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Thesis Abstract
The management of fire to conserve biodiversity and maintain ecosystem integrity is
an ongoing challenge throughout the world. The response of plants and animals to
fire is complex due to interactions among factors that include the characteristics of
the fire (i.e. intensity and extent), the antecedent fire regime, the habitat, the climatic
conditions, the biology of the affected organisms and their interactions. There is a
clear need to understand multiple ecological processes if fire is to be managed as an
effective tool for conserving biodiversity.
Fire is often regarded as a threatening process for small mammal species in
Australia. The majority of research in Australia and overseas over the last twenty
years on the response of small mammals to fire has relied on raw abundance indices
and has often lacked statistically rigorous design and proper incorporation of
uncertainty that is needed for strong inference. Based on a meta-analysis of published
data, the overall effect size (per cent change in abundance) between burnt and
unburnt sites was relatively small, but was significantly greater for small mammal
species dependent on fire-sensitive habitats (e.g. rainforests) and with body mass
between 101-1000 g.
I examine the response of demographic attributes to experimental fires for a suite of
small mammal species using an extensive capture-mark-recapture dataset collected
during a landscape-scale fire experiment. Growth rate and maximum body size were
not influenced by different fire regimes. However, survival and recruitment were
reduced for a number of species when the fire intensity was high. Spatially explicit
population viability analysis models for four taxa demonstrated that frequency of
fires rather than extent presents the greatest risk to population persistence and
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indicates that prevailing fire management regimes may be unfavourable for some
species.
Together, these findings suggest that fire has an important role in the management
and conservation of small mammal species.
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CHAPTER 1 GENERAL INTRODUCTION

Preamble

In this chapter I provide a general introduction to the management of fire for the
conservation of biodiversity globally. I then give an overview of the extinction and
decline of small mammal species in Australia and some of the challenges faced by
researchers in this field. Following this is a description of the motivation, aims and
structure of the thesis.
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Chapter 1 – General Introduction

The management of fire to conserve biodiversity is an ongoing challenge throughout
the world. Fire is a natural disturbance that has shaped many environments (Bond
and Keeley, 2005) and historical fire regimes have been modified in response to
changed land use, resulting in changes to the frequency, extent and intensity of fires.
However, the response of plants and animals to fire is complex due to the interaction
of multiple factors, including: the characteristics of the fire (i.e. intensity and extent),
the antecedent fire regime, the habitat, the climatic conditions and the biology of the
organisms (Gill, 1981, Whelan et al., 2002). As such, there is a clear need to
understand ecological processes in relation to fire, based on robust ecological data
and analysis, in order to manage fire effectively to conserve biodiversity.

Australia is one of the most flammable continents, having a long history of fire in
almost all environments (Bowman, 1998, Bradstock et al., 2002). Fire has shaped
present-day landscapes throughout Australia. Of these, the tropical savannas of
northern Australia are the most frequently burnt landscape in Australia due to a
complex set of physical and social factors (Figure 1.1). The physical factors
contributing to this include the seasonal climate whereby little or no rain falls during
the dry season; there are extensive intact landscapes containing fuel such as the
annual grass Sarga spp. that cures through the dry season; and sparsely populated
landscapes with limited or no infrastructure (Dyer et al., 2001). Social factors
influencing the amount of burning in Australia’s tropical savannas relate to the large
indigenous population, which has a long history of using fire (Haynes, 1985, Preece,
2002). The de-population of indigenous peoples from remote areas of northern
Australia is seen as one of the main causes of altered fire regimes in the tropical
savannas (Russell-Smith et al., 2000).
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Since European colonisation of Australia just over 200 years ago, the continent’s
native mammal fauna has suffered an appalling rate of decline and extinction (Short
and Smith, 1994). Australia currently has 22 mammal extinctions since European
settlement, which represents a third of the world’s recent mammal extinctions
(Sattler and Creighton, 2002). Of the extant mammal fauna on the Australian
mainland and continental islands, 28 species are listed as Endangered under the
Commonwealth Environment Protection and Biodiversity Conservation Act 1999.
Notably, the highest rates of extinction have occurred in arid and semi-arid Australia,
despite these areas being little modified structurally (Burbidge and McKenzie, 1989,
Woinarski and Braithwaite, 1990), and species that weigh between 35 – 5500 g are
most susceptible to extinction (Burbidge and McKenzie, 1989, Cardillo, 2003). A
number of threatening processes have been linked to this mammal decline, including:
predation by introduced vertebrates, habitat loss, habitat modification from the
introduction of exotic herbivores, disease and changed fire regimes (Morton, 1990,
Short and Smith, 1994, Smith and Quin, 1996, Woinarski and Braithwaite, 1990,
Burbidge and McKenzie, 1989, Johnson, 2006).

While the patterns of mammal decline have been most severe in arid environments
(Woinarski and Braithwaite, 1990), there is accumulating evidence that declines are
extending northward into the wet-dry tropics, and may eventually result in future
extinctions in what was once thought to be a relatively intact system (Woinarski et
al., 2001, Woinarski et al., 2011, Ziembicki et al., 2013). The mammal fauna of
northern Australia is unique and diverse, with over 50 species known from the Top
End of the Northern Territory. That the mammal fauna of northern Australia
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Figure 1.1 Fire frequency of large fires (>4 km2) in Australia from 1997 to 2009
derived from satellite remote sensing. White areas have not been burnt, coloured
areas represent those mapped as burnt one to thirteen times during the 13-year period
(from Maier and Russell-Smith, 2012).
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may now be undergoing a decline comparable to the losses previously occurring
elsewhere in Australia suggests that there is an urgent need to identify more robustly,
and more actively manage, the threats to this fauna.

Changed fire regimes have often been blamed for the decline and extinction of small
mammal species in northern Australia but there is limited scientific evidence to
identify the direct role of fire as a cause (Johnson, 2006). While there have been
numerous studies investigating the effects of fire on small mammals and other
vertebrates, these have often been inconclusive due to high species turnover, low
abundance and the inability to distinguish real patterns from potential statistical
confounders in the data, such as detection probability (e.g. Woinarski et al., 2004b,
Woinarski et al., 2004a, Price et al., 2005b, Kutt and Woinarski, 2007). The
difficulty in finding the “smoking gun” in the declining fauna debate has been
articulated by Caughley (1994). He identified two paradigms in conservation
biology: the small-population and the declining-population paradigms. The smallpopulation paradigm originated from research focussing on the effect of smallness on
the persistence of populations, adopts a theoretical method of inquiry and relies on
techniques such as population modelling and genetic analysis. The decliningpopulation paradigm deals with the cause of decline and relies on mainly ecological
and non-experimental studies to identify the agents of decline. Caughley (1994)
argued that a greater convergence of both paradigms would strengthen the capacity
of conservation biology to identify mechanisms responsible for species declines.

Additional research on fire and small mammals in tropical savannas is evidently
important. This thesis attempts to explore and compare the response of a number of
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small mammal species to different fire regimes in the largely intact landscape of
Australia's tropical savannas. In particular, it seeks to examine fundamental
demographic variables that affect population size using a range of quantitative
analysis techniques. The conservation and management of native wildlife presents
many challenges under the combined influence of human actions and the natural
variability of the environment. It is well recognised that both endogenous (population
demography, metapopulation dynamics, population genetics, reproductive ecology,
behaviour, density dependence and competition) and exogenous (environmental
stochasticity, disturbance, habitat modification and human impacts) factors combine
to influence the dynamics of wildlife populations (Turchin, 2003). The complex
interactions of many of these factors have led to the increased use of modelling to
support the management of wildlife populations (e.g. Pollock et al., 1990, Lebreton
et al., 1992, White and Burnham, 1999, Burnham and White, 2002, McCallum,
2000). In this thesis, mark-recapture statistical and population simulation models will
be used to explore the key factors that regulate populations of different small
mammal species. Further, these results will be used to examine different
management scenarios and the future viability of populations will be assessed under
these scenarios according to various management actions.

Based on a comprehensive review of the literature, Whelan (1995) highlighted six
areas where research on the effects of fire should be focussed in the future: 1) how
factors such as survival and emigration in animal populations respond to different
types of fire; 2) modes of recovery of populations on burned sites; 3) survival in
unburned habitat; 4) fire-related mortality from wildfires; 5) importance of resources
such as food, cover and predation post-fire; and 6) better understanding of soil- and
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litter-dwelling invertebrates’ response to fire. The review by Whelan (1995) clearly
articulated a need for a more robust understanding of how fire influences the
population growth of animal species and these findings have guided the structure and
content of this thesis.

This thesis was motivated by the availability of a remarkably detailed body of
unpublished, and largely unanalyzed, capture-mark-recapture data of a small
mammal community collected by CSIRO at the Kapalga Research Station in Kakadu
National Park. The primary study was conducted between 1989 and 1995 in an area
subjected to four experimental fire regimes in multiple catchments per treatment
(Andersen et al., 1998). The data contain capture-mark-recapture histories of six
species from over 1500 trapping stations. A secondary study was based on a single
trapping-grid in savanna forest over 24 months (1985 and 1987) and was
unintentionally burnt each year. Some of the data from these two studies have been
published, but these studies focused only on the population ecology of single species
and ignored crucial statistical uncertainties such as capture probabilities (see
Braithwaite, 1989, Braithwaite and Brady, 1993, Braithwaite and Griffiths, 1994,
Braithwaite, 1995, Braithwaite and Griffiths, 1996, Braithwaite and Muller, 1997).
Brief summaries of each of the small mammal species studied in this thesis are
provided in Appendix I.

The published data from Kapalga have played a key role in formulating hypotheses
to explain the decline of small mammals in northern Australia. Braithwaite (1997)
postulated that falling groundwater levels linked to below average rainfall were
responsible for the decline in abundance of a number of small mammal species at
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Kapalga and correlated this with historical extinction events elsewhere in Australia.
However, Woinarski et al. (2001) re-sampled the same sites in October 1999 and
observed most species had not recovered despite subsequent years of above average
rainfall. Woinarski et al. (2001) proposed that the most likely cause of small mammal
decline in the northern savannas was the widespread and continuing loss of
Aboriginal fire management. Both papers used simple trap counts as an index of
abundance and did not make use of the capture-mark-recapture data. Pardon et al.
(2003) examined determinants of apparent survival for the northern brown bandicoot

Isoodon macrourus using the capture-mark-recapture data from the 1989-95 fire
experiment and demonstrated a significant reduction in survival in sites subjected to
higher intensity dry-season fires. Corbett et al. (2003) demonstrated a significant
decrease in abundance for the northern quoll Dasyurus hallucatus, fawn antechinus

Antechinus bellus and northern brown bandicoot in sites treated with high intensity
annual fires.

The principal aim of this thesis is to investigate the role of fire regimes on the
population dynamics of a suite of small mammal species that are thought to have
undergone major declines in recent years. To achieve this, I first undertake a metaanalysis (quantitative and systematic review) of the published literature on the impact
fire on small mammals (Chapter 2) to provide insight into the effect of fire among
phylogenetic groups and conservation status, and critique methods used to
investigate fire impacts on small mammal populations. I then use capture-markrecapture data from the Kapalga fire experiment to investigate body growth of small
mammal species in relation to fire regimes, phylogeny and rainfall (Chapter 3).
Following this, I quantify and compare the effect of fire regimes on demographic
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parameters (apparent survival and recruitment) of small mammal species at Kapalga
using the capture-mark-recapture data (Chapter 4). Based on the information derived
from modelling survival and recruitment (including mean parameter estimates and
their uncertainty bounds), I construct spatially-explicit stage-based matrix population
models for six small mammal species to examine a range of fire management
scenarios and explore their sensitivity to input parameters (Chapter 5). Lastly, I draw
upon the key findings in each chapter to synthesise the response of small mammals
to fire and discuss the management implications (Chapter 6).

Plate 2 Mean annual area burned, expressed as the fraction of each grid cell that burns
each year, derived from the July 1996 – August 2012 monthly GFED4 burned area
time series (from Giglio et al., 2013).
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CHAPTER 2 IS FIRE A THREATENING PROCESS FOR SMALL MAMMALS?

Preamble
In the previous chapter I described the context and background for the thesis relating
to the effect of fire on biodiversity conservation and its relevance to management of
small mammals, in particular the decline of small mammals in northern Australia. In
this chapter I examine the role of fire as a potentially threatening process for small
mammals in Australia by critiquing recent literature and a meta-analysis of published
studies.
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Introduction

The loss of species due to human-induced causes has been significant (Diamond,
1989), and is likely to increase during this century as people convert or modify a
growing proportion of wildlands for agriculture, urban development and other
extractive uses (Sodhi et al., 2004). Given this context, there is a need to understand
the principal causes of decline in the size and extent of wildlife populations, in order
to manage and mitigate risks (Purvis et al., 2000). The constant challenge for
conservation biology is use of the scientific method to determine why populations
declined (Caughley, 1994).
The small mammal fauna of Australia is a particularly pertinent example of this
conundrum: it has undergone a dramatic decline since European settlement 220 years
ago, with many species extinctions (Woinarski and Braithwaite, 1990), and there is
mounting evidence for a further wave of extirpations and possible future extinctions
in northern Australia (Woinarski et al., 2010, Woinarski et al., 2011). There have
been multiple agents responsible for the historical decline of Australia’s small
mammal fauna, with habitat conversion (loss and fragmentation) and exotic predators
being the key drivers (Smith and Quin, 1996, Fisher et al., 2003, McKenzie et al.,
2007, Johnson, 2006). However, there remains considerable uncertainty surrounding
the current dynamics in northern Australia, with altered fire regimes, disease and
exotic predators identified as the most likely agents of decline (Woinarski et al.,
2011). Changed fire regimes have often been associated with the decline of small
mammal species in Australia. For example, altered fire regimes are identified as a
potential threat for more than half (n = 15; 58%) of the 26 species-recovery plans for
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mainland terrestrial small mammal species listed as Endangered under the
Commonwealth’s Environment Protection and Biodiversity Conservation Act 1999
(EPBC Act; http://environment.gov.au/biodiversity/threatened/recovery, date
accessed 1/10/2012). This compares with only five non-Australian terrestrial small
mammal species listed as Endangered under the IUCN Red List that nominate fire as
a threatening process (online search of Red List; http://www.iucnredlist.org/, date
accessed 2/2/2013).
Is Australia’s small mammal fauna more susceptible to changed fire regimes
compared to the faunas of other continents? Can fire be considered as a key
threatening process for many small mammal species in Australia? Under the EPBC
Act, a key threatening process is one that threatens or may threaten the survival,
abundance or evolutionary development of a native species or ecological community.
Further, consideration is given as to whether a process could cause a native species
or ecological community to become eligible for inclusion on a threatened list (other
than the conservation dependent category); or cause an already listed threatened
species or threatened ecological community to become more endangered; or
adversely affect two or more listed threatened species or threatened ecological
communities (Section 188(4) Commonwealth of Australia, 1999).
Given the potential threat that altered fire regimes pose to the small mammal fauna
of Australia and the widespread use of burning as a tool in forest and landscape
management, a robust understanding of the impacts of fire is critical for the
development of appropriate management strategies and as a basis for adaptive
management (Driscoll et al., 2010). A lack of understanding constrains the ability to
manage small mammal fauna, particularly in the pyrophillic savannas of northern
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Australia (Williams et al., 2002b). I will use a form of meta-analysis to attempt to
test the hypothesis that Australian small mammal fauna is more susceptible to fire
using published literature from Australia and overseas. A meta-analysis is a
statistical technique for amalgamating, summarising and systematically reviewing
previous quantitative research (Gurevitch and Hedges, 1999); a wide variety of
questions can potentially be investigated using meta-analyses, provided a reasonable
body of primary research studies exist. Surprisingly, there are few examples of metaanalyses on the effects of fire on vertebrates, with only one recent meta-analysis I
could identify. This considered the effects of wildfire and clear-cutting in northern
American forests and showed clear differences between two common small mammal
species (Zwolak, 2009).
In this chapter I aim to investigate whether there is a robust quantitative basis for
considering fire as a key threatening process on small mammals in Australia.
Specifically, I will: (1) summarise the recent literature on small mammals and the
impacts of fire; (2) critique the experimental design and methodology of the studies;
and; (3) conduct a meta-analysis, using the results of appropriately reported studies
to identify aggregate statistical patterns among taxonomic and functional groups
(although see Keith, 2012). Based on this systematic review, I make
recommendations to inform future research and management on the interaction
between fire and small mammals in Australia and overseas.
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Methods

Source data
The dataset was compiled from papers published in the peer-reviewed literature from
Australia and overseas between 1995 and 2012 (unpublished reports and theses were
not considered). The reason for choosing this start date was that it covers the period
after a comprehensive review of fire ecology by Whelan (1995). A list of published
articles was generated using this specific query (fire* OR wildfire OR burn* OR
prescribed* OR mammal OR “small mammal”) in Google Scholar
(http://scholar.google.com.au). From an initially large list of ~1.2 million results, I
filtered the dataset to collate a total of 62 individual publications (see Appendix II)
for which ecological attributes had been recorded in burnt and unburnt sites. Only
mammal species with a body mass less than 5.5 kg, which corresponds to the upper
limit of the critical-weight-range identified by Burbidge and McKenzie (1989) of atrisk mammal species, were considered.
Summary of literature
To describe the dataset, each species and study was classified into the following
groups:

Taxonomy: Subclass, Order and Family of each species.
Body size: Each species was classified into one of four ordinal categories: (1) Small –
1-30 g; (2) Medium – 31- 100 g; (3) Large – 101-1000 g; and (4) Extra Large –
>1001 g.
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Conservation status: Current conservation status of each species using 2010 IUCN
Red List (http://www.iucnredlist.org/).

Experimental design types: Each study was classified into one of three a priori
experimental design types: (1) both pre- and post-fire sampling (e.g. single or
repeated fires before and after fire); (2) post-fire sampling only (e.g. sampling in
burnt and unburnt treatment post-fire) and; (3) chrono-sequence or time-since-fire
(e.g. post-fire sampling in areas burnt i times in the last i years). Note that not all
design types incorporate an unburnt control.

Type of fire: The type of fire used in the experimental design in each study was
classified into one of two groups: (1) wildfire and; (2) experimental fire (including
fuel reduction and prescribed fires).

Response variable: The response variable used in each study was classified into one
of three groups: (1) abundance or indices of abundances (e.g. raw number of
captures, relative abundance, captures per unit effort, minimum number known-tobe-alive, density, track counts); (2) demographic parameters (including apparent
survival and reproduction) and; (3) presence-absence (e.g. occupancy).

Geographic location: Studies were grouped by the continent in which each study was
undertaken (e.g. North America, South America, Australia).

