each year
came out as the best predictor for each species (based on
Akaike information criterion, AIC). This is unsurprising as
studies have demonstrated that the influence of rainfall takes
time to manifest within a system (Recher et al., 2009).
We utilized Normalized Difference Vegetation Index
(NDVI) to account for variation between sites in productivity to capture differences in vegetation across the study
region (Coops et al., 2013). This variable represents a gradient in vegetation productivity, from infertile rocky outcrops
and heathlands (1) to more productive and moist woodlands (+1) (Lanorte et al., 2014). To measure NDVI, we used
the United States Geological Surveys GloVis Landsat data for
the 6 years preceding the 2006 wildfire. NDVI was measured
annually in a 50m buffer of each study site in the Australian
summer months (between January and early March) and
then averaged to provide a single NDVI value for each site.
Any NDVI cell within the 50m trapping grid buffer that
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Figure 1 The location of 36 study sites (indicated by black dots) in the Grampians National Park and the wildfires experienced since
2005. Projection UTM UPS, datum GDA 94 (a). Cumulative rainfall (mm) for the 18 month leading up to April, calculated from three
rainfall stations (Mirranatwa, Dunkeld and Wartook) in the vicinity of the Grampians National Park. The horizontal line represents the
50 year average. Boom, bust, decline represent three distinct climatic phases used during modelling (b). A recently burnt study site (c)
and a longer unburnt study site (d).

included roads was excluded since such areas do not represent habitat for small mammals.
A fourth independent variable indicated which of three climatic phases the region was within, based on Greenville et al.
(2014): ‘bust’, ‘boom’ or ‘decline’. The bust phase, from 2008
to 2010, is characterized by below-average rainfall towards the
end of south-eastern Australia’s decade-long ‘Millennium
Drought’ (van Dijk et al., 2013); the boom phase, from 2011
to 2012, is characterized by far above-average rainfall associated with the flooding rains that signalled the end of the Millennium Drought (Mac Nally et al., 2014); and the decline
phase, from 2013 to 2014, is characterized by a return to
below-average rainfall following the boom phase (Fig. 1). The
distinction between ‘bust’, ‘boom’ and ‘decline’ is therefore
based on climatic conditions and the likely availability of
resources for small mammals (Greenville et al., 2014).
Statistical analysis
All analyses were conducted in the R statistical package
2.15.3 (R Core Development Team, 2013). For relatively
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common species with sufficient data, adjusted trap success
(an index of local abundance) was rounded to the nearest
integer and modelled using a Poisson distribution and a log
link. For mammal species that had little variation in trap
success or occurred too infrequently to model trap success,
presence/absence models specifying a binomial error structure and a logit link were built.
To model the relationships between mammals and independent variables, we used generalized additive mixed models (GAMMs; Wood, 2006). Mixed models were required
due to the repeated sampling of sites over time that can lead
to non-independence (Zuur et al., 2009). A unique identifier
for each ‘site’ was included as a random effect in all analyses
to account for this repeat sampling.
Two sets of GAMMs were fit. First, to understand the
long-term effects of fire and the relative effects of rainfall
and productivity, GAMMs were generated for each species
that included time since fire, 18-month rainfall and productivity as fixed effects using the Mixed GAM Computation
Vehicle (MGCV) package for R (Wood, 2011). Time since fire
was entered as a smoothed term to allow for complex
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response shapes typical of faunal responses to fire (Nimmo
et al., 2012). The amount of smoothing was determined
internally during model fitting using maximum likelihood
(Wood, 2008). Eighteen-month rainfall and productivity
were entered as linear predictors and both were scaled
(mean = 0, standard deviation = 1) to allow a direct comparison of their coefficients. A temporal correlation structure
(autoregressive correlation, AR1) was also included in these
models. This accounts for residual temporal correlation due
to surveys closer in time being more correlated than those
further apart (Zuur et al., 2009).
Second, to examine whether climatic extremes interact
with fire to shape species’ distributions, GAMMs were fit
with time since fire as a smoothed term and productivity as
a linear fixed effect, in addition to a three level categorical
predictor that indicated the climatic phase the system was in
either bust, boom or decline. An interaction term between
time since fire and climatic phase was included using the ‘by’
command, which allows a separate response curve to time
since fire to be produced for each of the three climatic
phases. Models of several species failed to converge using
mgcv, and so we ran models of individual species using the
gamm4 package which experiences fewer convergence issues
(Wood & Scheipl, 2015).
We used cross-validation to examine the predictive ability
of all models. This involved randomly selecting 50 sites from
the dataset, building the model on the remaining sites
(n = 201) and projecting the model on to the omitted 50
sites. This process was repeated five times, from which the
mean of the model validation statistic (outlined below) was
calculated. For species modelled using adjusted trap success,
we used the Spearman rank correlation coefficient between
observed and predicted values as a measure of model predictive capacity (Potts & Elith, 2006). We regard coefficients
between 0.00 and 0.19 as indicating weak predictive capacity,
0.20–0.39 as indicating some predictive capacity, 0.40–0.59 as
indicating moderate predictive capacity and models with
coefficients > 0.60 as having strong predictive capacity. For
species modelled using presence/absence data, we calculated
the area under the receiver operator curve (AUC). We followed Pearce & Ferrier (2000) in evaluating the predictive
ability of models: AUC ≤ 0.5 having no predictive capacity
(random or worse), 0.5–0.7 having some predictive capacity
(better than random), 0.7–0.9 having reasonable predictive
capacity and > 0.9 having very good predictive capacity.
Optimization
To examine the impact of climatic extremes on fire management targets, we calculated the allocation of fire ages across
the study landscape that would maximize the geometric
mean of abundance (G) of the native mammal species (Di
Stefano et al., 2013, Kelly et al. 2015). Maximizing G has
been advocated as a way to identify the optimal distribution
of fire ages within a landscape as a target for fire management (Di Stefano et al., 2013). We followed Di Stefano et al.