Vegetation type: The primary vegetation type for each study was classified into one
of three groups, by order of relative density of woody biomass: (1) forest (e.g. mixed
conifer, eucalypt plantation); (2) savanna (e.g. tropical woodland); (3) grassland and
heath (e.g. wetland, spinifex grassland, heath).
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Fire sensitive habitat: Species were classified as “fire sensitive” if their habitat was
likely, a priori, to be negatively impacted by fire (e.g. required extensive ground
cover or moist areas). Assessments were based on the “Habitat and Ecology”
descriptions in the IUCN Red List (http://www.iucnredlist.org/).
Critique of experimental design
It is often difficult to attribute changes in small mammal populations to specific
effects. The often low and variable capture and recapture rates associated with smallmammal monitoring create sparse datasets which, in turn, make it difficult to conduct
reliable statistical tests of specific hypotheses. As such, I critiqued the experimental
design of each study based on the following questions relating to experimental
design and sampling methods:
Did the study use spatial replication? Spatial replication is a key factor in the design
of ecological impact studies, because it reduces the effects of “noise” or random
variation and thereby increases the precision of an estimate (Hurlbert, 1984).
Did the study use a statistical test/model? For time-series data, was a repeatedmeasures analysis used to account for the non-independence of data? Repeated
measures arise from successive sampling of the same experimental unit, whereby
successive samples are correlated and thus increase the potential for spurious
treatment effects (Hurlbert, 1984). Repeated measures can therefore violate the
assumption of independent samples that underpins common methods such as analysis
of variance and regression (Green, 1993).
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Did the sampling account for the probability for estimating the detection of
individuals? If so, what was the survey effort (e.g. number of trap nights) and were
animals uniquely marked? A key issue in many wildlife monitoring and impact
studies is the use of indices of abundance rather than statistical models of true
(unobserved) population size for the study area. Uncorrected estimates of population
size are usually biased and are often not proportional to actual population size
(White, 2005). Probability of detection is also a factor in occupancy studies because
non-detection may lead to false absences (i.e. missing the animal when it was really
there). The probability of detection can change over time (MacKenzie et al., 2006).
Meta-analysis
Typically, meta-analysis is based on an appropriate metric of effect size, whereby
variation is decomposed into within-study sampling error and between-study
variation, with effect-size parameters estimated in a way that accounts for differences
in treatments across multiple studies. Gurevitch and Hedges (1999) argue that
incomplete data reporting and lack of publishing of non-significant results (the ‘file
drawer problem’) are the biggest limitations facing ecological meta-analyses. Most
potentially suitable studies cannot ultimately be used in meta-analysis because they
omit variance and sample size information needed to compute the standard error of
effect-size estimates. Relevant to this chapter, the published studies of small mammal
populations and the effects of fire often suffer from this limitation, possibly due to
the difficult and expensive nature of such studies, and have either no replication, or
only a small number of replicates. Therefore, an alternate approach was required to
conduct the meta-analysis in this instance.
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As such, I used the method developed by Sodhi et al. (2009), whereby the principal
effect size evaluated was based on pairwise comparison between two states (in this
case burnt and unburnt sites). Effect size derived from individual studies was
restricted to measures of abundance and population parameters (e.g. survival,
occupancy). I omitted studies that used a chrono-sequence experimental design
because no burnt vs unburnt comparison was possible. Consequently, the metaanalysis was based on 170 pairwise comparisons reported in 49 published studies
(from a possible 62 published studies).
From this filtered sub-sample, I assessed: (1) the percentage difference in abundance
and population parameters between unburnt and burnt sites (where a positive effect
size indicated greater “health” in unburnt sites and a negative effect showed the
opposite [there were no ties]); and (2) the proportion of cases in which an unburnt
site had higher abundance and population parameters than equivalent burnt sites
(%HU). I calculated these statistics for the overall sample as well as the following
categorical breakdowns: taxonomic, body size, conservation status, geographic
location, vegetation, fire type and habitat (described in the previous section). The
95% confidence intervals (CI) were estimated from 10,000 bootstrap resamples (with
replacement) of the pairwise proportions.
To overcome the issues of lack of independence among effect-size estimates (e.g.
autocorrelation and spatial association), which arise when measurements of multiple
species are collected at the same site, I adopted the approach developed by Sodhi et
al. (2009) whereby the full dataset is randomly resampled (10,000 times) under the
constraint that only a single measure is used for each of the 49 studies. Furthermore,
for those studies where time-series data were presented (e.g. multiple trapping
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events, post-fire), only the final observation in the time series was used. Also, if
multiple fire treatments were applied (e.g. high or low intensity fires), the more
extreme treatment was selected as the pairwise “burnt” comparison.
I tested for publication bias (the ‘file drawer problem’ whereby non-significant
results may be less likely to be published (Hedges, 1992)) using the analysis of the
proportion of cases in which an unburnt site had higher abundance and population
parameters than equivalent burnt sites (%HU). I iteratively added hypothetical data
representing a negative effect of fire to models until the lower 95% CI of pairwise
comparisons overlapped with the null expectation of 50% (Sodhi et al., 2009).
I also did statistical modelling to compare the relative importance of each of the
different predictors in explaining the variation among small mammal species’
response to fire. For this, I used a generalised linear model with the logit of the
proportional difference between the unburnt and burnt sites (the same as “effect size”
used above). I created a candidate model set using different combinations of the
following categorical predictors: taxonomic groups, conservation status, body size,
geographic location, vegetation, fire type and habitat. A null model was added to the
candidate set to represent no variation across predictors. As with the pairwise
analysis, pseudoreplication (multiple species from the same study) was controlled for
by selecting a random subset of the full dataset, such that only one observation from
each study was fitted and this fitting procedure was repeated a total of 1000 times
(Sodhi et al., 2009). Model selection was based on Akaike Information Criteria (AIC;
(Burnham and Anderson, 2002)). The AIC highest ranked models are those that
explain the most variance in the data using the least number of parameters
(parsimony). For the randomised GLM model fits, I calculated the proportion of
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times each model was selected as the top ranked model (πi), based on AICc (this
yields a metric that is analogous to an AIC weight). The per cent deviance explained
(%DE) was used to represent the structural goodness-of-fit of each model, with 95%
CI being estimated as the 2.5 and 97.5 percentiles of the 1000 sample fits (Sodhi et
al., 2009).
All analyses were done using the R statistical package v2.15.2 (R Development Core
Team, 2012) and executed using the library MASS and “glm” function.

Results

Summary of literature
The literature search collated 62 published studies that examined the effects of fire
on a total of 122 small mammal species between 1995 and 2012 (Appendix II). There
was a diverse mix of species in the sample: eutherians accounted for 79%
(represented by 11 different Families) and marsupials 21% (nine Families) of species
sampled. The most commonly studied Family was Muridae (mice and rats, gerbils)
with 33 species (27%), followed by Cricetidae (hamsters, voles, lemmings, and New
World rats and mice) with 26 species (21%), and 15 Scuiridae (squirrels) species
(12%). The conservation status of the majority of species (86%) was listed as Least
Concern by the IUCN. Of species listed as threatened, nine were listed as Near
Threatened, four as Vulnerable, three as Endangered and one Critically Endangered.
There was an even split of studies across hemispheres. In the southern hemisphere
Australia dominated with 25 studies, there were seven from South America
(predominately Brazil) and seven from southern Africa. Northern-hemisphere studies
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were almost exclusively from North America (18 studies), with single studies from
Europe and Asia. Reflecting this geographic spread, studies were conducted in a
range of vegetation types: 30 (48%) studies were from forested ecosystems, 17
(28%) in grassland and heath and 15 (24%) in savannas.
Pre- and post-fire sampling was the most commonly used experimental design (63%
of studies), followed by post-fire design (27%) and chrono-sequence (10%). Of the
pre- and post-fire studies, most used experimental or prescribed fires as the fire
treatment (69%) and the remainder used uncontrolled wildfires. This pattern was
reversed with post-fire studies: 18% using experimental fire treatments and the
remainder used uncontrolled wildfires as the fire treatment, suggesting a more
opportunistic approach.
Critique of experimental design of small mammal fire studies
Spatial replication in the experimental design was not applied in 17 of the 62 studies
considered here. Unreplicated studies typically used one trapping grid as a control
and another grid as the experimental unit. In some cases, only single trapping grids
were used, with comparisons made between unburnt and burnt sections of the grids
used to test for differences in fire treatment.
Statistical tests were not done for 17% of the individual species reported on within
the 62 published studies. The authors usually cited small sample size as the reason
for not testing the data, but in some instances there was no clear reason provided.
Three pre-/post-fire studies that used radio-telemetry to estimate direct mortality of
individuals from fires did not use statistical tests or modelling, instead relying on a
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descriptive presentation of the data. Repeated measures were used in 27% of studies
to account for non-independence of data.
Live trapping was the most commonly used sampling method in the fire-impact
studies on small mammals, and abundance was the most commonly used response
variable (69% of the studies). However, the majority of these studies used
uncorrected estimates of abundance: 15 studies (35%) used the raw number of
captures, 13 (30%) used measures of relative abundance based on trapping effort,
and five studies (12%) used minimum known-to-be-alive (MNKA) estimates.
Therefore, the bulk of the studies relied on direct or indices of population size that
are potentially biased, either by assuming the probability of detection was equal to
one and/or that the index of abundance was proportional to actual population size. It
is worth noting that at least 11 studies that used indirect measures of population size
marked animals individually as part of the sampling and trapped for at least three
nights, which is sufficient to calculate probability of detection (Williams et al.,
2002a) using the types of capture-mark-recapture methods I demonstrate in Chapter
4.
Survival and occupancy were the other response variables used to assess the impact
of fire on small mammal populations. Survival was used as the response variable in
18% of studies. Of these, four used radio-telemetry of individual animals pre- and
post-fire, to estimate direct mortality, and two studies used radio telemetry to
compare post-fire survival of rehabilitated and uninjured animals. Another three
studies used capture-mark-recapture techniques to estimate apparent survival of
small mammals before and after experimental fires. Radio-telemetry removes the
problem of having to estimate detection probability, while capture-mark-recapture
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studies use capture histories to estimate the detection (i.e. recapture) probability
when estimating survival (Pollock et al., 1990). One study used post-fire searches to
collect data on fire-related mortalities.
Meta-analysis of effects of fire on small mammals
Based on pairwise comparisons between unburnt and burnt sites, small mammal
populations in unburnt sites generally had higher abundance and population
parameters, as would be expected if fire was affecting the populations in a negative
manner (Table 2.1). Overall, the mean effect size was 11%, which represents either
higher abundance and population parameters in unburnt sites. The proportion of
pairwise comparisons that had higher abundance and population parameters in
unburnt sites was 52.3%. However, the 95% CIs of both measures overlapped with
the null expectation of no fire impact, indicating no overall significant effect could
be detected.
The meta-analysis identified significant effects between unburnt and burnt sites for
four different factors: taxonomic (Family), body size, habitat and geographic location
(i.e. continent) (Tables 2.1 and 2.2). Species belonging to the Muridae Family had a
significantly higher proportion of pairwise comparisons in unburnt sites than burnt
sites compared to other Families (Table 2.1). Of the 46 measures for Muridae, 30
were higher in unburnt sites.
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Table 2.1 Impact of fire on abundance and demographic parameters of small
mammals, classified according to taxonomic group. # PC is the number of pairwise
comparisons in which a measure of abundance or a population parameter was
compared between unburnt and burnt sites. # studies is the number of individual
published studies used to derive the data. Effect size (upper and lower quartile) is the
median percentage difference in abundance or population parameters between
unburnt and burnt sites (positive value indicates a higher value in unburnt sites and a
negative a value lower abundance and population parameters in unburnt sites). %HU
(‘Higher Unburnt’) is the proportion of pairwise comparisons in which abundance
and population parameters was higher in unburnt sites than burnt sites (values above
50% indicate higher values in unburnt sites). Bolded values specify no overlap of
95% CIs with the null expectation (0 for effect size and 50% for %HU) and indicate
a significant effect of fire.

Taxon

#
PC

#
studies

Effect size

%HU (95% CI)

Eutheria

139

43

13.2 (-53.7,69.5)

53.9 (46.0, 61.9)

Marsupialia

31

16

0.0 (-100.0, 71.8)

45.2 (29.0, 61.3)

Dasyuromorphia

18

10

0.0 (-100.0, 72.8)

44.3 (22.2, 66.7)

Diprotodontia

9

6

0.0 (-63.6, 28.6)

44.6 (11.1, 77.8)

Subclass

Order
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Taxon

#
PC

#
studies

Effect size

%HU (95% CI)

Rodentia

120

40

12.0 (-55.4, 73.3)

53.3 (44.2, 62.5)

Soricomorpha

18

5

21.6 (-39.6, 50.0)

61.1 (38.9, 83.3)

Cricetidae

49

17

0.0 (-78.0, 68.4)

46.8 (32.6, 61.2)

Dasyuridae

18

10

0.0 (-100.0, 72.8)

44.5 (22.2, 66.7)

Muridae

46

20

45.1 (-4.4, 86.3)

65.3 (52.2, 78.3)

Phalangeridae

7

4

2.1 (-31.8, 46.4)

57.1 (14.3, 85.7)

Sciuridae

15

9

0.0 (-19.4, 30.0)

46.6 (20.0, 73.3)

Soricidae

18

5

21.6 (-39.6, 50.0)

61.01 (38.9, 83.3)

TOTAL

170

49

11.0 (-63.9, 70.0)

52.3 (44.71, 60.0)

Family
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Table 2.2 Impact of fire on abundance and population parameters of small mammals,
classified according to functional group. See Table 2.1 legend for definitions of
columns.

Functional group

#
PC

#
studies

Effect size

%HU (95% CI)

Small (1-30 g)

59

25

0.0 (-89.0, 51.3)

44.1 (32.2, 57.6)

Medium (31-100 g)

64

32

6.5 (-57.7, 68.8)

53.2 (40.6, 65.6)

Large (101-1000 g)

33

19

53.1 (0.0, 80.8)

66.6 (51.5, 81.8)

Extra Large (>1001 g)

14

9

1.1 (-61.4, 57.6)

50.2 (21.2, 78.6)

Least Concern

149

46

2.0 (-64.0, 70.0)

51.0 (42.9, 59.1)

NT, VU, EN, CR

16

10

35.7 (-50.0, 71.4)

61.8 (42.8, 80.9)

Experimental

110

29

6.6 (-58.7, 66.3)

52.7 (43.6, 61.2)

Wildfire

60

20

27.5 (-75.0, 75.3)

51.6 (38.3, 65.0)

Forest

68

18

2.0 (-63.8, 57.8)

50.7 (39.2, 62.0)

Grassland

45

11

33.3 (-33.6, 86.9)

62.2 (46.7, 75.5)

Body size

Conservation status

Fire type

Vegetation
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Functional group

#
PC

#
studies

Effect size

%HU (95% CI)

Savanna

46

12

0.0 (-89.4, 63.7)

45.6 (32.6, 60.9)

Fire sensitive

56

27

50.0 (-3.6, 87.6)

69.7 (57.1, 80.3)

General

114

39

0.0 (-76.7, 52.0)

43.9 (35.1, 52.6)

Africa

12

4

20.1 (-553.8, 88.1)

49.8 (25.0, 75.0)

Australia

62

19

29.3 (-54.3, 74.7)

58.0 (45.2, 71.0)

North America

80

18

13.1 (-43.4, 69.2)

55.0 (43.7, 66.2)

South America

13

5

-40.0 (-250.0, -17.3)

15.4 (0.0, 38.4)

Asia

3

1

-4.8 (-96.6, 25.3)

32.9 (0.0, 1.0)

Habitat

Continent

28
Chapter 2 - Meta-analysis and critique

A consistent pattern was evident where multiple measures for individual species
were available: desert mouse Pseudomys desertor (100% positive, n = 4), pale fieldrat Rattus tunneyi (100% positive, n = 3), sandy inland mouse Pseudomys

hermannsburgensis (75% positive, n = 4), bush rat Rattus fuscipes (100% positive, n
= 3), spinifex hopping-mouse Notomys alexis (25% positive, n = 4).
Small mammal species with a body mass between 101 and 1000 g had significantly
(based on confidence interval overlap) abundance and population parameters in
unburnt sites, with a median effect size of 53.1% (Table 2.2). An estimated 66.6% of
pairwise comparisons were significantly higher in unburnt sites for species in this
size class (95% CI = 51.5-81.8%) (Table 2.2). Species recording the largest effect
size (>95%) within the group include: grey-collared chipmunk Tamias cinereicollis,
southern red-backed vole Clethrionomys gapperi, meadow vole Microtus

pennsylvanicus and woodland vole M. pinetorum, single-striped grass mouse
Lemniscomys rosalia and desert mouse.
Small mammal species assessed a priori as having habitat requirements that were
fire sensitive (e.g. habitat consists of dense ground cover) had significantly higher
abundance and population parameters in unburnt sites compared with burnt sites
(Table 2.2). Of the 56 measures of effect size with fire-sensitive habitat, 40 species
were higher in unburnt sites compared to only nine species with negative effects (i.e.
lower abundance in unburnt sites) (Figure 2.1). With regards to differences among
continents, the mean effect size for mammal species for South America was 40%
higher in burnt sites (Table 2.2). The 95% CIs of both measures did not overlap with
the null expectation of no fire impact, indicating a significant effect. There was no
such effect for other continents.
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The test for publication bias showed that only an additional six unpublished results
with an unexpected negative effect for fire-sensitive habitat are needed for the lower
95% CI to overlap with the null expectation of 50%. Further, only one unpublished
unexpected negative result for species with large body size and from South America
would result in the 95% CI overlapping 50%.
The most parsimonious generalised linear model for explaining the impact of fire on
small mammal abundance or population parameters was the additive Habitat +

Vegetation model (being AICc-πi top-ranked model in 52.6% of the resamples), with
the Habitat (26.8%) and Null model (12.0%) ranked second and third, respectively
(Table 2.3). The explanatory power of the models containing Conservation status,

Fire type or Subclass factors was relatively weak (i.e. low structural goodness-of-fit),
with <10% deviance being explained. By contrast, the explanatory power of models
containing the Vegetation, Continent or Body Size factors was greater (Table 2.3).
Inspection of a plot of the standardised residuals for the global model (additive
model containing all model parameters) showed an even spread and the explanatory
power of the global model was relatively strong with 58.6% deviance explained
(Table 2.3), suggesting a reasonable model fit.
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Figure 2.1 Effect size (logit scale) for individual small mammal species classed a

priori as dependent on fire sensitive habitat (positive values indicate a higher
abundance or population parameters in unburnt sites). In cases where species were
reported more than twice, average values are presented.
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Table 2.3 Generalised linear model selection results based on the logit of the
proportional difference in abundance between unburnt and burnt sites for categorical
factors. K is the number of fitted parameters and includes the intercept, fixed-effects
coefficients and residual variance. AICc-πi is the proportion of times each model was
selected as the top-ranked model, based on AICc from the randomised 1000 fits.
%DE is the per cent deviance explained with 95% CIs being 2.5 and 97.5 percentiles
of the 1000 sample fits.

Model

K

AICc-π
πi

%DE (95% CI)

Vegetation + Habitat

5

0.526

24.4 (15.0, 36.7)

Habitat

3

0.268

10.9 (4.8, 24.2)

Null

2

0.120

0.0 (0.0, 0.0)

Vegetation

4

0.036

14.6 (9.3, 27.7)

Continent

5

0.014

26.4 (20.3, 34.8)

Subclass

3

0.013

8.1 (4.7, 12.9)

Fire type

3

0.009

7.6 (5.8, 10.2)

Conservation status

3

0.006

5.8 (4.7, 7.6)

Body size

5

0.005

18.3 (15.6, 22.3)

Size + Subclass

6

0.002

22.6 (21.4, 24.7)

Global

15

0.001

58.6 (58.1, 59.2)
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Discussion

There has been considerable effort invested over the last two decades into
understanding the effects of fire on small mammals. The large number of recent firerelated studies on small mammals around the world suggests that fire management is
widely perceived as an important issue in the conservation and management of this
faunal group. The meta-analysis presented here confirms that fire does influence
small mammal populations. However, the level of impact is not uniform and appears
to be associated with the specific habitat requirements of individual species and
possibly body size, rather than broader factors such as phylogeny or conservation
status. Furthermore, based on the critique presented here, there has been limited
progress on understanding the mechanisms responsible for the impact and
subsequent recovery after fire of small mammal populations (Whelan, 1995, Whelan
et al., 2002, Sutherland and Dickman, 1999, Keith, 2012). This finding is at least in
part due to a lack of application of the latest sophisticated techniques for analysing
field data on recaptures and generally poor replication. That is, changes in abundance
of small mammal populations remain the focus of the majority of studies but the
experimental design and sampling methods are often inadequate.
Meta-analysis
The meta-analysis indicated that species dependent on habitats susceptible to fire are
expected to have higher abundance or population parameters in sites that have not
been burnt. This provides quantitative support for the “habitat accommodation”
model (Fox, 1982, Fox et al., 2003): fire impacts the specific habitat requirements of
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individual species and this varies from species to species, based on their reliance on
habitat characteristics that are most sensitive to the effect of fire. However, this
analysis was unable to identify specific mechanisms responsible for the differences
between unburnt and burnt sites. The higher abundance or population parameters in
unburnt compared to burnt sites could be caused by a range of factors: immigration,
increased predation, competition or lower reproduction could all explain lower
abundance in the burnt sites (Newsome and Catling, 1983, Friend, 1993, Whelan,
1995, Sutherland and Dickman, 1999, Wilson and Friend, 1999).
The results of the meta-analysis indicate that small mammal species in South
America may be more fire tolerant than those on other continents. Only two of the 11
species sampled had higher abundance or population parameters in unburnt sites: the
unicolored rice rat Oecomys concolor and terraced rice rat Cerradomys subflavus.
The remaining species in this group were mainly rodents (such as hairy-tailed bolo
mouse Bolomys lasiurus and delicate vesper mouse Calomys tener) that inhabit fireprone cerrado and shrubland vegetation in Brazil. The small sample size limits
inference.
The meta-analysis also showed that small mammal species with a body mass of
between 101 and 1000 g had higher abundance or population parameters in unburnt
sites. Extinctions of mammals in Australia have been biased towards species with a
body mass > 35 and < 5500 g (Burbidge and McKenzie, 1989, Johnson and Isaac,
2009, Chisholm and Taylor, 2010), and mammal species with a small body mass
may be less prone to extinction (Cardillo, 2003). Potential mechanisms to explain the
pattern observed here are that medium-bodied mammals may be more susceptible to
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direct mortality during fire by not being able to find refuge during fire or have lower
reproductive rates or increased chance of predation following fire, whereas the
smallest species can find micro-refugia and have lesser energy needs to reproduce,
and the larger ones are able to flee, or move readily away, from the affected areas to
avoid direct mortality and to locate new food.
Finally, the meta-analysis suggested that the abundance or population parameters of
small mammals belonging to the Muridae Family, such as the single-striped grass
mouse Lemniscomys rosalia, fat mouse Steatomys pratensis, and white-footed mouse

Peromyscus leucopus, were higher in unburnt sites. This pattern may be an artefact
since many of these species belong to the “fire sensitive habitat” and a medium
“body size” groups that exhibited a positive effect size in unburnt sites, but the
analysis was unable to account for interactions between groups due to constraints of
sample size.
Limits of the meta-analysis
The meta-analysis has provided a number of important results but there are some
clear limits to the study. Firstly, fire regimes are characterised by frequency, extent
and intensity (Whelan et al., 2002, Andersen et al., 2005). For the purposes of having
sufficient statistical power for the meta-analysis, I was obliged to present a simplified
comparison of unburnt versus burnt, and was unable to untangle the components that
make up fire regimes. Furthermore, measures of abundance or the demographic
parameters of individual species used in the meta-analysis were likely to be biased
towards more common species. In many of the studies used in the analysis,
additional small mammal species were recorded during the monitoring but often in
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low numbers or only in a single treatment or site (e.g. Letnic et al., 2004, Litt and
Steidl, 2011), and these data could therefore not be included here. It is possible that
these less common species may respond differently to fire due to their restricted
distribution or small population size. Finally, because the analysed studies varied in
the length of time surveyed, I treated the time effect as uniform. Where available,
measures were taken from the first post-fire sample but in some instances these were
not available. Therefore, the results are likely to be biased towards relatively short
temporal periods after fire, but there was invariably still a spread of post-fire effect
durations.
Experimental design
This critique of studies published after 1995 found a number of commonly
encountered limitations of fire-small mammal impact studies, including: a failure to
account for repeated measures in statistical tests, lack of spatial replication,
potentially biased response variables and, in some cases, the absence of statistical
tests or quantitative metrics. Weakness in experimental design of fire related studies
is not restricted to studies involving small mammals. Parr and Chown (2003)
described a similar range of design issues in a review of faunal fire research in
southern Africa, so much so that they were unwilling to draw specific conclusions
from the results of faunal-fire research.
In many of the studies collated here, it would have been quite simple to strengthen
these experimental design and sampling methodologies. Spatial replication in
experimental design should be standard practice. In cases where it cannot be
achieved, researchers should question the validity of pursuing the study or designing
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the analysis to account in some way for this limitation (Hurlbert, 1984). Similarly,
there are numerous ways of incorporating repeated measures in the analysis of timeseries data (Crawley, 2002). Many studies trapped for three or more days and
individually marked animals, which is usually sufficient to estimate population size
in a way that accounts for variable detection or recapture rates (Williams et al.,
2002a). Lebreton (1992) recommends a minimum of five trapping nights to
maximise recaptures of individuals and therefore improve the precision of the
population estimate.
Despite recommendations for greater emphasis on understanding the fire-related
processes or mechanisms that result in changes to animal populations (e.g. Whelan,
1995), there continues to be a reliance on measuring changes in population size
rather than the mechanisms responsible for the measured change. For example, direct
measurements of mortality were only available for four out of 62 studies considered
here, with direct evidence of a fire effect available for only two species. Can we
conclude that fires do not result in direct mortality or is there still inadequate data to
make conclusions? Direct observations of the frillneck lizard Chlamydosaurus kingii
using radio-telemetry showed substantial mortality (30%) of individuals during high
intensity fires but no mortality in low-intensity fires (Griffiths and Christian, 1996b).
In conclusion, the results demonstrate that fire can reduce the abundance and
reproductive fitness of small mammals, but there remains inadequate knowledge on
the mechanisms that cause the impact. Based on the information presented here, it is
difficult to view fire as a key threatening process for small mammals. The effect size
varies considerably amongst a diverse fauna, and depends heavily on the habitat
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requirements of individual species and body size: species that require thick ground
cover or moist vegetation and have a “medium” body size are potentially more likely
to be negatively impacted by fire. There remain considerable opportunities for
understanding how fire interacts with population dynamics of small mammals.
Future studies should pay greater attention to the experimental design issues
highlighted in this review, with a focus on more convincingly untangling the
complex issue of fire regimes (i.e. frequency, intensity and extent), post-fire
predation, and demographic rates that drive population growth. Furthermore,
targeting species dependent on fire-sensitive habitat and “medium” body size may
provide valuable insight into mechanisms responsible for understanding how fire
influences this faunal group.

Plate 3 A northern brown bandicoot being transferred from a cage trap for processing
at Kapalga, Kakadu National Park.
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Preamble
In the previous chapter I conducted a meta-analysis of fire effects on small
mammals. In it I identified that many studies were lacking with respect to design and
analysis with a continued focus on simple changes in abundance. Further, I identified
negative effects of fire for small mammal species that depend on fire-sensitive
habitat and with a medium (101-1000 g) body size. In this chapter I use non-linear
models and hierarchal mixed-effects models to explore variation in body size and
growth in relation to fire and other endogenous (e.g. sex and phylogeny) and
exogenous (e.g. habitat, rainfall) factors.
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Introduction

Variation in life history parameters provides important insights into the dynamics of
mammal populations. Comparative studies are used to reveal patterns in life history
variation (Harvey and Read, 1988), and understanding such patterns may provide
insight into ways that taxa have evolved and how populations will respond to change
(Partridge and Harvey, 1988, Fisher et al., 2001). Comparative analysis of
mammalian life history parameters has shown the existence of a slow-fast continuum
even when body size and phylogenetic ancestry is controlled for (Harvey and Read,
1988, Fisher et al., 2001). However, our understanding of the importance of
ecological correlates of life-history parameters remains limited for most vertebrate
clades and in most environments (i.e. except for northern hemisphere birds).
Body-size growth is a key life-history parameter as it influences age of sexual
maturity and henceforth the reproductive potential and success of individuals.
Growth in mammals is a nonlinear function of age and may be constrained by the
amount of energy available, the maintenance expenditure of individuals and the
growth potential of tissues (Ricklefs, 2003). Numerous hypotheses have been put
forward to explain variation in body size and growth rate of mammals. Sex is widely
acknowledged as being a primary source of variation within species in terms of body
size dimorphism (Harvey and Read, 1988) and sexual dimorphism is common
throughout all mammalian groups. Body size has been shown to vary with resource
availability associated with environmental stochasticity (Russell et al., 2002). Spatial
heterogeneity may cause variation in resource availability and may be important in
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explaining variation in small mammal body-size growth (Braithwaite and Griffiths,
1996). Temporal variation may also be important in explaining variation in mammal
body-size growth (Russell et al., 2002) as the availability of food resources may vary
at different temporal scales in seasonal environments (Griffiths and Christian,
1996a).
There has been considerable discussion on the use of mathematical models to
describe growth in body size of small mammals. The most commonly used models
incorporate nonlinear growth allowing for changes in growth rate as individuals age,
and because model parameters can be used to compare among populations and
species as they control for differences in body size (Cockburn and Johnson, 1988).
However, two methodological issues complicate the comparison of nonlinear models
for body-size growth in small mammals: the type of data collected and the nonindependence of data. Growth data can be measured when age of the individual is
known and when it is not. When age is not known, it is only possible to estimate the
expected growth rate of an individual at an observed size, compared with growth rate
of a population with known-age data (McCallum, 2000). Therefore, body growth
constants and asymptotes estimated using known-age data are not comparable with
change in body size data (Francis, 1988). This limits comparative analysis within and
between growth studies.
The second issue in relation to estimating growth and examining sources of variation
is the non-independence of the response variable caused by similarity between
species with non-independent evolutionary histories (phylogeny), spatial and
temporal correlation between populations, and by the repeated measurement of
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individuals. Non-independence of data violates a key assumption underlying many
statistical procedures and has been ignored in some previous studies of body growth.
One solution to this problem is the use of hierarchical nonlinear mixed effects
models. Hierarchical mixed-effects models make it possible to account for the
variance caused by random (extrinsic) covariates prior to testing fixed-effects, and
control for autocorrelation and repeated-measures (Pinheiro and Bates, 2000). They
have been used in fisheries (Schaalje et al., 2002), and forestry (Fox et al., 2001,
Garber and Maguire, 2003), but their application to terrestrial vertebrate ecology has
been limited (McRoberts et al., 1998).
The small mammal fauna of the monsoonal tropics of northern Australia comprises a
diverse group of marsupials and rodents, but recent studies suggest that the
conservation status of many species is of concern (Braithwaite and Muller, 1997,
Woinarski, 2000, Woinarski et al., 2001). Understanding variation in key life history
parameters such as body growth is useful in assessing threats to the conservation
status of this unique faunal group.
In this chapter, I investigate the intrinsic and extrinsic factors that influence variation
in body-size growth of multiple small mammal species using a comprehensive and
unique long-term capture-mark-recapture study from the monsoonal tropics of
northern Australia. This work provides an improved understanding of how such
species might respond to changes in resource availability under new adaptive
pressures such as climate change (Smith et al., 1998), fire regimes (Pardon et al.,
2003) and invasive species such as the cane toad Bufo marinus (Burnett, 1997).
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I ask the following questions:
1. What nonlinear growth increment function best fits the pattern of body
growth for wild populations of small mammals at Kapalga, Kakadu National
Park?
2. Does shared phylogenetic ancestry, functional traits among species and
repeated measures of individuals influence variation in body size and growth
in small mammal species at Kapalga?
3. Is body size and growth meaningfully influenced by intrinsic (i.e. sex) and
extrinsic factors at a range of spatial and temporal scales (i.e. habitat, fire or
rainfall) in small mammal species at Kapalga?

Methods

Field sampling
The data used in the analysis come from two small mammal capture-mark-recapture
studies collected in the wooded tropical savanna of Kapalga Research Station,
Kakadu National Park (120 43' S, 1320 26' E). The first study was conducted under
ambient conditions on a single 45-ha trapping grid of 12 rows at 50 m spacing and 30
trap sites on each row at 25 m spacing (Braithwaite, 1989). A 1:5 mixture of wire
cage (Mascot, 56 × 20 × 26 cm) and solid-walled (Elliott, 32 × 9 × 9 cm) traps were
set for three consecutive nights each month between November 1985 and November
1987. The grid was oriented with a seasonal creek running through the southern
third, and spanned an elevation (20 m) and moisture gradient from riparian
vegetation through woodland and into the locally dominant Eucalyptus miniata and
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Eucalyptus tetrodonta open forest. Sarga spp. was the dominant grass understorey
throughout the trapping area. Two fires burnt a large extent of the trapping grid
during the sampling period, one in July 1986 and a second in September 1987.
The second capture-mark-recapture study was undertaken as part of a landscapescale fire experiment (see Andersen et al. (1998)). It was designed to span the same
landscape gradient as the previous study but with pairs of 8-ha grids (totalling 128
ha), one of each pair oriented in riparian/woodland vegetation and the other 0.5 km
upslope in open forest (Braithwaite and Griffiths, 1994). Pairs of grids were located
in eight different 15-20 km2 compartments in the southern half of Kapalga Research
Station (Figure 3.1). The compartments were situated on sub-catchments (ephemeral
streams) that drained into the West or South Alligator rivers. Each of the 16 grids
was arranged as four rows at 50 m spacing with 20 trap sites at 20 m spacing. They
were trapped with 1:4 trap type ratio (wire cage:solid-walled, same dimensions as
first study) for two nights every two months. This study went from July 1989 to May
1995. A total of 27,000 and 92,160 trap nights were recorded during the first and
second study periods, respectively.
At initial capture, all individuals were weighed to the nearest gram (Pesola® spring
balance), marked with small individually numbered ear tags, sexed and released
immediately at the site of capture. Upon all subsequent recaptures, individuals were
re-weighed, their location recorded and then released at point of capture.
Sample
Over the eight years of trapping, a total of 1524 individual animals and 2907 capturerecapture events were recorded, at an average of two per individual. Most individuals
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were recaptured once (55%) or twice (21%). The highest number of recaptures was
13 for one individual northern brown bandicoot. The number of days between
recaptures was usually less than 60 days (79% of the sample). Nine mammal species
were represented in the sample. The sample is unbalanced between the two sample
periods due to large changes in abundance for some mammal species (Table 3.1).
The black-footed tree rat Mesembriomys gouldii and delicate mouse Pseudomys

delicatulus were totally absent from the second survey period, and the pale field-rat
was only captured in the first 12 months of this sample. In contrast, grassland
melomys Melomys burtoni was captured in small numbers in the first survey.
Growth functions
An appropriate growth model was selected by the comparison of three candidate
nonlinear functions that have been widely used in the allometric growth literature:
the von Bertalanffy (Ricker, 1979), Gompertz, and Logistic-by-weight (Schoener and
Schoener, 1978). Growth increment functions were used, as the age of individuals
was unknown. All three functions have been used on a wide assortment of vertebrate
species, and have been used to represent different ontogenetic forms of mammalian
growth (Zullinger et al., 1984). The three functions have similar constraints such as
that individuals cannot exceed a certain size (determinate growth), that every
individual has a different growth rate, and all are unweighted nonlinear regressions.
However, the von Bertalanffy function differs from the other two functions in that it
lacks an inflection point. The response variable was the expected change in body
mass (g) over a given number of days:
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Figure 3.1 Map of Kapalga Research Station showing the arrangement of
experimental fire compartments located in the tropical eucalypt savanna and trapping
grids. Mammal trapping was conducted in Unburnt compartments (blank); Early
burnt compartments (forward diagonal); Late burnt compartments (diagonal crosshatch); and Progressive burnt compartments (diagonal cross-hatch). Remaining
compartments were not sampled.
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(1) von Bertalanffy

Wt +1 − Wt = Wt + (W ∞ − Wt ) × (1 − Exp (− k × ∆T ))

(2) Gompertz Wt +1 − Wt = Exp(log(W∞ ) × (1 − Exp(− k × ∆T )) + log(Wt ) × (Exp(− k × ∆T )))
(3) Logistic-by-weight

Wt +1 − Wt = W∞ × Wt / Wt + (W∞ − Wt ) × Exp(− k × ∆T )

where Wt and Wt+1 are the body mass of an individual at the beginning and end of a
known time interval, respectively, ∆T is the duration of the time interval between
captures (days), W∞ is the asymptotic body weight (g) and k is the “characteristic
growth rate”. The asymptote refers to the maximum body weight in the sampled
population, rather than the average body weight of the sample, as is the case in
length-age nonlinear models (McCallum, 2000). To reduce heteroscadesticity the
response variable was Box-Cox transformed (the power parameter, Lambda = 0.6)
and fitted as a nonlinear regression model using maximum likelihood estimation of
the pooled capture-mark-recapture data for nine small mammal species. The repeated
measures of individual animals were ignored at this stage of the analysis as the
interest was focussed on comparison of models rather than parameter estimation.
Model selection is discussed in detail below.
Hierarchical mixed-effects modelling
Following the selection of an overall nonlinear body growth increment function, a
candidate set of hierarchical mixed-effects models describing body size growth and
the explanatory factors that may cause it to vary were constructed. Preliminary
analysis indicated a lack of convergence in the fitting; a common attribute of mixedeffects models (Pinheiro and Bates, 2000).

ae

Trichosurus vulpecula

brushtail possum

Total

northern brown bandicoot

1777

41

239

102

northern quoll

Dasyurus hallucatus

451

pale field-rat

Rattus tunneyi

814

31

dusky rat

Rattus colletti

fawn antechinus

57

delicate mouse

Pseudomys delicatulus

Antechinus bellus

39

black-footed tree-rat

Mesembriomys gouldii

Phalangerid

Dasyuridae

Marsupialia

3

1985-87

1130

177

654

131

82

4

29

--

--

53

1989-95

recaptures

Survey period

grassland melomys

Common name

Melomys burtoni

Isoodon macrourus

Rodentia

Eutheria

Species

Peramalidae

Family

Subclass

event) for each species over the two sampling periods.