(2013) by (1) using adjusted trap success to represent all species’ abundances to ensure that all species were on a common scale (i.e. whereas GAMMs were generated using
adjusted trap success or presence/absence data, depending on
commonness), (2) using this abundance data to calculate G
of the native mammal community and (3) using optimization (outlined in detail in Di Stefano et al. (2013)) to determine the distribution of fire ages within a landscape that
would maximize G. In contrast to Di Stefano et al. (2013),
we chose to use linear optimization as, unlike nonlinear solvers, it is guaranteed to reach a global minimum (although
the results were near identical). R code for linear optimization of the geometric mean is provided (see Appendix S1 in
supporting information). We repeated this processes for (1)
all mammal data over all years combined and (2) for data
within each of the three climatic phases separately (i.e. bust,
boom and decline phases) to reveal whether the target for
fire management differs depending on climatic phase. Only
native mammals were considered in this analysis.
RESULTS
There were 5439 captures of 13 different mammal species
(11 native and two introduced) over 65,260 trap nights
across the seven-year study period (Table S1). Total captures
varied markedly across the study period. In the first year of
survey (2008) following the 2006 fire, there were 445 captures, of which 85% were of introduced species (M. musculus
and black rat Rattus rattus). Captures peaked at 1501 in 2012
following the breaking of the drought; 91% of these captures
were of native species. With the return of below-average
rainfall, captures dropped to 342 by 2014, with 83% of these
being native species. Due to inadequate data, the eastern
pygmy possum Cercartetus nanus, sugar glider Petaurus breviceps and the smoky mouse Pseudomys fumeus were excluded
from analysis.
Time since fire
Pooling the seven years of survey data revealed all but one
species (the common dunnart Sminthopsis murina) displayed
a relationship with time since fire (Table 1). Most species
were uncommon in recently burnt areas, with the exception
of the introduced M. musculus, whose numbers peaked
around 2 years post-fire and persisted in high numbers until
approximately 10 years post-fire (Fig. 2). The adjusted trap
success of the agile antechinus Antechinus agilis and the
swamp rat R. lutreolus was high 20 years post-fire with low
trap success in recently burnt areas (Fig. 2). Antechinus agilis
remained in the system longer than R. lutreolus with both
species having a resurgence at 45 years post-fire. However,
confidence intervals are wide at high time since fire values
due to small sample sizes (Fig. 2). Pseudomys shortridgei had
high trap success in areas approximately 10 years post-fire
before reducing in number until approximately 30 years
post-fire (Fig. 2). The probability of occurrence of the
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Table 1 Results of generalized additive mixed models describing the distribution of mammals in the Grampians National Park. Details
of smoothed terms for time since fire are shown for each species as well as model validation statistics. Coefficients of linear terms also
included in the models (18 month rainfall and NDVI) are presented in Table S2.
Smoothed term for time since fire

NDVI

Rainfall

Model validation

Species

edf

F

P-value

Estimate

SE

Estimate

SE

Discrimination

SE

Antechinus agilis
Antechinus flavipes
Antechinus swainsonii
Isoodon obesulus
Mus musculus
Pseudomys shortridgei
Rattus lutreolus
Rattus rattus
Sminthopsis murina
Trichosurus vulpecula

3.600
2.800
3.660
5.290
3.690
5.980
7.970
5.450
1.000
3.870

8.590
6.610
8.250
6.700
13.170
8.520
9.990
14.050
0.010
4.320

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.923
<0.001

0.780
0.661
1.637
0.489
0.063
0.032
1.156
1.084
0.139
0.064

0.267
0.376
0.512
0.702
0.157
0.206
0.511
0.527
0.412
0.461

0.321
0.177
0.014
1.869
0.320
0.306
0.540
1.299
0.901
0.043

0.059
0.151
0.159
0.194
0.079
0.062
0.063
0.157
0.149
0.152

0.563q
0.734AUC
0.869AUC
0.862AUC
0.391q
0.516q
0.507q
0.483q
0.716AUC
0.713AUC

0.050
0.022
0.013
0.044
0.033
0.064
0.033
0.022
0.024
0.029

edf = Estimated degrees of freedom. Model discrimination was measured using spearman’s correlation coefficient (q) for species modelled using
adjusted trap success or area under the receiver operating characteristic curve (AUC) for species modelled using presence/absence data.

yellow-footed antechinus Antechinus flavipes was highest
15 years post-fire before a decrease in their occupancy, while
the dusky antechinus’ Antechinus swainsonii presence was
highest 20 years post-fire (Fig. 2).
Rainfall and productivity
Seven of 10 species were positively associated with rainfall
(Table 1). Previous eighteen-month rainfall was associated
with higher trap success of A. agilis, M. musculus, P. shortridgei and R. lutreolus (Table 1) and the presence of the southern brown bandicoot Isoodon obesulus, R. rattus, S. murina
(Table 1). No species had a negative association with
18 month rainfall (Table 1). Four of 10 species increased with
higher productivity (Table S2). Antechinus agilis, A. swainsonii,
R. lutreolus and R. rattus were positively associated with productivity (Table 1). The trap success of A. flavipes decreased in
higher productivity areas likely representing the species preference for open woodland communities (Table 1).
The models for time since fire, rainfall and productivity
had some predictive capacity for the adjusted trap success of
one species and moderate predictive capacity for all other
species (n = 4) (Table 1). All models using presence/absence
data (n = 5) had a reasonable predictive capacity (Table 1).

in each of the three climatic phases (Table 2). Fire response
curves of individual species differed in their form (i.e. the
shape of the response curve) and amplitude (i.e. the size of
values of adjusted trap success or probability of occurrence)
between climatic phases (Fig. 3). For example, during the
bust phase, M. musculus displayed a nonlinear relationship
with time since fire, being most abundant following fire and
rapidly declining thereafter (Fig. 3a). During the boom
phase, this species was still related to time since fire, but its
preference was less strong, and the relationship with fire history more linear (Fig. 3a). Finally, during the decline phase,
M. musculus was rare across all fire ages and was not significantly related to time since fire (Fig. 3a; Table 2). Differences
in amplitude between climatic phases are attributed to the
strong effect of climatic phase, which had a significant
impact on all but two species (A. swainsonii and T. vulpecula; Table S3).
The models for the interaction between fire and climatic
phase had some predictive capacity for the adjusted trap success of two species and moderate capacity for all other species (n = 3) (Table 2). For species modelled using presence/
absence data, one model had some predictive capacity and
four had reasonable predictive capacity (Table 2).
Geometric mean of abundance

Interactions between fire and climatic phase
Fitting separate fire response curves in each of the three climatic phases (bust, boom and decline) showed temporal
variability in the response of individual species to fire
(Fig. 3). Seven of the ten species were associated with time
since fire in at least one of the climatic phases (Table 2). Significant responses to fire history were most commonly
observed during the bust phase (six species), followed by the
boom phase (four species) and the decline phase (two species). Only two species showed associations with fire history
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Optimization of the geometric mean of mammal abundance
revealed that these shifts in distributions had a relatively
minor impact on the optimal distribution of fire-age classes
for mammal conservation (Fig. 3). A consistent feature of
the optimal fire-age distributions within each of the three climatic phases was the importance of mid-successional (10–
25) and long unburned (> 25 years post-fire) vegetation. In
each case, the distributions included a mix of mid-successional and long unburned vegetation, with long unburned
vegetation making up the majority (Table S4). During the
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Figure 2 Responses of the adjusted trap success and probability of occurrence of nine terrestrial mammals in relation to time since fire
in the Grampians National Park. Black lines represent predicted values from generalized additive mixed models. Shaded areas represent
95% confidence intervals for predictions.

bust and particularly during the decline phases, the optimal
allocation included a larger proportion of long unburned
vegetation (Fig. 3). The optimal G differed substantially
between the three time periods: G increased by 198% (from
0.55 to 1.64) during the boom phase relative to the bust
phase, but then declined by 72% during the decline phase
(from 1.64 to 0.46), at which time G was 16% lower than
during the bust phase (0.46 compared to 0.55). Currently,
the landscape configuration of fire-age classes is far from
optimal, with 85% of the landscape recently burnt (< 9 years
since fire), 7% in mid-successional and 8% being long
unburnt.