2907

218

893

233

896

455

60

57

39

56

recaptures

Total

Table 3.1 Summary of data of small mammals at Kapalga by phylogenetic grouping. Values are the number of recaptures (capture-recapture
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The variance-covariance structure of the random effects was examined by
comparison of a model containing both parameters W∞ (body size asymptote) and k
(body size growth constant) as random effects with two models containing a single
parameter. Inspection of residuals showed that variation in the k parameter was
relatively small and high in the W∞ parameter, reflecting the greater range of body
size asymptote in the sample compared with the growth rate constant. Therefore, the

k parameter was omitted from the random effects model (i.e. fixed at k = 1) and all
subsequent random models contained a single W∞ parameter, but retained both
parameters in the fixed effect modelling.
I used a two-staged process to examine variation in body-size growth. Initially, a
range of explanatory random covariates was fitted to different models to predict
variation in body size asymptote (W∞). I then interrogated the variance-covariance
structure of the best-supported random effects model by the addition of variancefunction parameter (Pinheiro and Bates, 2000). Autocorrelation within individualanimal observations was tested by adding a temporal dependence parameter using the
first-order regressive model [AR(1)], which has been shown to be a common effect
in repeated-measures analysis (Fox et al., 2001). Random effects modelling was
followed by an examination of different fixed-effects covariates on body-size
asymptote and growth rate. The best-supported random effects model was used as a
‘common base’ while a range of mixed-effects models containing different
explanatory fixed effects was tested. This approach is similar to capture-markrecapture survival analysis where a recapture model is evaluated first, then survival
can be modelled from this base (McCallum, 2000).
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Multiple species analysis
Using the two-staged approach described above, I constructed an a priori candidate
model set on the basis of previous studies. Data from nine small mammal species in
both study periods were used and change in body mass (g) was nominated as the
response variable (Box-Cox transformed and rescaled to be positive, Lambda = 0.6).
Random covariates included individual identification to account for repeated
measures, which was used as a nested variable. Two nested taxonomic variables
were considered in this analysis: subclass and species (Table 3.2). Three fixed effects
covariates were used: diet, arboreality and phylogeny. Diet has been shown to
account for residual variation in life-history variation (i.e. particularly reproductive)
(Fisher et al., 2001), and arboreality may reflect differences in habitat use, energy
expenditure or resource density. Phylogeny was tested as a fixed effect covariate (as
well as a random covariate) due to the presumed difference between marsupials and
eutherians (Cockburn and Johnson, 1988).
Single species analysis
The next analysis was designed to examine factors influencing body-size growth for
each of the nine individual small mammal species at Kapalga. The approach
followed the same logical sequence as the multiple species mixed-effect modelling:
prediction of explanatory random covariates followed by estimation of fixed effects.
Again, change in body mass (g) was nominated as the response variable (Box-Cox
transformed and rescaled to be positive, Lambda = 0.6). The random covariates were
classified as either spatial or temporal factors. Spatial covariates were represented by
grouping observations into either the West or South Alligator River catchments
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(Catchment) or one of eight individual landscape compartments (Compartment) (see
Figure 3.1). Temporal covariates were represented in models by grouping
observations into one of the two study periods (Period), calendar year (Year) and
month (Month). Rainfall is another temporal variable that may reflect changes in
food availability and was represented by the amount of rainfall (mm) in the interval
between trapping occasions (Rainfall) and the number of days when rain fell during
the month trapping occurred (Rain days). Due to unbalanced datasets, not all random
effects could be fitted for all species (Table 3.2).
Fixed effects covariates were then used to test for differences in body-size growth for
individual species. I used three fixed-effects covariates: sex, habitat and fire
treatment (Table 3.2). Habitat may reflect productivity of the local environment, and
in the study there were two habitats: open forest and riparian forest. The final fixed
effect covariate was fire treatment. Four fire treatments were applied: Unburnt,

Early, Late and Progressive (repeated partial burning of the compartment over the
course of the dry season). The first study had one early and one late fire on the single
grid, and the second study had each of the four replicated fire treatments applied after
the first year and maintained over the entire period of the second study (Table 3.2,
Figure 3.1). The stated aims of the treatments were to simulate the timing of different
types of landscape fires occurring in the region (Andersen et al., 1998).
Model selection
Kullback-Leibler (K-L) Information was used as a method of assigning relative
strengths of evidence to the different competing models (Burnham and Anderson,
2002). The Akaike Information Criterion (AIC) was used as an objective means of
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Table 3.2 Summary of explanatory covariates used in parameterisation of nonlinear
mixed effects growth models for small mammal species at Kapalga, Kakadu National
Park.

Group

Factor

Values

Taxonomic

Subclass

Eutherian and Marsupial

Species

northern brown bandicoot, brushtail possum,
northern quoll, fawn antechinus, pale field-rat,
dusky rat, grassland melomys, delicate mouse,
black-footed tree-rat

Functional

Spatial

Arboreality

Arboreal and terrestrial

Diet

Carnivorous and omnivores/herbivores

Catchment

West Alligator and South Alligator Rivers

Compartment

Compartment A, B, C, E, F, K, L, Q

Habitat

Riparian and forest

Fire

Unburnt – entire compartment protected from fire,
Early – compartment burnt in early dry season
(May-June, low intensity), Late – compartments
burnt in the late dry season (September-October,
high intensity) and Progressive – compartments
were burnt in the early, mid- and late dry season
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Group

Factor

Values
(May, July and September).

Temporal

Period

November 1985 – November 1987
July 1989 – May 1995

Year

1985, 1986, 1987
1989, 1990, 1991, 1992, 1993, 1994, 1995

Month

January, February, March, April, May, June, July,
August, September, October, November,
December

Rainfall days

Ordinal codes: 0 = 0 days, 1 = 1-5 days, 2 = 6-10
days, 3 > 11 days

Individual

Monthly

Ordinal codes: 0 = 0 mm, 1 = 1-50 mm, 2 = 51-100

rainfall (mm)

mm, 3 = 100-200 mm, 4 > 200 mm

Unique individual ID
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model selection (Burnham and Anderson, 2002). The approach identifies the most
parsimonious models from a set of a priori candidate models given maximised loglikelihood of the fitted model and a bias correction for the number of fitted
parameters. A second-order information criterion was used to correct for smallsample size bias (termed AICc) for each model in a candidate set. All candidate
random-effects models were compared, whereupon the best-supported model was
selected for the fixed-effects analysis. A similar process was followed using a set of
candidate fixed-effect models. The relative values (AICc differences or ∆i AICc) of
each model over the set of models being considered were taken as the relative level
of empirical support for each model. Values between 0-2 provide substantial support,
4-7 considerably less and >10 essentially none (Burnham and Anderson, 2002).
Given AICc differences for each model, the relative likelihood of a set of candidate
models was calculated using Akaike Weights (Burnham and Anderson, 2002). The
weight of any particular model depends on the entire set of candidate models, and
varies from 0 (i.e. no support) to 1 (complete support). A given wi is considered as
the weight of evidence in favour of model i being the actual K-L best model of that
set of models.
Testing the assumptions of mixed effects
Once a final model was selected, plots of fitted and observed values and residuals
were examined for deviations from assumptions (Pinheiro and Bates, 2000). There
are two basic assumptions associated with mixed-effects models: those referring to
the within-group error structure and those referring to the random effects. Evidence
of correlation of observations within groups was examined by looking at the
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distribution of within-group residuals. Mixed effects assume random effects are
normally distributed and the random effects covariance matrix is specified.
Normality plots of the random effects and scatter plots of random effects were used
to test these assumptions. These were acceptable for all selected models.

Results

Nonlinear growth increment function
The von Bertalanffy growth increment function was the best-supported model overall
for the small mammal data collected from Kapalga, Kakadu National Park (Table
3.3). The strength of evidence for the von Bertalanffy growth function was
unequivocal with almost 100% information-theoretic support compared to the other
models. All subsequent analysis used the von Bertalanffy growth increment function.
Multiple species
At Kapalga, there was far greater variation in body size asymptote among the eight
small mammal species (no estimate was available for dusky rat Rattus colletti) than
between higher-order taxonomic Subclass groups (Table 3.4). There was clear
support for inclusion of a repeated measures parameter as a random effect,
explaining 20% of residual variation in the model and suggesting that there was
temporal correlation in the change in body size for individual animals. I therefore
used the species/individual random effects model to test for fixed effects.
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Table 3.3 Comparison of three nonlinear growth increment functions using pooled
small mammal recapture data for nine species from Kapalga, Kakadu National Park.
AICc weights (wi) are the relative likelihood of model i. The bigger the ∆AICc the
smaller the weight and the less plausible model i.

Growth function

Residual s.e.

von Bertalanffy

∆AICc

wi

15.74

0

0.99

Gompertz

16.10

132

<0.01

Logistic-by-weight

216.06

15228

<0.01
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Table 3.4 Summary of hierarchical nonlinear models of random and fixed effects for
body size growth in nine small mammal species at Kapalga, Kakadu National Park.
Random effects are modelled with single intercept for random effects and no fixed
effects covariates. Variables separated by / indicate a hierarchical structure. K is the
number of parameters in the model. ∆AICc is the difference in AICc value of model i
and the minimum AICc in the candidate set. AICc weights (wi) are the relative
likelihood of model i. The bigger the ∆AICc the smaller the weight and the less
plausible model i.

Random effect models

K

∆AICc

wi

Species / Individual

5

0

0.87

Subclass / Species / Individual

7

3.80

0.13

Individual

4

3399.80

0

No random effects (null)

4

4357.20

0

Diet

15

0

0.34

No fixed effects (null)

14

0.54

0.26

Arboreality

15

0.69

0.24

Subclass

15

1.86

0.14

Diet + Arboreality + Subclass

17

5.91

0.02

Fixed effects models
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There was equal support for a null fixed-effect model and all other functional and
taxonomic models (Table 3.4), suggesting there was little information contained
within the data to support these models. Inspection of model coefficients for the
fixed-effect models representing diet and arboreality shows that the body-size growth
coefficient for carnivorous small mammal species at Kapalga was higher than
omnivores (carnivores k = 0.62, omnivores/herbivores k = 0.51), and arboreal species
tended to grow faster than terrestrial species (arboreal k = 0.73, terrestrial k = 0.62).
However, there was considerable overlap in all 95% confidence intervals of the
estimates in each group.
Single species
Non-linear random effects models were fitted for all species apart from the dusky rat
due to the species being seasonally absent from all trapping grids during the dry
season, as they relocate to adjacent floodplain environments. Inspections of a scatter
plot of body-growth increment and time in the wet-season months (November to
March) show that individual growth may be linear during this period for the dusky
rat, but further analysis was not done.
A repeated measures parameter specifying the random effect of each individual’s
body-size asymptote was supported in all but the grassland melomys body-sizegrowth models, due to there being no recaptures in this sample (Table 3.5). The
inclusion of a repeated-measures parameter explained between 12% and 78% of
residual variation in the best-supported random effects models for each species. This
result supports the assumption that observations were likely to be non-independent
when using capture-mark-recapture data. Random-effects covariates were predicted
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on asymptotic body size for three of the four marsupial species but none of the rodent
species (Table 3.5). Northern brown bandicoots exhibited substantial variation in
body-size asymptote between the two river catchments, with 25% higher in the West
Alligator catchment compared to the South Alligator catchment, and the parameter
explained 14% of the residual variation in the model. Fawn antechinus showed
substantial variation in body size asymptote among all of the years sampled and this
parameter accounted for 33% of the residual variation in the model. The body size
asymptote of fawn antechinus was four times more variable among individuals in
1992 compared with the pre-fire treatment conditions of 1985. Similarly, brushtail
possum Trichosurus vulpecula body-size asymptote varied between the two sample
periods (1985-87 and 1989-95) and this parameter accounted for 25% of the residual
variation in the model.
The effect of sex on body-size asymptote was substantial in six out of eight species
that could be tested (Table 3.6). Males reached a larger body size than females in all
species except two rodents black-footed tree-rat and delicate mouse, which exhibited
no sexual dimorphism. The extent of sexual dimorphism ranged from male brushtail
possum body size asymptote being 5% heavier than females to male northern brown
bandicoot body size asymptote being 50% heavier. The estimates of body size
asymptote for all species were within the published range (Strahan, 1995). There was
generally no difference in body size growth coefficient (k) between males and
females for small mammal species at Kapalga. However, female northern brown
bandicoot grew faster than males (almost 3 times faster). Fixed effects models
containing habitat or fire treatment as covariates on either body size growth
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coefficient or asymptote had negligible support when compared to model containing
sex (Table 3.6).
The relationship between body size asymptote and body size growth coefficient
supports the prediction of a slow-fast continuum among small mammals at Kapalga
(Figure 3.2). Grassland melomys appeared to grow at a slower rate relative to other
small mammal species at Kapalga given their body size, but this is imprecise given
the large 95% confidence intervals and probably a result of limited sample size for
the species.

Sample size
(recaptures)
439 (839)
120 (218)
132 (233)
458 (896)
230 (455)

Species

northern brown bandicoot

brushtail possum

northern quoll

fawn antechinus

pale field-rat

5

6

5

8

9

K

Individual

Year / Individual

Individual

Period / Individual

Catchment / Individual

Random effects

--

--

--

--

0.38

ACF coefficient

dependence of individual animal observations. The smaller the AICc weight (wi) the less plausible model i.

0.72

0.83

0.97

0.60

0.76

wi

nested structure for fitting. ACF coefficient is the P-value of the first-order regressive autocorrelation parameter use to test for temporal

of individuals with number of recapture events in parentheses. K is the number of parameters in the model. Variables separated by / indicate

Kapalga, Kakadu National Park. Random effects are modelled with a single intercept and no fixed-effects covariates. Sample size is the number

Table 3.5 Summary of best-supported hierarchical nonlinear models of random effects model for each individual species for body-size growth at
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Sample size
(recaptures)
43 (57)
19 (39)
56 (56)

Species

delicate mouse

black-footed tree-rat

grassland melomys
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5

4

4

K

--

Individual

Individual

Random effects

--

0.05

0.38

ACF coefficient

0.75

0.99

0.82

wi
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brushtail possum

northern brown bandicoot

Species

i.

1,646 (1,389-1,911)

female

~ sex

2,512 (2,370-2,652)

~ sex

W∞

male

Factors

Body size asymptote (g)

~1

0.16 (0.07-0.28)

0.05 (0.04-0.06)

~ sex

k

Growth constant

Fixed effects model

0.75

0.99

wi

parentheses are 95% confidence intervals. AICc weights (wi) are the relative likelihood of model i, the smaller the weight the less plausible model

Kakadu National Park. The best supported random effects model for each species (see Table 3.5) was used a common base. Values in

Table 3.6 Parameter estimates derived from the best-supported hierarchical nonlinear fixed effects model for each individual species at Kapalga,
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grassland melomys

fawn antechinus

northern quoll
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2,685 (2,357-3,025)

female

male

70 (61-80)

female

78 (75-93)

0.09 (0.02-0.20)

~1

0.23 (0.15-0.31)

85 (77-93)

male

~ sex

~1

1,035 (876-1,202)

female

0.09 (0.06-0.11)

~1

0.12 (0.06-0.18)

~ sex

1,392 (1,300-1,486)

male

~ sex

2,843 (2,620-3,073)

male

0.65

0.87

0.85
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pale field-rat

delicate mouse

black-footed tree-rat
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290 (274-306)
231 (202-260)

female

0.12 (0.09-0.15)

~1

0.52 (0.01-2.40)

29 (25-33)
~ sex

~1

0.24 (0.02-0.63)

1,138 (1,018-1,264)
~1

~1

~1

73 (57-90)

male

female

0.87

0.85

0.87
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Figure 3.2 The relationship between von Bertalanffy growth parameters body size
asymptote (W∞) and growth constant (k) for eight species of small mammal at
Kapalga. Data are log-transformed, closed circles represent marsupial taxa and open
circles are rodent taxa. Text in figure refers to species names: Ab- fawn antechinus,
Dh - northern quoll, Im - northern brown bandicoot, Tv - brushtail possum, Mb grassland melomys, Mg - black-footed tree-rat, Pd – delicate mouse, Rt- pale fieldrat.
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Discussion

The von Bertalanffy growth increment function best represented the pattern of bodysize growth in the small mammal fauna at Kaplaga. Visual inspection of the data,
supported by the fitted mathematical models, shows that the small mammal species
grew rapidly following weaning to reach a maximum determinate body size, after
which body weight varies around an asymptotic value. The more complex Gompertz
growth increment function produced a similar and structurally adequate fit to the data
compared to the von Bertalanffy function, whereas the logistic function provided a
relatively poor fit. This finding is similar to the conclusions drawn from a
comparison of the three growth length-at-age functions for 331 mammal species
(Zullinger et al., 1984).
There were clear differences in estimated growth-rate constants among the eight
small mammal species in this study. These differences at the species level were
greater than among either the taxonomic or functional groups represented at Kapalga
over almost a decade of trapping. The majority of growth studies on this fauna have
been carried out using captive individuals (Lee and Cockburn, 1985, Cockburn and
Johnson, 1988). This finding supports previous predictions that growth is generally
determined by body size and marsupials generally grow at a slower rate than
eutherians (Lee & Cockburn, 1985; Cockburn & Johnson, 1988). The small number
of species used in this study and the use of recapture data (as opposed to known-age
data) limits the direct comparison with other studies. Sexual dimorphism was present
in most small mammal species at Kapalga, and this is consistent with the majority of
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mammal species (Weckerly, 1998). Male-biased dimorphism was more pronounced
in northern brown bandicoots, northern quolls and pale field-rats and absent from
grassland melomys and black-footed tree-rats. Sexual dimorphism in mammals has
been associated with a range of factors: synchrony of breeding (Isaac and Johnson,
2003), population density (LeBlanc et al., 2001), latitude and climate (Quin et al.,
1996), diet (Clutton-Brock et al., 1987) and mating system (McElligott et al., 2001).
It is clear that differences in body-size dimorphism at Kapalga were not influenced
by factors such as rainfall or dietary group. However the influence of mating system
and population density on the degree of sexual size dimorphism would benefit from
further research.
In contrast to body size dimorphism between sexes, I observed no difference in body
size growth constant for seven of the eight species. Only northern brown bandicoots
showed a difference in growth rate constant between males and females. Body size
growth in female bandicoots was almost three times faster than males, but the body
size asymptote was 50% lower. Accelerated growth in this species may be linked to
the characteristically early sexual maturity in this group (Lee and Cockburn, 1985,
Cockburn and Johnson, 1988).
Fire had no clear influence on body-size growth of small mammals at Kapalga.
Similarly, there was no support for a habitat type covariate in any of the single species fixed-effects models. Specified as temporal random effects, rainfall (monthly
rainfall total and number of rain days) and month had no effect on body-size
asymptote or growth rate. All of these random effects models were based on the
assumption that each factor relates to changes in the availability or abundance of
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food for small mammals in the savanna landscape. Food availability in tropical
savannas of northern Australia does fluctuate substantially throughout the year, with
the abundance and diversity of invertebrates (Andersen, 1991, Griffiths and
Christian, 1996a, Blanche et al., 2001), and plant biomass (Williams et al., 2002b)
known to vary with respect to season (correlated strongly with rainfall) and fire
regime. However, my results suggest that any changes to food availability from
landscape fires, different habitats and time of the year did not cause variation with
the body-size growth of small mammals at Kapalga over the eight-year monitoring
period. It may be that food availability is relatively unimportant to growth during the
short period between weaning and sexual maturity when the growth rate is highest or
the growth potential of tissues in the small mammal species at Kapalga is relatively
fixed.
How do these results compare to other studies of small mammal allometry? Body
mass has been shown to alter in response to changes in ambient temperature in
woodrats Neotoma spp. (Smith et al., 1998), and meerkats Suricata spp. (Russell et
al., 2002). The Japanese field mouse Apodemus speciosus and Pratt’s vole
Eothenomys smithii increased in size with increasing minimum temperature over
forty and sixty years, respectively (Yom-Tov and Yom-Tov, 2004). These changes in
body size were linked to increased food availability, energy savings and change in
diet. The results presented here suggest that small mammal body-size asymptote at
Kapalga can vary under altered environmental conditions, but this seems restricted to
marsupial taxa. Climate change and altered fire regimes are factors that may cause
environmental conditions to change in tropical savannas of northern Australia
(Whitehead et al., 2003). However, change in small mammal body size caused by
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these factors is unlikely to be substantial, given the weak associations found in this
analysis. The response to human-induced change of other life history traits linked to
body size such as fecundity and reproductive success requires further investigation,
especially for marsupials.
Future reporting of growth parameters using recapture techniques and repeated
measures data need to account for the often-strong non-independence of data. The
results presented here show a definite need to account for repeated-measures when
using multiple observations of individuals to describe patterns of growth, as there
was strong support for growth-increment models that contained a repeated-measures
parameter. Allowing for non-independence has the added advantage of increasing the
number of observations to be analysed, therefore increasing the strength of inference
from the data. Accounting for repeated-measures may reduce bias in growth
parameter estimates and erroneous confidence intervals (McRoberts et al., 1998).
Variation in body growth in the small mammal species at Kapalga appears, from this
analysis of a long-term capture-mark-recapture record of observations, to be largely
limited to body-size asymptote. Differences in body size asymptote were observed
between sexs for most species, after the confounding influences of absolute body size
and non-independence of observations are controlled for. Substantial variation in
body-size asymptote was observed among three marsupial species, but not for any of
the rodent species, and was associated with both spatial (catchment) and temporal
(year and period) factors. This suggests that body-size growth in small mammals at
Kapalga may vary with the availability of resources, but only at larger scales.