DISCUSSION
Our work adds to a growing body of research documenting
the long-term (i.e. multidecadal) impacts of fire on fauna
(Watson et al., 2012; Smith et al., 2013). When data across
all 7 years were pooled, all but one species responded to fire
history and fluctuations in the occurrence of mammal species continued throughout the  50 years chronosequence.
All native species displayed a negative association with
recently burned areas (i.e. areas < 5 years since fire) and species such as I. obesulus were most common in areas
unburned for > 50 years. These responses are consistent with
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Figure 3 The effects of fire and climatic extremes on mammals. (a, b, c, d) Predictions from generalized additive mixed models
investigating time since fire in each of three climatic phases for individual species of mammal. Coarse broken line = ‘bust’ phase (2008–
2010), solid line = ‘boom’ phase (2011–2012) and fine dotted line = ‘decline’ phase (2013–2014). Coloured lines = significant smoothed
term for fire since fire (i.e. P = <0.05), grey lines = insignificant smoothed term. Only species that respond to fire in more than one
climatic phases are shown. (e, f, g, h) The distribution of fire-age classes that would optimize the geometric mean of abundance of small
and medium-sized mammal communities in the Grampians National Park during the ‘bust’ (2008–2010), ‘boom’ (2011–2012) and
during ‘decline’ phase (2013–2014) in relation to south-eastern Australia’s Millennium Drought, compared to the current fire-age
distribution in the Grampian National Park.
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Table 2 Results of generalized additive mixed models describing the distribution of mammals in the Grampians National Park. Details
of smoothed terms for time since fire in each of three climatic phases are shown for each species as well as model validation statistics.
Parameter estimates for linear terms also included in the models (climatic phase and NDVI) are provided in Tables S2 and S3.
Bust

Boom

Decline

Model validation

Species

edf

v2

P-value

edf

v2

P-value

edf

v2

P-value

Discrimination

SE

Antechinus agilis
Antechinus flavipes
Antechinus swainsonii
Isoodon obesulus
Mus musculus
Pseudomys shortridgei
Rattus lutreolus
Rattus rattus
Sminthopsis murina
Trichosurus vulpecula

1.000
1.000
1.000
1.000
2.119
2.738
1.000
1.000
1.000
1.000

24.573
3.651
0.854
0.465
16.878
13.312
10.255
0.164
0.003
4.329

<0.001
0.056
0.355
0.495
<0.001
0.003
0.001
0.685
0.960
0.038

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

8.299
0.022
6.370
1.366
7.074
0.399
5.683
0.275
1.981
1.346

0.004
0.882
0.012
0.242
0.008
0.528
0.017
0.600
0.159
0.246

1.000
1.000
1.000
1.000
1.000
1.962
1.000
1.000
1.000
1.000

6.962
0.850
2.497
0.215
3.190
4.424
10.200
0.498
0.683
0.518

0.008
0.357
0.114
0.643
0.074
0.106
0.001
0.480
0.409
0.472

0.557q
0.753AUC
0.829AUC
0.715AUC
0.516q
0.276q
0.305q
0.401q
0.704AUC
0.694AUC

0.050
0.033
0.031
0.083
0.065
0.060
0.077
0.048
0.040
0.016

edf = Estimated degrees of freedom. Model discrimination was measured using spearman’s correlation coefficient (q) for species modelled using
adjusted trap success or area under the receiver operating characteristic curve (AUC) for species modelled using presence/absence data.

the preferences of many small and medium-sized native
mammals for structurally complex vegetation (Paull, 1995).
By contrast, the early post-fire environment was dominated
by the invasive M. musculus – a species that is commonly
associated with recently burnt areas (Kelly et al., 2011), perhaps due to enhanced food resources post-fire, such as green
shoots and seeds (Kelly et al., 2011). The importance of later
successional stages is emerging as a consistent theme among
fire ecology studies in Australia and internationally. For
example, research in semi-arid environments north of the
study region found long unburned vegetation was important
for reptiles (Nimmo et al., 2012) and small mammals (Kelly
et al., 2012). The importance of later successional stages has
also been observed for mammal populations in New South
Wales, Australia (Fox, 1982), and increases in mammal
diversity have been observed in long unburned areas in