Plate 4 Ignition of fire treatment using hand-held drip torch for the Kapalga Fire
Experiment.
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CHAPTER 4 EFFECTS OF EXPERIMENTAL FIRE REGIMES ON THE
DEMOGRAPHY OF SMALL-MAMMAL POPULATIONS IN A TROPICAL
SAVANNA

Preamble
In the previous chapter I examined variation in body-size and growth of small
mammal species using non-linear and fixed-effects models on a range of endogenous
and exogenous factors, including fire treatments. In it I showed substantial variation
in body-size asymptote among three marsupial species, but not for any of the rodent
species, and variation was associated with both spatial (catchment) and temporal
(year and period) factors, but not fire treatments. In this chapter I use the capturemark-recapture datasets from the landscape-scale fire experiment to examine effects
of fire on survival and recruitment.
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Introduction

Fire is a common agent of disturbance in many ecosystems, and is widely used for
fuel reduction (clearance of living and dead vegetation) and habitat management in
many continents (Whelan, 1995, Bradstock et al., 2002, Bond and Keeley, 2005,
Zwolak, 2009). However, the frequency and spatial patterning of fire required to
conserve biodiversity is often poorly understood by fire managers, in part due to a
lack of understanding of the relationship between fire events and population
dynamics of species and community composition, and the constraints on fire
managers in implementing operational guidelines (Parr and Andersen, 2006, Bond
and Archibald, 2003). As a consequence of this limited understanding, many taxa
may be at risk from altered burning practices (Russell-Smith et al., 1998, Fisher et
al., 2003, Bradstock et al., 2002, Swengel, 2001, Clarke, 2008).
Fire has been shown to alter the abundance of animal populations in many
ecosystems (Whelan, 1995). Evidence suggests that processes responsible for firerelated changes in abundance commonly act indirectly on animal populations (i.e. not
through direct mortality) and the responses reflect the individual life history of
species. Specifically, changes to vegetation structure can change resource
availability, alter competitive pressures, increase predation and reduce individual
fitness (Noble and Slayter, 1980, Fox, 1982, Converse et al., 2006c, Fisher and
Wilkinson, 2005, Vieira, 1999, Torre and Diaz, 2004, Penn et al., 2003, Letnic and
Dickman, 2005, Fox et al., 2003, Morris et al., 2010, Banks et al., 2011b). However,
there is inadequate empirical evidence to support unified ecological theories used to
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predict outcomes for particular fauna to a given fire regime (Lindenmayer et al.,
2008c). As an alternative, attention has shifted towards the use of functional traits to
understand and predict biotic responses to fire regimes. However, this approach
relies on detailed information on species life history (Langlands et al., 2011, Keith,
2012).
Variation in population size is a consequence of changes in demographic and
movement parameters such as survival, recruitment, dispersal and immigration
(Stearns, 1992), and changes in abundance following fire could be the result of any
combination of these. There are limited data on the demographic processes that are
responsible for observed changes in abundance under different fire regimes, and the
majority of research on the effects of fire on animal populations has focussed on
change in abundance (Whelan, 1995, Sutherland and Dickman, 1999, Friend, 1993,
Whelan et al., 2002, Chapter 2). A reliance on changes in abundance to draw
generalisations, or for making predictions about fire effects, is problematic because
of idiosyncratic differences in fire history, fire and habitat characteristics, biotic
interactions, climatic influences, and site-to-site variation in an organism’s life
history (Whelan, 1995, Whelan et al., 2002, Driscoll and Henderson, 2008,
Lindenmayer et al., 2008c). There have been significant developments in the analysis
of extrinsic factors influencing demographic parameters used to evaluate the
dynamics of animal populations (Lebreton et al., 1992, Adams et al., 2006, Sherman
and Runge, 2002, Ozgul et al., 2004). The testing of specific hypotheses relating to
the impact of fire on demographic parameters that have been quantified by
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monitoring should assist the evidence-based management of different faunal groups
(Driscoll et al., 2010).
Here I analyse a comprehensive long-term dataset to examine the effect of fire on the
population dynamics of five small mammal species in the wet-dry tropical savannas
of the iconic but fire-prone Kakadu National Park (Russell-Smith et al., 1997). Past
work has revealed that small mammals appear to be the least resilient to fire of any
major faunal group in Australia savannas (Andersen et al., 2003), and there is
evidence to suggest a widespread decline has occurred during the last few decades
across northern Australia (Woinarski et al., 2011). Specifically, I evaluate the effects
of experimental fire regimes on demographic parameters (i.e. survival and
recruitment), and examine the relative influence of these parameters on population
growth in each of the fire treatments. Based on a previous analysis of this dataset
using indices of abundance, Corbett et al. (2003) documented a significant increase
in trapping rates in the unburnt treatment for six out of seven small mammal species
and a significant decline in the high intensity treatment for three small mammal
species. Further, Pardon et al. (2003) used more sophisticated modelling that
accounted for probability of recapture to demonstrate strong support for the
hypothesis that survival of northern brown bandicoot was reduced in higher-intensity
fire treatments.
In this chapter I aim to quantify and compare the impact of different fire treatments
on survival and recruitment on multiple small mammal species, use the results to
infer changes to populations and the potential implications of these results for fire-
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management practices. Specifically, I hypothesise that small mammal survival and
recruitment will decrease after fire events, either due to reduced availability of food
and shelter or an increase in the number of animals lost to predators and altered
competitive interactions (Sutherland and Dickman, 1999, Newsome and Catling,
1983). I apply capture-mark-recapture models to test competing hypotheses.

Methods

Study area and trapping design
The data used in the analysis come from a six-year capture-mark-recapture study of
small mammal populations done at the Kapalga Research Station, Kakadu National
Park (120 43' S, 1320 26' E) (see Figure 3.1). The region has a wet-dry tropical
climate, with a dry season from May to November, a wet season from December to
April, and a mean annual rainfall of 1485 mm (Jabiru airport: Bureau of
Meteorology, 2005).
The capture-mark-recapture study was undertaken as part of a landscape-scale fire
experiment (Andersen et al., 1998). Four different fire treatments were applied to two
replicate blocks (15-20 km2 sub-catchments): (1) Unburnt - entire compartment
protected from fire; (2) Early - compartment burnt in early dry season (June) with
mean fire intensity = 2.1 MW m-1 (Williams et al., 2003); (3) Late - compartments
burnt in the late dry season (September) with mean fire intensity = 7.7 MW m-1
(Williams et al., 2003); and (4) Progressive - compartments burnt repeatedly, in the
early, mid- and late dry season (May, July and September) and fire intensity was not
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measured. After the first 12 months (July 1989 to May 1990) of monitoring each of
the four replicated fire treatments was applied and re-applied thereafter for the next
five years (July 1990 to May 1995). The aim of the experimental treatments was to
simulate the timing of different types of landscape fires which occurred within the
region (Andersen et al., 1998).
Each replicate block contained a pair of 8 ha trapping grids (totalling 128 ha), with
one of each pair oriented in riparian/woodland vegetation and the other located >500
m upslope in open forest (Braithwaite and Griffiths, 1994) (see Figure 3.1). Each of
the 16 grids was arranged as four rows at 50 m spacing with 20 trap sites at 20 m
spacing. They were trapped with 1:4 trap type ratio (wire cage:solid-walled Elliott)
for two nights every two months. The capture-mark-recapture study commenced in
July 1989 and ended in May 1995 for a total of 92,160 trap-nights. Nine small
mammal species were captured over the entire study. Of these, five small mammal
species were trapped in sufficient numbers over the 36 trapping occasions to permit
capture-mark-recapture analysis: one rodent (grassland melomys) and four
marsupials (northern quoll, brushtail possum, northern brown bandicoot and fawn
antechinus).
At initial capture, all individuals were marked with uniquely numbered brass ear
tags, sexed, and released immediately at the site of capture. Upon all subsequent
recapture(s), individuals were re-weighed and then released at point of capture.
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Mark-recapture models
To estimate survival and recapture I used the Cormack-Jolly-Seber (CJS) model
(Jolly, 1965, Cormack, 1964, Seber, 1965) in Program MARK (White and Burnham,
1999), implemented using the RMark 2.1.3 package (Laake, 2013) for Program R
2.15.2 (R Development Core Team, 2012). Apparent survival (ɸ) is defined as the
probability that a marked animal in the study population at occasion i survives until
occasion i + 1 (i.e. between trapping occasions), while acknowledging that
unobserved emigration from the trapping grid is possible (Pollock et al., 1990).
Recapture (p) is defined as the probability that a marked animal in the study
population at occasion i is captured during occasion i. Model assumptions include: (i)
all animals having independent fates, (ii) every marked animal have an equal
probability of recapture and survival, (iii) that no tags are lost, and (iv) that if
temporary emigration is present, it is random (Pollock et al., 1990). The link function
was logit for the recapture and survival analyses.
To estimate recruitment and realised population growth I used temporal symmetry
models (Pradel, 1996), also using Program MARK v6.2 and implemented in RMark.
By analysing the encounter history of all marked individuals in the population going
backwards in time, it is possible to estimate the probability of an individual entering
the population. Recruitment (f) is defined as a per capita recruitment probability (i.e.
net new animals per animal alive at occasion i enter the marked population between
occasions i and i + 1). Realised population growth (λ), is defined as the observed
growth rate of the population between successive occasions. Assumptions for the

77
Chapter 4 – Survival and recruitment

temporal symmetry model follow the CJS model in addition to the area sampled does
not change during the study, and the link function was logit for recapture and
survival (because these are represented as proportions) and log for recruitment and
realised population growth (positive real numbers).
Covariate modelling
I examined the effect of different fire treatments, environmental conditions, sexspecific differences, and body size, on recapture, survival and recruitment, based on
the method of linear modelling of explanatory covariates as proposed by Lebreton et
al. (1992) (Table 4.1).
The effects of fire were characterized by three covariates: time since fire (tsf), fire

treatment (fire) and pre/post fire treatment (pre.post). Time since fire was modelled
as a linear trend, set to zero when a fire occurred immediately before a trapping
occasion and accruing one unit thereafter until the next fire (Pardon et al., 2003).

Fire treatment was modelled as a group (categorical factor) for each of the four fire
treatments. Pre/post fire treatment was modelled as a time-specific covariate
representing the situation that no fire treatment was applied to any of the eight
compartments in the first twelve months of the study (i.e. no difference between
unburnt and three fire treatments until trapping occasion seven).
Climate conditions influence the population dynamics of small mammals in the wetdry tropics of northern Australia (e.g. Friend, 1990, Friend, 1985, Braithwaite and
Griffiths, 1994, Braithwaite and Griffiths, 1996). I modelled rainfall (mm; rain) as a
time-specific covariate over the interval between two trapping occasions; this was

Category

Category

Time-specific

Sex

Fire treatment

Time since fire

covariate

p, ɸ, f

different among the four

p, ɸ, f

influenced by time since

fire treatments

sex-specific

p, ɸ,

related to size of individual

p, ɸ

Individual

Mass

is …

recapture or recruitment

Apparent survival,

constant

Used in

p, ɸ, f

Category

Null

Name

Category relates to how each parameter is used in the design matrix.

Trapping occasions in which fires

Unburnt, Early, Late and Progressive

effect

quadratic term used for non-linear

Body mass at first capture and

Notes

recruitment rate (f) as derived from binomial likelihood-based models for small mammals at Kapalga, Kakadu National Park.

Table 4.1 Parameters used and their biological significance to construct apparent survival (ɸ), recapture probability (p), and
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Month

Rainfall

Fire Pre.post

Name

Time -

covariate

specific

Time -

covariate

Time-specific

covariate

Category
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p, ɸ, f

p, ɸ, f

p, ɸ, f

Used in

years

were applied

different among the

in the previous 2 months

Six months corresponding to each

(mm) in each trapping occasion

Previous two monthly total rainfall

applied in the 1990 for the next five

years when fire treatments

influenced by total rainfall

the first year and fire treatments first

All trapping grids were left unburnt in

accrued one unit

(0) and each interval thereafter

were lit immediately before numbered

Notes

year and remaining five

different between the first

fire

is …

recapture or recruitment

Apparent survival,
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Linear trend

Year

Name

trend over the study

covariate

constrained by either a

of sampling

different among each year

months of the year

is …

recapture or recruitment

Apparent survival,

positive or negative linear,

p, ɸ, f

p, ɸ, f

Used in

specific

Time -

covariate

specific

Time -

covariate

specific

Category
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Capture intervals numbered from 1-35

Six years 1989-95 (July to May)

trapping occasion

Notes
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assumed to relate to food availability. Temporal variations were represented by year,

calendar month and linear trend, and were expressed as time-specific covariates. Sex
(sex) was represented as a group (categorical factor). Body mass (mass) was
modelled as an individual covariate. I constructed candidate sets of models from
these variables based on known biology and the published ecological literature for
each species, comprising additive and, for some models, interactive combinations.
Each temporal covariate was scaled to range between zero and one. If the 95%
confidence interval for the slope of the logit- or log-explanatory covariate (β) did not
include zero, the relationship was considered statistically significant (Williams et al.,
2002a).
To make this complex analysis tractable, the capture-mark-recapture analysis
proceeded in stages for both CJS and Pradel modelling (Lebreton et al., 1992).
Initially, the most parsimonious recapture models were determined using a fixed
survival model structure (i.e. global model containing all covariates in additive
combination). Following this, the best-supported recapture model was used in all
candidate survival models. When modelling recruitment probability, the bestsupported model of recapture and survival was used to develop a candidate set. To
avoid over-parameterising models, attention was given to keeping the ratio of
effective sample size (n) to model parameter (K) high (n/K < 40). In most cases, this
restricted the use of the full time-parameterised models, whereby individual
parameters were estimated for each of the 36 trapping occasions. When no
individuals were captured in a trapping occasion I logically fixed recapture and
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survival parameters to zero. This occurred in both male northern quolls and fawn
antechinus datasets due to their semelparous life history (i.e. annual die-off of all
males in September and November each year, respectively) (Woolley, 1981,
Dickman and Braithwaite, 1992, Oakwood et al., 2001).
Goodness of fit
The CJS and Pradel models make two key assumptions: parameter rate is constant
within groups (i.e. sex and fire treatments) and individuals are equally catchable
(Williams et al., 2002a). Violation of these assumptions can result in over-dispersion,
leading to an underestimation of associated variances (Anderson et al., 1994). To
assess whether the data met these assumptions, I conducted goodness-of-fit tests on a
partially-saturated model for each individual species. I used the parametric
bootstrapping procedure available in Program MARK v6.2 to estimate deviance in
1000 idealized simulations based on the structure of the fully saturated model (Cooch
and White, 2007). I calculated a variance inflation factor ĉ (deviance of the fitted

partially-saturated model/mean deviance of 1000 simulated models) for each species
separately. Tests were conducted using global CJS models as goodness-of-fit tests
are not available for models containing individual covariates or temporal symmetry.
Assessment of models and multi-model inference
Model selection was based on Akaike’s Information Criterion, corrected for small
sample size: AICc (Burnham and Anderson, 2002). The criterion, which seeks to
quantify the relative distance between a fitted model and the unknown best model, is
calculated using maximum likelihood and an asymptotic correction term which
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accounts for the variance introduced by estimating additional parameters (Burnham
and Anderson, 2002). Parsimony is a natural outcome of this information-theoretic
calculation. The likelihood of each model, relative to others in the candidate set, was
estimated with AICc weights (w) (Burnham and Anderson, 2002) and models were
ranked according to this measure. The summed AICc weights for all models in a
candidate set add to 1. When overdispersion was evident I used the small-sample
corrected Quasi-Akaike Information Criteria (QAICc) for model selection and
calculating model averaged estimates. Evidence ratios, the relative likelihood of
model pairs (ratio of wi values), were used to provide a measure of the relative
likelihood of one hypothesis (model) versus another. In order to account for modelselection uncertainty (i.e. the decision of which model to use for inference when a
number of models in the candidate set have similar support) and to guard against
spurious results, the parameters and their standard error of each sampling occasion
were estimated by model averaging (Burnham and Anderson, 2002, Lukacs et al.,
2010). Model averaging uses Akaike weights to estimate parameters and variances
that are weighted by the relative strength of support for each model in the candidate
set. Models with high Akaike weights contribute most to the final estimate of the
parameter.
I estimated abundance of each species in the four fire treatments using the POPAN
formulation of the Jolly-Seber model (Schwarz and Arnason, 1996), as implemented
in Program MARK v6.2 (White and Burnham, 1999). The model estimates the
probability of entry (β), survival (ɸ) and recapture (p) to derive population size
estimates for each trapping occasion. Model-averaged estimates of population size

84
Chapter 4 – Survival and recruitment

and associated unconditional (not conditional on any particular model) standard
errors (SE) were calculated using the global model for survival and recapture
(ɸ[global] p[global]) and a candidate set of models for probability of entry (β).

Results

Goodness of fit
There was a total of 3055 captures representing 1926 individuals over the study
period from July 1989 to May 1995. Goodness-of-fit tests on global capture-markrecapture CJS models revealed there was strong evidence of lack of fit for the fawn
antechinus dataset, with the observed deviance ranked 971 out of 1000 bootstrap
simulations. There were very few recaptures for the species across the study (78% of
individuals were single captures), suggesting a high number of transients in the
population (i.e. individuals dispersing through the trapping grids, rather than being
resident within the area over the longer-term). Given the lack of fit and low recapture
rate, the fawn antechinus dataset was not included in the capture-mark-recapture
analyses. There was some evidence of over-dispersion for the northern quoll dataset
(ĉ = 1.11), and therefore I used the small-sample corrected Quasi-Akaike Information
Criteria (QAICc). For the remaining three species there was little evidence of lack of
fit with estimates of overdispersion (ĉ) close to 1.0, thereby satisfying the
assumptions of independence between individuals and equal survival and catchability
within the trappable population for each species (Table 4.2).

259

417
240
1926

brushtail possum

fawn antechinus

grassland melomys

TOTAL

Notes:

350

northern quoll

3055

288

530

424

444

1369

257.34

591.12

860.48

596.23

1743.25

deviance2

size1

individuals

660

model

sample

tagged

Observed

Effective

Number of

northern brown bandicoot

Species

Park.

253.76

485.91

832.11

535.72

1743.53

deviance3

model

bootstrap

Mean

1.01

1.21

1.03

1.11

1.03

ĉ4

550

971

648

869

531

bootstrap5

Ranking in

Table 4.2 Summary of goodness-of-fit results for capture-mark-recapture datasets of five small mammal species at Kapalga, Kakadu National

Chapter 4 – Survival and recruitment

85

5 Ranking in bootstrap – rank of model deviance in sorted deviance of 1000 bootstrap samples.

4 ĉ – model deviance divided by mean bootstrap model deviance.

3 Mean bootstrap model deviance – average deviance from 1000 bootstrap samples of the partially saturated model.

2 Observed model deviance – Deviance of partially-saturated CJS model used in bootstrapping procedure: model p (global) ɸ (global).