northern America (Vamstad & Rotenberry, 2010). The large
proportion of species related to fire history, an aversion to
recently burned vegetation among native species, and the
long-term nature of post-fire responses highlight the need
for careful, long-term planning of fire regimes focussed on
limiting the occurrence of large wildfires.
The role of climatic extremes in driving the distribution
of fauna is well documented in arid environments (Letnic
et al., 2005; Letnic & Dickman, 2006), but less so in temperate ecosystems (Kelly et al., 2012). Here, we demonstrate that small mammal communities appear to display
classic rainfall-driven ‘boom and bust’ phases (Letnic &
Dickman, 2006) typical of small mammal communities in
arid regions (Letnic et al., 2005; Dickman et al., 2010). The
mechanisms driving the boom and bust patterns in small
mammals likely include increased vegetation growth and

High invertebrate
abundance, abundant
seeds and palatable
vegetation, increased
vegetation complexity

Species rich, high mammal
abundance, native
dominated

Drought

Figure 4 Conceptual model of how the
Grampians mammal community is
shaped by fire and climatic extremes and
the proximate drivers underpinning
mammal distributions, adapted from
Letnic & Dickman (2010).

Wildfire
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Flooding
rains
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food availability (e.g. seeds, invertebrates) in wet periods
(Letnic & Dickman, 2010), leading to increased reproductive success (Lima & Jaksic, 1998, Fig 4). The strong effect
of precipitation in this system meant that, during dry periods (i.e. during the Millennium Drought), some species
were rarely or not recorded (e.g. I. obesulus, A. swainsonii
and R. lutreolus).
We observed a change in species’ responses to fire history
across the three climatic phases (bust, boom and decline),
indicating that fire history and climate can interact to shape
species’ occurrence. What mechanisms would underpin such
an interaction? One possibility is that climate alters the relationship between vegetation structure and fire history (Fried
et al., 2004), affecting the relationship between fire and animal distributions in turn. Such an effect would be consistent
with the ‘dynamic vegetation’ hypothesis, which proposes
that vegetation dynamics post-fire interact with climate to
produce geographically or temporally variable responses to
fire history (Nimmo et al., 2014). This was supported when
explaining geographically variable responses of reptiles to fire
(Nimmo et al., 2014). Similarly, Monamy & Fox (2000)
found that small mammals were affected by vegetation cover
more strongly than time since fire itself. It is also possible
that particular fire ages experience a flush of food resources
during wet periods (Free et al., 2013) that may be unavailable during drier periods, allowing species to extend distributions into otherwise marginal habitats.
Variability within species in the significance of time since
fire between the climatic phases highlights that the ability to
detect the impact of fire on a species may be contingent on
the prevailing climatic conditions. This reinforces the view
that it is important to survey at a high intensity when effect
sizes are small to reduce the risk of type II error (Smith
et al., 2013) and that species with no response to fire history
should be treated cautiously (Nimmo et al., 2014). The fact
that the largest numbers of significant associations with fire
were observed during the ‘bust’ phase suggests that species’
responses to fire may be more obvious when the system is
under stress, and species are more restricted to their preferred habitats under such conditions.
Despite the interplay between fire history and climate, targets for optimal fire management of mammals were relatively
consistent over time. By identifying the fire-age distributions
that would maximize the geometric mean of abundances of
mammals (Di Stefano et al., 2013), we demonstrated that
although the optimal distribution differs somewhat depending on climatic conditions, there was a consistent need for
retaining a large proportion of the landscape in older fireage classes (i.e. 10–25 and 26+ years since fire). The relative
consistency of the optimal distributions is reassuring as there
is obviously limited capacity for land managers to substantially shift the fire-age composition of a landscape in
response to droughts and floods, particularly in regions with
multidecadal fire regimes. It is of great concern, however,
that the optimal distributions are in stark contrast to the
current distribution of fire ages in the region which, due to
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several large fires in the past decade, is dominated by areas
< 10 years post-fire.
Implications and conclusions
The strong association between mammals and rainfall means
that a future with increasingly intense and longer-term
droughts could imperil many species. In addition, large-scale
wildfires have established the majority of the ecosystem in an
early successional period. This trend of larger, more frequent
and intense fires is predicted to continue under scenarios of
climate change (Intergovernmental Panel on Climate Change,
2013). Fires occurring during protracted droughts will be
particularly damaging and have the potential to drive species
towards local extinction. Fire management must aim to burn
strategically to minimize the size of these fires and retain as
larger areas as possible in older successional states, particularly during drought.
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