1 Effective sample size – total number of captures (and recaptures) of individuals.
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Northern brown bandicoot
Based on the top-ranked model, recapture probability of northern brown bandicoot
was significantly lower in Early (β = -0.82, 95% CI: -1.23 to -0.40) and Late (β = 0.80, 95% CI: -1.40 to -0.20) fire treatments compared to the Unburnt treatment.
Model-averaged recapture estimates varied between 0.60 and 0.70 in the Unburnt
treatment, and between 0.60 and 0.35 in the three fire treatments. The best-supported
apparent-survival model was one containing the interaction of fire treatment with a
linear trend (Table 4.3); this is consistent with the results of Pardon et al. (2003).
Model-averaged bimonthly survival estimates show a decrease in Late and
Progressive treatments and less-pronounced decline in Early and Unburnt treatments
(Figure 4.2).
The best-supported recruitment models contained the interaction of fire treatment
and time since fire, plus an additive effect of rainfall (Table 4.3). Model-averaged
bimonthly recruitment probability showed a sharp decline from initial values that
corresponded to the first application of fire in all three fire treatments (Figure 4.6).
Increase in recruitment was apparent in early-dry-season months (March and May),
indicating that new individuals born during the wet season had entered the trappable
populations (Figure 4.6). Realised population growth rate also reflected this pattern.
Similarly, northern brown bandicoot abundance increased in the first 12 months of
the study and thereafter declined in all fire treatments, most appreciably in the
Progressive and Early fire treatments (Figure 4.10).
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Brushtail possum
There was strong support for fire effects on recapture but not survival rates for the
brushtail possum (Table 4.4). Based on the most parsimonious model that contained
the interaction of fire treatment and sex, recapture probability of female brushtail
possums was significantly lower in Early (β = -1.96, 95% CI: -3.03 to -0.89) and
Late (β = -1.69, 95% CI: -2.57 to -0.80) fire treatments and significantly higher for
male possums in the Late (β = 1.96, 95% CI: 0.89 to 3.06) compared to the Unburnt
treatment. Of the 17 models for survival probability, there was no support for any
containing fire-related covariates and the model representing constant survival was
ranked high in the candidate set (∆AICc= 1.58) (Table 4.4). Bi-monthly modelaveraged survival estimates varied between 0.73 (SE=0.03) and 0.89 (SE=0.07)
during the study period (Figure 4.3).
There was strong support for fire effects on recruitment of brushtail possums at
Kapalga (Table 4.4). The best supported model (AICc weight = 0.60) contained the
parameter Pre/Post, which represented no fire treatment among each treatment in the
first twelve months of the study then the application of fire to three treatments for the
next five years (i.e. uniform difference in three fire treatments compared to Unburnt).
Recruitment was significantly lower in the three burnt fire treatments following the
initial fire in 1990 (β = -0.26, 95% CI: -0.37 to -0.14) compared to the Unburnt
treatment. Model-averaged recruitment estimates were approximately 20% lower in
the burnt fire treatments compared to the Unburnt treatment, and remained relatively
constant thereafter throughout the study, with a small increase during dry season
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months (Figure 4.7). Realised population growth rate (λ) varied between 0.88 and
1.42 throughout the study. Upper 95% confidence intervals of λ overlapped with 1
(which indicates a stable population or positive growth in abundance) on all trapping
occasions apart from two occasions in the Late and one occasion in the Early
treatment. However, Jolly-Seber open-population abundance estimates indicated a
substantial decrease in the Early fire treatment after an initial increase in the first
twelve months of the study (Figure 4.11).
Northern quoll
Fire effects were apparent in recapture but not in the survival modelling results for
the northern quoll population at Kapalga. Although the most parsimonious recapture
model represented variation according to calendar month, five of the top six
recapture models contained the covariate representing fire treatment (Table 4.5), and
there was similar support among the five top-ranked models having a ∆QAICc < 2.
For females, recapture probability was higher in all three burnt treatments compared
to the Unburnt treatment (Early β = 2.08, 95% CI: 0.87 to 3.29; Late β = 1.97, 95%
CI: 0.75 to 3.19; Progressive β = 1.84, 95% CI: 0.64 to 3.03). For males, recapture
probability was lower in two burnt treatments (Early β = -2.18, 95% CI: -4.00 to –
0.37; Progressive β = -2.66, 95% CI: -4.77 to –0.56). Recapture rates decreased
during the dry season (May and July) and increased in the wet season (November,
January and March) for males and females. There was no support for effects of fire
on survival in the northern quoll population at Kapalga. All top-ranked models
represented only seasonal and sex effects (Table 4.5). Survival was highest for males
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and females during the wet season and steadily decreased throughout the dry season
until male die off occurred (Figure 4.4).
There was support for fire effects on recruitment of northern quolls at Kapalga, with
top-ranked models containing the fire-treatment factor (Table 4.5). Based on the
best-supported model containing fire treatment, recruitment was significantly lower
in the Late fire treatment (β = -1.87, 95% CI: -1.38 to -0.99) compared to all other
treatments (Figure 4.8). This translates to an approximately 20% decrease in
recruitment over the study period – similar to that of the brushtail possum. Realised
population growth fluctuated seasonally across the treatments but was significantly
lower (95% CI < 1) in the Late fire treatment in September for the last four years of
the study. Jolly-Seber population estimates support this result, with abundance
initially higher in the Late fire treatment and then declining throughout the study,
whereas abundance was relatively steady in the other fire treatments (Figure 4.12).
Grassland melomys
There was little support for the effects of fire on either recapture or survival models
for grassland melomys at Kapalga. The best-supported recapture model represented
constant recapture probability across the entire study period and among fire
treatments (Table 4.6). There was limited evidence of fire effects on survival, with
the best-supported model representing differential response to fire treatments with
body mass (weight = 0.72). However, the 95% confidence intervals for the model
coefficient for body mass overlapped with zero, indicating a non-significant effect
(i.e. any signal that may have been present was overwhelmed by the variation in the
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data). Model-averaged survival estimates showed higher survival of grassland
melomys in the Late and Progressive and very low survival in the Early fire
treatments (Figure 4.5), however there was considerable uncertainty associated with
all estimates, most likely a consequence of sparse data.
Recruitment of grassland melomys was highly seasonal, with models containing the
covariate Month ranked in the top two models (Table 4.6). There was some evidence
to suggest fire-affected recruitment, with the top-ranked model containing the
interaction of fire treatment and month (weight = 0.86). Model-averaged recruitment
estimates illustrated the strong seasonal pattern, and higher recruitment may have
occurred in the Late and Early fire treatments during wet-season trapping occasions
(Figure 4.9). However, model coefficients indicate no significant effect due to the
overlap of 95% confidence intervals with zero. The seasonal pattern was mirrored in
estimates of realised population growth rate with higher values in the Late and Early
fire treatments during the wet season. Jolly-Seber open-population estimates showed
higher abundance in the Unburnt treatment compared to the three burnt fire
treatments (Figure 4.13).

18
22
26

p (~fire * tsf)

p (~fire + rain)

p (~fire + sex + linear trend + rain + mass + mass2)

p (~fire * tsf + sex + linear trend + rain + mass + mass2)

p (~1)

2

3

4

5

6

14

21

p (~fire * rain)

21

K

1

Recapture

Models

3087.4

3071.3

3071.1

3071.1

3070.5

3070.4

AICc

16.9

0.9

0.7

0.6

0.1

0.0

∆AICc

wi

0.000

0.157

0.174

0.179

0.233

0.251

the less plausible model i. Only the five top-ranked and null models presented here (see Appendix III for full candidate set).

the lowest AICc out of the set of models. AICc weights (wi) are the relative likelihood of model i. The bigger the delta the smaller the weight and

parameters. AICc is Akaike’s Information Criterion, corrected for small sample size. ∆AICc shows the difference between the model AICc and

Table 4.3 Summary of model-selection results for the northern brown bandicoots at Kapalga, Kakadu National Park. K is the number of
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17
23
16
9

ɸ (~fire + linear trend + sex + rain + mass + mass2)

ɸ (~fire * tsf + linear trend + sex + rain + mass + mass2 + month + year)

ɸ (~fire * tsf)

ɸ (~1)

3

4

5

6

f (~rain + (fire * tsf))

f (~fire * tsf)

f (~linear trend)

1

2

3

18

24

25

16

ɸ (~fire * year)

2

Recruitment

16

ɸ (~fire * linear trend)

K

1

Survival

Models
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7481.0

7473.1

7469.8

3083.3

3076.2

3073.3

3067.2

3064.1

3059.9

AICc

11.2

3.3

0.0

23.4

16.3

13.4

7.3

4.2

0.0

∆AICc

0.003

0.161

0.835

0.000

0.000

0.001

0.023

0.110

0.865

wi
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f (~fire * linear trend)

f (~1)

5

6

17

24

18

K

7507.0

7487.9

7483.2

AICc

37.2

18.0

13.4

∆AICc

0.000

0.000

0.001

wi

Symbols relate to structure of linear models: + = additive, * - interaction.

calendar month, year – July to May, rain – total rainfall between sampling occasions, linear trend – linear trend, 1 – null model (constant).

remaining five years when fire treatments were applied, sex – male and female, mass and mass2 – body mass and quadratic function, month –

Explanatory covariates used in candidate model sets: fire- fire treatments, tsf – time since fire, pre/post - different between the first year and

f (~year)

4

Models
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p (~sex * fire)

p (~rain + (fire * tsf))

p (~fire + rain)

p (~fire * rain)

p (~fire * linear trend)

p (~1)

1

2

3

4

5

6

Recapture

Models

15

22

22

19

23

22

K

1162.1

1136.9

1131.0

1129.7

1129.3

1125.7

AICc

model i. Only the five top-ranked and null models presented here (see Appendix III for full candidate set).

36.4

11.2

5.3

4.0

3.6

0.0

∆AICc

0.000

0.003

0.053

0.101

0.122

0.721

wi

of the set of models. AICc weights (wi) are the relative likelihood of model i. The bigger the delta the smaller the weight and the less plausible

is Akaike’s Information Criterion, corrected for small sample size. ∆AICc shows the difference between the model AICc and the lowest AICc out

Table 4.4 Summary of model-selection results for the brushtail possum at Kapalga, Kakadu National Park. K is the number of parameters. AICc
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f (~fire * linear trend)

1
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3
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2

Recruitment
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K

1

Survival
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2961.9

2960.6

2959.2

1119.4

1119.3

1119.2

1118.9

1118.7

1117.7

AICc

2.7

1.4

0.0

1.7

1.6

1.5

1.2

1.0

0.0

∆AICc

0.123

0.237

0.484

0.088

0.089

0.094

0.112

0.124

0.207

wi
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f (~fire)

f (~1)

5

6

*See Table 4.3 for explanation of model terms

f (~fire * pre.post)

4
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Chapter 4 – Survival and recruitment

11

14

17

K

2978.4

2964.3

2962.9

AICc

19.2

5.1

3.7

∆AICc

0.000

0.037

0.076

wi
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p (~sex * fire)

p (~fire * (mass + mass2))

p (~fire + rain)

p (~fire)

p (~1)

2

3

4

5

6

17
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p (~month)

18

K

1

Recapture

Model

4580.6

4575.4

4574.8

4574.7

4574.2

4574.2

QAICc

6.4

1.2

0.6

0.5

0.0

0.0

∆QAICc

0.007

0.098

0.133

0.138

0.180

0.180

wi

weight and the less plausible model i. Only the five top-ranked and null models presented here (see Appendix III for full candidate set).

and the lowest QAICc out of the set of models. QAICc weights (wi) are the relative likelihood of model i. The bigger the delta the smaller the

Akaike’s Information Criterion, corrected for small sample size and over-dispersion. ∆QAICc shows the difference between the model QAICc

Table 4.5 Summary of model-selection results for the northern quoll at Kapalga, Kakadu National Park. K is the number of parameters. QAICc is
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ɸ (~1)
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4

5

6
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f (~fire * tsf)
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2

3
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9

8

7

ɸ (~(sex * month) + linear trend)

2

Recruitment

6
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K

1

Survival

Model
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171728.6

171725.6

171723.6

4572.8

4567.3

4565.7

4564.6

4561.2

4559.3

QAICc

5.0

2.0

0.0

13.5

8.0

6.4

5.3

1.9

0.0

∆QAICc

0.053

0.240

0.651

0.001

0.012

0.026

0.046

0.253

0.637

wi

99

f (~rain * fire)

f (~1)

5

6

*See Table 4.3 for explanation of model terms

f (~fire * year)

4

Model
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6

12

12

K

171740.1

171731.5

171730.3

QAICc

16.5

7.9

6.7

∆QAICc

0.000

0.013

0.024

wi

100

15

p (~pre.post)

p (~mass + mass2)

p (~rain)

p (~linear trend)

p (~sex)

2

3

4

5

6

14

14

14

14

p (~1)

13

K

1

Recapture

Model

399.1

399.1

399.0

398.7

397.5

397.0

AICc

plausible model i. Only the five top-ranked and null models presented here (see Appendix III for full candidate set).

2.1

2.1

2.0

1.7

0.5

0.0

∆AICc

0.084

0.084

0.088

0.103

0.184

0.243

wi

AICc out of the set of models. AICc weights (wi) are the relative likelihood of model i. The bigger the delta the smaller the weight and the less

AICc is Akaike’s Information Criterion, corrected for small sample size. ∆AICc shows the difference between the model AICc and the lowest

Table 4.6 Summary of model-selection results for the grassland melomys at Kapalga, Kakadu National Park. K is the number of parameters.
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5
8
7
2

ɸ (~rain + (mass + mass2))

ɸ (~fire * sex)

ɸ (~(mass + mass2) + fire)

ɸ (~1)

3

4

5

6

f (~fire * month)

f (~month)

f (~year + rain)

f (~rain * fire)

1

2

3

4

17

12

11

17

4

ɸ (~mass + mass2)

2

Recruitment

13

ɸ (~(mass + mass2) * fire)

K

1

Survival

Model
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2111.7

2100.0

2088.1

2084.4

391.3

389.0

388.7

388.1

387.4

382.8

AICc

27.4

15.6

3.7

0.0

8.5

6.2

5.9

5.3

4.6

0.0

∆AICc

0.000

0.000

0.137

0.862

0.011

0.033

0.038

0.052

0.074

0.722

wi

102

f (~1)

6

*See Table 4.3 for explanation of model terms

f (~fire + rain)

5

Model
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10

14

K

2125.8

2112.3

AICc

41.4

27.9

∆AICc

0.000

0.000

wi

103
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Figure 4.2 Model-averaged estimates (± SE) of apparent survival probability for
northern brown bandicoots in four fire treatments at Kapalga. Each panel relates to a
fire treatment: A – Unburnt; B - Early (fires lit in June); C - Late (fires lit in
September), D - Progressive (June and September). Experimental fires were applied
from June 1990 onwards.
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Figure 4.3 Model-averaged estimates (± SE) of apparent survival probability for
brushtail possums in four fire treatments at Kapalga. Each panel relates to a fire
treatment: A – Unburnt; B - Early (fires lit in June); C - Late (fires lit in September),
D - Progressive (June and September). Experimental fires were applied from June
1990 onwards.
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Figure 4.4 Model-averaged estimates (± SE) of apparent survival probability for
northern quolls in four fire treatments at Kapalga. Each panel relates to a fire
treatment: A – Unburnt; B - Early (fires lit in June); C - Late (fires lit in September),
D - Progressive (June and September). Experimental fires were applied from June
1990 onwards. Closed triangles are females and open triangles are males.
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Figure 4.5 Model-averaged estimates (± SE) of apparent survival probability for
grassland melomys in four fire treatments at Kapalga. Each panel relates to a fire
treatment: A – Unburnt; B - Early (fires lit in June); C - Late (fires lit in September),
D - Progressive (June and September). Experimental fires were applied from June
1990 onwards. Closed triangles are females and open triangles are males.
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Figure 4.6 Model-averaged estimates (± SE) of recruitment rate for northern brown
bandicoots in four fire treatments at Kapalga. Each panel relates to a fire treatment:
A – Unburnt; B - Early (fires lit in June); C - Late (fires lit in September), D Progressive (June and September). Experimental fires were applied from June 1990
onwards.

109
Chapter 4 – Survival and recruitment

Figure 4.7 Model-averaged estimates (± SE) of recruitment rate for brushtail
possums in four fire treatments at Kapalga. Each panel relates to a fire treatment: A –
Unburnt; B - Early (fires lit in June); C - Late (fires lit in September), D Progressive (June and September). Experimental fires were applied from June 1990
onwards.
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Figure 4.8 Model-averaged estimates (± SE) of recruitment rate for northern quolls in
four fire treatments at Kapalga. Each panel relates to a fire treatment: A – Unburnt;
B - Early (fires lit in June); C - Late (fires lit in September), D - Progressive (June
and September). Experimental fires were applied from June 1990 onwards.
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Figure 4.9 Model-averaged estimates (± SE) of recruitment rate for grassland
melomys in four fire treatments at Kapalga. Each panel relates to a fire treatment: A
– Unburnt; B - Early (fires lit in June); C - Late (fires lit in September), D Progressive (June and September). Experimental fires were applied from June 1990
onwards.
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Figure 4.10 Model-averaged estimates (± SE) of abundance for northern brown
bandicoots in four fire treatments at Kapalga. Each panel relates to a fire treatment:
A – Unburnt; B - Early (fires lit in June); C - Late (fires lit in September), D Progressive (June and September). Experimental fires were applied from June 1990
onwards.
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Figure 4.11 Model-averaged estimates (± SE) of abundance for brushtail possums in
four fire treatments at Kapalga. Each panel relates to a fire treatment: A – Unburnt;
B - Early (fires lit in June); C - Late (fires lit in September), D - Progressive (June
and September). Experimental fires were applied from June 1990 onwards.
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Figure 4.12 Model-averaged estimates (± SE) of abundance for northern quolls in
four fire treatments at Kapalga. Each panel relates to a fire treatment: A – Unburnt;
B - Early (fires lit in June); C - Late (fires lit in September), D - Progressive (June
and September). Experimental fires were applied from June 1990 onwards.
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Figure 4.13 Model-averaged estimates (± SE) of abundance for grassland melomys
in four fire treatments at Kapalga. Each panel relates to a fire treatment: A –
Unburnt; B - Early (fires lit in June); C - Late (fires lit in September), D Progressive (June and September). Experimental fires were applied from June 1990
onwards.
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Discussion

The major finding of this capture-mark-recapture analysis is that, although fire can
markedly affect the population dynamics of small mammal species by influencing
vital rates such as survival and recruitment, it does not exert a simple or universal
effect across species. I hypothesised that the vital rates of species would be lower in
fire treatments compared to unburnt ‘controls’, and that both measures would
decrease as fire intensity increased. The study demonstrated that survival was
significantly lower in one of four species, and recruitment was significantly lower in
three species in higher intensity fire treatments (Table 4.7). Nonetheless, although
the results are a product of a replicated landscape-scale fire experiment over six
years, they are not able to relate observed changes in demographic parameters
directly to specific mechanisms such as fire-induced mortality or predation. They
also represent somewhat extreme conditions, because fire was not permitted to occur
under more realistic random spatio-temporal conditions that might lead to habitat
mosaics of burnt and unburnt patches of varying ages in relative proximity.
Fire has been shown to reduce the survival of small mammals via indirect processes
rather than direct mortality. Studies of survival of small mammal before and after
fires have generally reported no direct mortality (Johnson, 1995, Vernes, 2000,
Monimeau et al., 2002, Banks et al., 2011b), although an intense wildfire caused
significant mortality (35%) in the critically endangered Mount Graham Squirrel
Tamiasciurus hudsonicus ssp. grahamensis (Koprowski et al., 2006). Recent
experimental work has shown that increased predation was responsible for a
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reduction in survival of cotton mice Peromyscus gossypinus due to the removal of
ground cover by fire (Morris et al., 2010, Morris et al., 2011). The results of the
current analysis from Australia’s tropical savannas indicate that northern brown
bandicoot survival decreased in higher intensity fires, and this decline was gradual
rather than sudden after the application of the experimental fires. Using the same
data as this study, Pardon et al. (2003) suggested that a reduction in ground cover
may have been responsible for the decrease in survival. However, the observed
decline in bandicoot survival and abundance in the Unburnt treatment indicates
additional unknown factors seem to have contributed to the observed decline.
The findings from this study suggest that fire may affect recruitment more than
survival for small mammals at Kapalga. Three species showed a significant reduction
in recruitment compared to one species recording a decline in survival. Recruitment
was lower in all three burnt treatments for both the northern brown bandicoots and
brushtail possum, but only in the Late treatment for the northern quoll. Differences in
reproductive strategies may explain the different response. The northern quoll has a
synchronous annual breeding cycle whereby mating occurs between late May and
early June, young are born in mid to late June, then left in dens located in tree
hollows until they become independent by November (Oakwood, 2000, Braithwaite
and Griffiths, 1994). The timing and intensity of early-dry-season fire is unlikely to
disrupt this cycle, whereas the timing and intensity of late-dry-season fire may cause
significant mortality of young while in the pouch or den, thereby reducing
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Table 4.7 Summary of key results of the effects fire treatments on demographic
parameters for four small mammal species at Kapalga, Kakadu National Park.
Symbols indicate: ↓ decrease and ↑ increase.
Species

Recapture

Survival

Recruitment

Realised

(p)

(ɸ)

(f)

population
growth (λ)
and
abundance

Northern brown

↓ Early, Late

bandicoot

↓ Early,

↓ Early, Late,

↓ all

Late

Progressive (after

treatments

first fire)
Brushtail

↓ Early, Late

No response

possum

↓ Early, Late,

↓ Early

Progressive (after
first fire)

Northern quoll

Grassland

melomys

↓ Unburnt

No response

No response

↓ Late

↓ Late

No response

No response

↑ Unburnt
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recruitment. Begg et al. (1981) recorded a decrease of 65% of pouch young in
northern quolls after a dry-season fire within Kakadu National Park.
Northern brown bandicoots build nests of ground litter in shallow depressions and
brushtail possum nest in tree hollows (Friend, 1990, Kerle, 1998). Both species breed
continuously if conditions are favourable, but most reproduction occurs during the
wet-season months after which young become independent in the subsequent dry
season (Kerle, 1998, Kerle and Howe, 1992, Friend, 1990, Kemper et al., 1990).
There are a number of potential mechanisms to explain the decrease in recruitment
associated with fire in these two species, including a lack of suitable nesting habitat
or food resources, or high mortality of juveniles prior to entering the trappable
population. In other studies of small mammal demography and fire, the proportion of
female mountain brushtail possums carrying pouch young decreased following an
intense wildfire, a reduction in shelter resources and migration out of burnt into
unburnt habitat (Banks et al., 2011b), whereas recruitment of brushtail possums was
higher in burnt habitat after prescribed fuel-reduction burns (Isaac et al., 2008).
Population collapse in northern Idaho ground squirrel Spermophilus brunneus
brunneus was driven by mortality of older females after intense wildfire (Sherman
and Runge, 2002). Further research is needed to test the potential mechanisms
responsible for the change in recruitment associated with fire.
It is worth noting that, even though the abundance of grassland melomys was higher
in the Unburnt treatment, there was little difference in survival or recruitment among
the fire treatments. The species is confined largely to riparian habitats (Begg et al.,
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1983, Kemper et al., 1987) and, as expected, the abundance was reduced with the
repeated application of fire. There was some evidence to suggest higher survival and
recruitment in the Early and Late treatments but sparse data constrained the inference
that was possible from these results.
An unexpected result was the impact of the initial fire treatment in 1990. The
experimental fires in 1990 were substantially more intense than all other years due to
elevated fuel loads in all compartments (Williams et al., 2003): mean fire intensity in
1990 was approximately double the average for the other four years. One Late
compartment in 1990 recorded a fire intensity of 18 MWm-1 (compared to the fiveyear average = 7.7 MWm-1). Recruitment in the northern brown bandicoot and
brushtail possum populations decreased significantly after this first fire and remained
low for the duration of the study. The extreme intensity of the initial fire treatment
may have had a “catastrophic” impact (Reed et al., 2003) on both the species with
insufficient time for recovery due to successive applications of fire.
Recapture rates were generally low and varied substantially during this study.
Recapture rates tended to decrease after fire and when rainfall occurred during
monsoonal conditions. Recapture rates tended to be lower in burnt treatments for
northern brown bandicoots and brushtail possums, but northern quolls had a lower
probability of recapture in the Unburnt treatment. Fire-related decreases in capture
probabilities has been observed in small mammals in North America (Converse et
al., 2006b, Monroe and Converse, 2006). These results highlight the need to
incorporate detectability into survey design as indices of abundance (see Chapter 2),
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may be influenced by changes in recapture probability of individuals rather than to
treatment effects or population dynamics (White, 2005).
Sparse data and the inability to distinguish between temporary migration and survival
place limits on the inference possible from these types of study. A factor potentially
contributing to the sparse data for the small mammals of Kapalga was the relatively
small number of trap nights (two) in each bi-monthly trapping occasion. Many
populations of small mammals typically occur in low densities in the northern
savannas of Australia and this increases the difficulty in detecting change and
estimating parameters (e.g. Woinarski et al., 2005). Pollock et al. (1990) recommend
a minimum of five nights per trapping occasion for capture-mark recapture studies,
and a larger trapping effort in this study may have resulted in improved precision for
estimating parameters and testing competing hypotheses. Despite the limitations of
the Kapalga capture-mark-recapture study, the results represent a dataset almost
unprecedented in the literature on multi-species small-mammal population dynamics,
and have allowed for robust inference about their demographic responses to fire. The
analytical approach is based on replicated landscape-scale fire treatments, applied
and monitored at a fine scale over a number of years, combined with modelling that
accounts for variable detection of animals and the use of multi-model inference to
strengthen the robustness of the estimated treatment effects.
The decline in small mammal fauna in Australia has attracted considerable attention
due to Australia’s disproportionately high number of recent vertebrate extinctions
and threatened species (Smith and Quin, 1996, Johnson, 2006, McKenzie et al.,
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2007). Woinarski et al. (2001) hypothesise that inappropriate fire regimes are partly
responsible for the widespread decline of small mammals in northern Australian
tropical savannas. They re-trapped the same grids as this study four years after the
landscape-scale fire experiment ceased (but unfortunately did not individually mark
the captured animals) and recorded an increase in relative abundance for four small
mammal species and a decrease in seven. They suggested that fire may have been
responsible for this decrease. The results presented here offer some support to this
hypothesis. Species that showed a decrease in survival or recruitment (northern
brown bandicoot, brushtail possum and northern quoll) were all species that declined
in the re-trapping study of Woinarski et al. (2001) and the one species that did not
respond to fire in this study (grassland melomys) increased in abundance. Clearly,
the link between regional-scale mammal decline and fire regimes is still weak, but
the evidence presented in the current analysis can contribute to developing firemanagement strategies that seek to optimise conditions and reduce risk for small
mammal species in northern Australia (Parr and Andersen, 2006, Clarke, 2008,
Lindenmayer et al., 2008b). To accomplish this requires the development of spatially
explicit population models based on the demographic parameters and treatment
effects in this study to compare a range of fire management scenarios (e.g. Brook and
Griffiths, 2004, Brook et al., 2002). This modelling is presented in Chapter 5 of the
thesis.
In conclusion, the effect of fire on the demographic rates of small mammal species
was evident at Kapalga. Sherman and Runge (2002) have classified
anthropogenically driven population declines into three types: 1) ‘blatant
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disturbances’ that result in a direct negative impact on life-history parameters (e.g.
habitat loss, overhunting); 2) ‘inappropriate variance’ disturbances, creating
increased fluctuations in life-history parameters (e.g. more frequent stochastic
events); and 3) ‘evolutionary traps’ (e.g. facultative response to climate change). The
results from this study suggest that fires may act principally as ‘inappropriate
variation’ for some species of small mammals in northern Australia, where the
timing and frequency of fire events interact with natural stochastic environmental
conditions that drive the population dynamics on various time scales.

Plate 5 Satellite image of fires burning simultaneously in August 2008 in the Top
End of the Northern Territory. Note the direction of the smoke plumes is a result of
the prevailing southern easterly winds typical of this time of the year.
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CHAPTER 5 USING SIMULATION EXPERIMENTS TO TEST THE
PYRODIVERSITY-BIODIVERSITY PARADIGM FOR AT-RISK SMALL
MAMMALS: FREQUENCY MATTERS MORE THAN SIZE

Preamble
In the previous chapter I analysed capture-mark-recapture data for four species of
small mammal (northern brown bandicoot, northern quoll, brushtail possum and
grassland melomys) subjected to a landscape-scale fire experiment. Using likelihoodbased statistical fitting and information-theoretic model selection, I identified a
decrease in survival or recruitment for the majority of species associated with
intensity of fires. In this chapter I use the capture-mark-recapture model results from
Chapter 4 to construct spatially-explicit population simulations for the four small
mammal species and then use these to evaluate the decadal-scale consequences of
applying different fire management scenarios, using population viability analysis.
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Introduction

Fire is extensively used to manage the composition, structure and dynamics of plant
and animal communities (Bradstock et al., 2002, Bowman et al., 2009). When
management aims target the conservation of biodiversity, it is widely assumed that
heterogeneous fire regimes best maintain the diversity and resilience of these
communities. This approach is based on the patch-mosaic hypothesis, which predicts
that greater biodiversity will result from increased fire diversity – that is,
“pyrodiversity begets biodiversity” (Parr and Andersen, 2006). Large, intense fires
may homogenise the vegetation structure in an area whereas small, moderate fires are
seen as creating a more heterogeneous vegetation structure (e.g. Price et al., 2005a).
A mosaic of patches in a landscape burnt at different times is assumed to be
important because different taxa exhibit different responses to fires and fire-induced
heterogeneity will enable the persistence of a full range of biota (Bradstock et al.,
2005, Parr and Andersen, 2006).
There is, however, limited empirical data to support the real-world applicability of
the patch-mosaic burning hypothesis (Parr and Andersen, 2006). Recent fauna
studies testing the relationship between species richness and fire histories have found
scant evidence to support the hypothesis due to taxon-dependent variation in
distribution and abundance which are more likely to be influenced by rainfall and
other local conditions (Driscoll and Henderson, 2008, Lindenmayer et al., 2008c,
Pastro et al., 2011, Davies et al., 2012). A key weakness of the patch-mosaic-burning
paradigm is that it assumes species are dependent on a finely fire-variegated state of
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habitat whereas the optimal scale of any fire-mosaic is likely to be species specific
and vary with home range size (Bradstock et al., 2005). Furthermore, the hypothesis
has largely been built on the assumption that meeting needs of plant communities
will automatically meet the needs of animal species (Clarke, 2008). Given the
potential inadequacies of the current dominant fire-management paradigm, there is a
need for information to determine appropriate fire regimes to support management of
at-risk fauna.
Simulation models are a useful tool in fire-related research and management.
Driscoll et al. (2010) identify three major areas where simulation models contribute
to extending empirical research on fire impacts and management: 1) as a systematic
way of identifying disturbance and life-history processes that will most influence
extinction probability (or community composition); 2) as a way of translating
empirical research into a currency (model parameters and a logical framework) that
can be applied in a formal decision-making process, and 3) as a means to extend
empirical data by modelling at large temporal and/or spatial scales, which is essential
for exploring consequences for biodiversity of contrasting management options. The
majority of fire-related population viability models have been based on plants (e.g.
Bradstock et al., 1998, Satterthwaite et al., 2002), but they have been successfully
applied to vertebrate species (Brook and Griffiths, 2004).
The tropical savannas of northern Australia are one of the most fire-prone landscapes
on earth (Giglio et al., 2013). Fire frequency and resultant structural vegetation
changes have been implicated in the decline of small mammal fauna in this region
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(Woinarski et al., 2001, Woinarski et al., 2010). In this thesis I have demonstrated
that fire events can decrease the survival and recruitment of small mammal species
(Chapter 4), but it is not apparent as to what fire regimes best suit the life history of
these species (or indeed if any regime is beneficial for multiple species). For
example, managers of conservation reserves in the tropical savannas of the Northern
Territory have concentrated their efforts at imposing more benign and variable fire
regimes (Edwards et al., 2001). Yet, because of the limited empirical basis for the
patch-mosaic hypothesis described above, land managers still lack clear guidance on
how to optimise fire management strategies for faunal groups potentially at risk from
inappropriate fire regimes.
In this chapter I aim to examine the effect of fire frequency and extent on the
decadal-scale population viability of four small mammal species in a tropical
savanna. I hypothesise that more frequent fires would increase the threat to
population persistence by reducing survival and recruitment and thereby population
growth. Furthermore, I expect larger fires would increase the risk to small mammal
populations by causing widespread reduction in population size over geographically
large areas.

Methods

Ecological system
The wet-dry tropical savannas of northern Australia contain a diverse small mammal
fauna and are subject to seasonal fire regimes. Variation in fire regimes is related to
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available moisture, dominance of either woody or herbaceous plant cover or weather
conditions (Bradstock, 2010). Fires in the tropics of northern Australia are
characterised by low-intensity fires (average intensity 2.1 MW-1) when available
moisture is high and high-intensity fires (average intensity 7.7 MW-1) when available
moisture is low (Williams et al., 1998, Williams et al., 2003). Fire frequency is
relatively high, with up to 65% of the landscape burned annually in some
conservation reserves (Gill et al., 2000, Edwards et al., 2001). Data for four small
mammal species from Kapalga, Kakadu National Park, were available to determine
the effects of fire: northern brown bandicoot, brushtail possum, northern quoll and
grassland melomys (Chapter 4). All four species are wide-ranging, being distributed
across northern Australia, and represent distinctly different life histories: two are
arboreal (northern quoll and brushtail possum), one species has synchronous
reproduction, annual male die-off and is a specialist carnivore (northern quoll), and
one is omnivorous (northern brown bandicoot) (Strahan, 1995).
Model structure and output
I used stage-structured matrix models to explore the impact of fire management on
four species of small mammals inhabiting the tropical savanna at Kapalga. Stagestructured matrices are often used when it is difficult to determine accurately the age
of individuals or when developmental stage is better than age as a predictor of
demographic fate (Caswell, 2001); both were the case with the small mammal fauna
at Kapalga. The pre-breeding census model included two stages (juvenile and adult)
and four elements or probabilities representing survival, fecundity (recruitment) and
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transition probabilities (Figure 5.1). I classed juveniles as individuals that had
entered the trappable population (i.e. post-weaning) but had not reproduced, and
adults as reproductively active individuals. The transition probabilities of stage-based
models incorporate the probability of making a transition from one stage to the next
between time i and i + t, conditional on surviving (Nichols et al., 1992). The
probability of surviving and remaining in the same stage (P), the probability of
surviving and becoming a reproductive adult (G) and probability of recruitment (F)
combine to estimate projected population growth. The model simulated demographic
and environmental stochasticity (Lande, 1993), no sex structure (for northern quolls
only females were modelled due to annual male die-off), two types of disturbance
(low- and high-intensity fires), ceiling-type density dependence, and a
metapopulation-like spatial structure with 22 patches (based on Kapalga fire
experiment compartments, labelled A through X) connected through relatively high
dispersal rates (given that these represent an experimental compartmentalisation of
an effectively continuous landscape, with no physical barriers and extensive borders
between neighbouring patches). The Kapalga peninsula is surrounded by floodplain
which was considered as inhospitable habitat for the four small mammal species, but
it is open along the southern boundary (other than the sealed road of the Arnhem
Highway) and thus migration could have been underestimated.
Demographic parameters
All matrix probabilities were estimated using a six-year capture-mark-recapture
dataset for the four small mammal species at Kapalga Research Station during a
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landscape-scale fire experiment (Chapter 4). Survival and stage-transition rates were
estimated using multi-state models (Nichols et al., 1992) in Program MARK ver. 6.2
(White and Burnham, 1999). The multi-state model estimates three parameters: a)
probability that an animal alive in state r at time i remains in state r in time i + 1; b)
probability that an animal alive in state r at time i is captured at that time; and c)
probability that an animal alive in state r at time i is alive and in state s in time i + 1.
Body mass was used to classify individuals into one of two states (juvenile and adult)
based on allometric relationships (e.g. body mass at first reproduction, see Chapter
3). When data for transition of juveniles to adults was sparse and the model was
unable to estimate the parameters (e.g. less than 10% of individual grassland
melomys capture as juveniles and were recaptured as adults), I subtracted juvenile
survival from adult survival to estimate transition probabilities (since the total
probability of fate-by-stage must sum to 1). I estimated recruitment using temporal
symmetry models (Pradel, 1996). The model estimates per capita recruitment (i.e.,
net new animals per animal alive at time i that enter the population between time i
and i + 1).
Precise and unbiased estimation of parameter uncertainty, which can be used to
represent environmental stochasticity once sampling artefacts have been removed, is
critical to the analysis of stochastic demographic models (White, 2000). Therefore, I
used variance components to estimate both model parameters and environmental (or
process) variation for both multi-state (survival and state transition) and recruitment
models (Burnham et al., 1987, Burnham and White, 2002). Variance-components
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analysis distinguishes between environmental and sampling variation and was
undertaken on models containing full time-dependent structure (i.e. varies each
bimonthly trapping occasion). Only validly estimable time intervals were used in the
analysis (e.g. first and last intervals are confounded in Pradel models), while the
remaining parameters were held constant. Parameters were estimated from the
intercept of the “linear trend” model (because the non-fire-affected value was needed
as the input, upon which the impact of fire regimes were to then be imposed in the
simulation model), and the process variance (σ2) was taken from the “intercept only”
in Program MARK. A summary of estimated values and key model inputs is
provided in Table 5.1.
Population structure and dispersal
Initial population size and carrying capacity (K) for each patch was based on modelaveraged Jolly-Seber population estimates over the six year capture-mark-recapture
study (Chapter 4). Initial population size was calculated by multiplying average
density (population size estimate per trapping period divided by the total area of the
trapping grid = 91.2 ha) with the total area of all of the 22 compartments (total area =
36,524 ha). A ceiling-type carrying capacity (implemented as a cap on maximum
possible population size/territory number) was calculated by adding 5% to the
maximum density over the study period of each species, multiplied by the total area
of each compartment and proportion of adult population based on the stable age
distribution, and was only applicable to the adult stage. Dispersal among
compartments was modelled using the RAMAS dispersal-distance function and
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Figure 5.1 A life-cycle graph and stage-based matrix (A) for small mammals. Lifecycle nodes (circles) represent stages: Juvenile – sexually immature individuals that
have entered the trappable population, Adult = sexually mature individuals that have
entered the trappable population and arrows represent direction of transition
probabilities.
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maximum dispersal distance ranged from 5 to 15 km. Dispersal is defined as
movement of organisms from one population to another and is equivalent to
migration (i.e. not back-and-forth seasonal movement between two locations).
Maximum values were based on the published literature on home range and density
for the four species (Friend, 1990, Leung, 1999, Cowan and Clout, 2000, Oakwood,
2002). Actual dispersal out of a given compartment depended on the proximity to
neighbouring compartments. Juveniles are more likely to disperse than adults and I
therefore used relative dispersal ratio of 1.0 for juveniles and 0.5 for adults.
Fire modelling
Fire intensity impacted the survival and recruitment of small mammals at Kapalga
(Chapter 4). Two fire-intensity impact parameters were modelled based on the data
from the Kapalga fire treatments. Using the multi-state and Pradel temporal
symmetry models described above, I constrained linear models with a temporal
covariate representing the period immediately after a single fire in the Early and Late
treatments (the first and second trapping occasions equates to approximately three
months). This resulted in two parameters to quantify fire impacts: a “before” and
“after” effect of both early-dry-season (low intensity) and late-dry-season (high
intensity) for survival and recruitment parameters. The fire impact parameters were
used as stage-specific relative weightings in each of the population models.

Mean density D (ha-1)
0.79

Ceiling

Polygamous

Breeding system

Density dependence type

Continuous

Male = 600 g
Female = 500 g

Body mass at sexual maturity

Timing of reproduction

Northern brown
bandicoot

Life-history attribute or model
parameter

step when a fire event occurs.

0.78

Ceiling

Polygamous

Continuous

Male = 1000 g
Female = 1000 g

Brushtail possum

0.43

Ceiling

Polygamous

Synchronous

Male = 400 g
Female = 300 g

Northern quoll
(females)

0.43

Ceiling

Polygamous

Continuous

Male = 30 g,
Female = 30 g

Grassland melomys

represents standard deviation values for transitional probabilities. Fire impacts represent the stage-specific multipliers of vital rates in the time

Table 5.1 Summary of biological and key input parameters for the population models of four small-mammal species in northern Australia. SD
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0.55 (0.07)
0.75 (0.11)
0.36 (0.10)
0.45 (0.12)
P and G = 0.86,
F= 1.00
P and G = 0.60, F

Survival (P2) – Adult (SD)

Transition (G1) – Juvenile to Adult (SD)

Recruitment (F1) per capita (SD)

Low-intensity-fire impact on vital rates
(stage-specific multipliers)

High-intensity-fire impact on vital rates

10

Dispersal (maximum distance km)

Survival (P1) – Juvenile (SD)

2.00

Northern brown
bandicoot

Carrying capacity K (ha-1)

Life-history attribute or model
parameter
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P and G = 0.70, F

P and G = 0.83,
F = 0.46

0.46 (0.26)

0.25 (0.11)

0.79 (0.08)

0.55 (0.09)

10

2.46

Brushtail possum

P and G = 0.58,
F = 1.90
P and G = 0.65,

P and G = 0.80,

0.78 (0.23)

0.20 (0.04)

0.77 (0.05)

0.36 (0.05)

5

1.08

Grassland melomys

P and G = 1.00,
F = 1.07

0.57 (0.27)

0.21 (0.15)

0.88 (0.08)

0.37 (0.11)

15

1.06

Northern quoll
(females)

135

(stage-specific multipliers)

Life-history attribute or model
parameter
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=0.21

Northern brown
bandicoot
= 0.02

Brushtail possum
F = 0.27

Northern quoll
(females)

F = 1.26

Grassland melomys
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Fire-management scenarios (patch-mosaic scenarios)
As an initial step to test the robustness of the population models, I created a spatially
explicit population model based on the actual Kapalga fire experimental regimes for
each of the four small mammal species. Three fire treatments (Unburnt, Early and
Late dry-season fires) were applied to the eight compartments, where mammal
trapping grids were established and burnt annually for six years (Andersen et al.,
1998). I omitted the Progressive fire treatment to simplify the analysis. Two
alternative approaches were used to represent fire impacts in the population viability
analysis models. The first used a linear trend for each fire treatment on survival and
fecundity in each compartment, based on model-averaged parameters for each
respective fire treatment (Chapter 4). This results in a relative weighting for the stage
matrix for each time step in the simulation (a deterministic imposition). The second
used direct fire impact weightings on the stage matrix with the stochastic probability
of fires set to once per year (i.e. p = 0.167 for each two-month time step).
Fire is a disturbance that can be reasonably characterised by the frequency, extent
and intensity of fire events (Rykiel, 1985). Previous research in Kakadu National
Park estimated average fire frequency at any given location to be 50-60% per year in
lowland forest (Gill et al., 2000, Price et al., 2005a). Woinarski et al. (2010) have
proposed a 20-25% per year target to manage declining small mammal populations
in eucalypt savannas in northern Australia. The response of the model output to fire
frequency was examined by altering probability of occurrence of either low or high
intensity fire in each time step from two (50%), five (20%) and ten (10%) years.
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RAMAS is unable to account for time since fire when determining whether a
catastrophe can occur, therefore a probability function was used instead that made it
possible for fire to be modelled as occurring annually.
I then examined spatial extent of fire on population viability by comparing three fireextent types based on prevailing and prospective fire management conditions in
northern Australia. The spatial extent of individual fires in tropical savannas of
northern Australia increases over the dry season as drier conditions prevail and fires
burn through the night (Maier and Russell-Smith, 2012). Mapping of fire-affected
areas in this region, using satellite remote sensing, recorded mean patch size of 35
km2 and 185 km2 for early- and late-dry-season fires, respectively (Yates et al.,
2008). However, that study also revealed that a small number of late-dry-season fires
of >1000 km2 in extent occur annually; these pose a much greater ecological risk to
the entire metapopulation. First, to represent mosaic or scale-random occurrence of
fires, the simulation was set such that each of the 22 compartments burnt
independently of the neighbouring ones. The average area of compartments was
approximately 16 km2, which is similar to mean early-dry-season fire-affected
patches. Second, the simulation was configured to represent a regional-fire type in
which all compartments were burnt synchronously. The total area of all
compartments was approximately 365 km2, which is a similar scale to the larger latedry-season fires discussed above. Finally, the simulation used a fixed application of
fire in which each alternative compartment was repeatedly burnt by an either an
early- or late-dry-season fire, termed block burning (Keith et al., 2002), and was used
to represent rigid fire management.
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Fire-management scenarios were projected for 20 years using two-month time steps
and iterated 10,000 times to minimise statistical sampling variation. The simulation
model outputs I examined were mean total population size, expected minimum
abundance (average minimum metapopulation abundance over all replications), and
probability of quasi-extinction (risk of decline below 5% of total initial population
size). All models were developed and run in RAMAS Metapop software program
(Akcakaya, 2002).
Sensitivity analysis of basic model
Before doing the management scenario analysis, I examined sensitivity of the models
to gain a clearer understanding of the consequences of the assumptions used for
dispersal for each of the four species and the precision of model parameters. The
following scenarios were run: half and double dispersal, environmental stochasticity
± one standard error (SE; as derived from the Program MARK variance-components
analysis) added to all parameters in the standard deviation matrix, vital rate precision
± one standard error added to all parameters in the population matrix. Relative
sensitivity was measured by the change in the expected minimum abundance (EMA)
compared to the baseline model (Brook and Griffiths, 2004). The EMA represents
the area under the quasi-extinction curve and thus captures a large amount of
information in a single metric (McCarthy and Thompson, 2001).
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Results

Sensitivity analysis
A summary of population model outputs is provided in Table 5.2. Projected finite
population growth rate varied between 1.01 and 1.05 for all four base population
models. Both northern quoll and grassland melomys had relatively high reproductive
values. Average residency times generally agree with published values for life
expectancy for all four species.
Dispersal had limited influence on the model outputs (Table 5.3). Doubling dispersal
parameters slightly decreased EMA as more individuals migrated out of
compartments, and conversely EMA increased when dispersal decreased as more
individuals were retained in each compartment. The northern quoll model was more
sensitive to dispersal rates than were other species. The models were most sensitive
to the precision of parameters defining environmental stochasticity and vital rates
(Table 5.3). Increasing or decreasing these parameters by one standard error resulted
in a substantial decrease in EMA for all four species.
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Table 5.2 Summary of population model outputs from base population models (i.e.
no environmental or demographic stochasticity). Units for average residency times
units are two months.

Parameter

Northern
brown
bandicoot

Brushtail
possum

Northern
quoll*

Grassland
melomys

Projected
population
growth rate
(Lambda λ)

1.06

1.04

1.05

1.01

2.23/3.95

2.23/5.00

1.59/8.38

1.56/4.41

Stable-age
distribution
(adult)

0.53

0.52

0.53

0.45

Reproductive
value (adult)

1.43

1.95

3.24

3.25

Average
residency times
(juvenile/adult)
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Table 5.3 Results of sensitivity analysis of baseline population model (no fire
impacts) over a 20-year period. “EMA” is expected minimum abundance, “% change
EMA” is the percentage change from baseline model and “Rank” compares
parameter changes, where 1 is equal to the largest from the baseline model.

Model Parameter changed

EMA

% change
EMA

Rank

Northern brown bandicoot
1

Baseline model

18577

2

Dispersal rate halved

18810

1%

6

3

Dispersal rate doubled

17855

-4%

5

4

Environmental variation in vital rates
increased by one SE

3895

-79%

2

5

Environmental variation in vital rates
decreased by one SE

28229

52%

4

6

Vital rates (fecundity and survival)
increased by one SE

30650

65%

3

7

Vital rates (fecundity and survival)
decreased by one SE

75

-100%

1
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Model Parameter changed

EMA

% change
EMA

Rank

Brushtail possum
1

Baseline model

9064

2

Dispersal rate halved

9182

1%

5

3

Dispersal rate doubled

8937

-1%

5

4

Environmental variation in vital rates
increased by one SE

738

-92%

4

5

Environmental variation in vital rates
decreased by one SE

23751

162%

2

6

Vital rates (fecundity and survival)
increased by one SE

29183

222%

1

7

Vital rates (fecundity and survival)
decreased by one SE

0

-100%

3

Northern quoll
1

Baseline model

4617

2

Dispersal rate halved

4947

7%

6

3

Dispersal rate doubled

3814

-17%

5

4

Environmental variation in vital rates

1275

-72%

4
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Model Parameter changed

EMA

% change
EMA

Rank

increased by one SE
5

Environmental variation in vital rates
decreased by one SE

9716

110%

2

6

Vital rates (fecundity and survival)
increased by one SE

13047

183%

1

7

Vital rates (fecundity and survival)
decreased by one SE

44

-99%

3

Grassland melomys
1

Baseline model

7666

2

Dispersal rate halved

7639

0%

6

3

Dispersal rate doubled

7276

-5%

5

4

Environmental variation in vital rates
increased by one SE

887

-88%

3

5

Environmental variation in vital rates
decreased by one SE

13875

81%

4

6

Vital rates (fecundity and survival)
increased by one SE

18881

146%

1

7

Vital rates (fecundity and survival)
decreased by one SE

0

-100%

2
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Fire impact parameters
A summary of fire-impact parameters on the vital rates of four small mammal
species is reported in Table 5.1. Survival after low-intensity fires was lower for all
species apart from the northern quoll, with the effect being greater in high-intensity
fires. Recruitment was lower immediately after low- and high-intensity fires for
northern brown bandicoots and brushtail possums. By contrast, the grassland
melomys had higher recruitment after low- and high-intensity fire (Table 5.1).
Kapalga scenario
Results from both Kapalga scenarios run for the population models (linear trend and
fire impacts) were variable among species (Figures 5.2 and 5.3). In general, the
population trajectories for northern brown bandicoot, northern quoll (females only)
and brushtail possum closely matched the observed pattern over six years of
trapping. However, population trajectories projected a substantial decrease in total
abundance whereas observed abundance was relatively stable (although I suspect this
is largely due to sparse data in Chapter 4 model-averaged estimates, given the wide
confidence bounds for actual population size estimates as derived from the recapture
rates).
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Figure 5.2 Summary of projected population trajectories for four small mammal
species during the Kapalga fire experiment based on changes in relative survival in
each time step. A – northern brown bandicoot, B – brushtail possum, C – female
northern quoll and D – grassland melomys. Lines represent different experimental
fire treatments: solid – unburnt, dotted – late fire, dash-dots – early fire.
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Figure 5.3 Summary of projected population trajectories for four small mammal
species during the Kapalga fire experiment based on fire regimes applied during the
Kapalga fire experiment. A – northern brown bandicoot, B – brushtail possum, C –
female northern quoll and D – grassland melomys. Lines represent different
experimental fire treatments: solid – unburnt, dotted – late fire, dash-dots – early fire.

148
Chapter 5 – Population modelling

Fire-management scenarios
Northern brown bandicoot
Projections of the baseline scenario (no fire events) for the northern brown bandicoot
forecast an increase in total population size in the first five years, followed by a
relatively stable population thereafter (Figure 5.4). Large late-dry-season fires
occurring on an average interval of once every two years is predicted to cause the
greatest population reduction over a twenty year simulation (Table 5.4, Figure 5.3).
A reduction in fire size increased final predicted population size, as did a
combination of early-dry-season fires and late-dry-season fires (Table 5.4). All firemanagement scenarios with a fire frequency greater than once in three years resulted
in positive population projections and a reduction in the probability of quasiextinction.
Brushtail possum
Projections of the baseline scenario (no fire events) for the brushtail possum show an
increase in total population size in the first five years followed by a relatively stable
population (Figure 5.5). All fire-management scenarios caused a decrease in
projected population size over the twenty year simulation (Table 5.4). Fire frequency
of once every two years represented substantial risk to population persistence with
the probability of quasi-extinction predicted to be greater than 50% in all cases
(Table 5.4). Fire extent exerted a limited influence on population persistence with
only small differences in EMA between scenarios with large or small fires (Table
5.4).
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Northern quoll (female-only models)
Projections of baseline scenario (no fire events) for female northern quolls show
seasonal variability associated with the synchronous breeding strategy and a
relatively stable population (Figure 5.6). A fire frequency of once every two years,
regardless of fire extent, caused total population size to decline substantially. Fire
frequency of once every five years reduced the threat that fire posed to population
persistence and mosaic burning scenarios (i.e. individual compartments burnt
randomly) reduced the level of risk compared to large regional fires (Table 5.4).
Grassland melomys
Projections of the baseline scenario (no fire events) for grassland melomys show a
steady increase in population size in the first six years followed by a small decline
for the remaining period (Figure 5.7). A combination of early and late dry season
fires caused population size to decrease (Table 5.4). Reducing fire frequency to once
every five years reduced the threat to population persistence but still caused a decline
in total population size (Table 5.4). Fire extent had limited effects on population
persistence with regional and mosaic fire scenarios recording similar final population
sizes and expected minimum abundance at different fire frequencies (Table 5.4).
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Figure 5.4 Trajectory summaries of fire management scenarios for the northern
brown bandicoot metapopulation projected over twenty years. Scenarios are grouped
into panels by spatial extent: A – Block fire, B – Mosaic EDS and LDS fire, C –
Mosaic LDS fire, D – Regional and no fire. Line types relate to fire frequency: no
fire – solid, fire every two years – dotted, fire every three years – dash-dot-dot, fire
every five years – short-short-short, fire every 10 years – long dash.
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Figure 5.5 Trajectory summaries of fire management scenarios for the brushtail
possum metapopulation projected over twenty years. Scenarios are grouped into
panels by spatial extent: A – Block fire, B – Mosaic EDS and LDS fire, C – Mosaic
LDS fire, D – Regional and no fire. Line types relate to fire frequency: no fire –
solid, fire every two years – dotted, fire every three years – dash-dot-dot, fire every
five years – short-short-short, fire every 10 years – long dash.

152
Chapter 5 – Population modelling

Figure 5.6 Trajectory summaries of fire management scenarios for the female
northern quoll metapopulation projected over twenty years. Scenarios are grouped
into panels by spatial extent: A – Block fire, B – Mosaic EDS and LDS fire, C –
Mosaic LDS fire, D – Regional and no fire. Line types relate to fire frequency: no
fire – solid, fire every two years – dotted, fire every three years – dash-dot-dot, fire
every five years – short-short-short, fire every 10 years – long dash.
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Figure 5.7 Trajectory summaries of fire management scenarios for the grassland
melomys metapopulation projected over twenty years. Scenarios are grouped into
panels by spatial extent: A – Block fire, B – Mosaic EDS and LDS fire, C – Mosaic
LDS fire, D – Regional and no fire. Line types relate to fire frequency: no fire –
solid, fire every two years – dotted, fire every three years – dash-dot-dot, fire every
five years – short-short-short, fire every 10 years – long dash.

5140

7164

12053

13827

18306

34129

39698

Mosaic (random) - EDS + LDS every two years

Mosaic (random) – LDS every five years

Mosaic (random) - EDS + LDS every five years

Expected
minimum
abundance
(EMA)

12464

Final
abundance

Mosaic (random) - LDS every two years

Northern brown bandicoot (initial abundance = 29164)

Scenario

for all simulation replicates.

0.039

0.025

-26%

0.027

-61%

-35%

0.307

Quasi-extinction
(5% initial
abundance)

-72%

% change in
EMA

dry-season fire. Quasi-extinction threshold is set at 5% of initial abundance. Expected minimum abundance is the average minimum abundance

Table 5.4 Results of different fire-management scenarios for four small mammal species at Kapalga. LDS is late-dry-season fire, EDS is early-
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Expected
minimum
abundance
(EMA)
16138

2475

9359

7925

11133

13954

Final
abundance

47285

8238

32119

20950

31033

40092

Mosaic (random) – LDS every 10 years

Regional - LDS every two years

Regional – LDS every five years

Block - EDS + LDS every two years

Block - EDS + LDS every three years

Block - EDS + LDS every five years

Scenario
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0.025

0.059

-40%

-25%

0.132

0.122

0.619

0.012

Quasi-extinction
(5% initial
abundance)

-57%

-50%

-87%

-13%

% change in
EMA

155

1644

2587

5357

6176

7041

1007

7306

18312

21757

25225

3259

Mosaic (random) - EDS + LDS every two years

Mosaic (random) – LDS every five years

Mosaic (random) - EDS + LDS every five years

Mosaic (random) – LDS every 10 years

Regional - LDS every two years

Expected
minimum
abundance
(EMA)

4409

Final
abundance

Mosaic (random) - LDS every two years

Brushtail possum (initial abundance = 28546)

Scenario
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-88%

0.803

0.194

0.235

-27%

-17%

0.271

0.549

0.689

Quasi-extinction
(5% initial
abundance)

-37%

-69%

-81%

% change in
EMA

156

4444

6083

14452

21737

Block - EDS + LDS every three years

Block - EDS + LDS every five years

Mosaic (random) - LDS every two years

1686

2762

8377

Block - EDS + LDS every two years

4653

4252

15621

Regional – LDS every five years

Northern quoll (initial abundance = 15656)

Expected
minimum
abundance
(EMA)

Final
abundance

Scenario
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-64%

-28%

-47%

-67%

-50%

% change in
EMA

0.445

0.389

0.356

0.529

0.399

Quasi-extinction
(5% initial
abundance)

157

Expected
minimum
abundance
(EMA)
1363

3822

3436

4608

1393

2983

1392

Final
abundance

3625

12022

10769

15570

5195

11839

3693

Mosaic (random) - EDS + LDS every two years

Mosaic (random) – LDS every five years

Mosaic (random) - EDS + LDS every five years

Mosaic (random) – LDS every 10 years

Regional - LDS every two years

Regional – LDS every five years

Block - EDS + LDS every two years

Scenario
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-70%

0.515

0.210

0.526

-70%

-36%

0.064

0.158

0.121

0.533

Quasi-extinction
(5% initial
abundance)

-1%

-26%

-18%

-71%

% change in
EMA

158

2311

3415

6815

10593

Block - EDS + LDS every three years

Block - EDS + LDS every five years

2305

862

5153

4240

1377

11753

Mosaic (random) - LDS every two years

Mosaic (random) - EDS + LDS every two years

Mosaic (random) – LDS every five years

Grassland melomys (initial abundance = 15798)

Expected
minimum
abundance
(EMA)

Final
abundance

Scenario
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0.067

0.673

-89%

-33%

0.324

0.159

0.309

Quasi-extinction
(5% initial
abundance)

-70%

-26%

-50%

% change in
EMA

159

Expected
minimum
abundance
(EMA)
3512

6376

1990

4761

806

1825

3272

Final
abundance

7057

15528

4098

11254

1294

3175

6492

Mosaic (random) - EDS + LDS every five years

Mosaic (random) – LDS every 10 years

Regional - LDS every two years

Regional – LDS every five years

Block - EDS + LDS every two years

Block - EDS + LDS every three years

Block - EDS + LDS every five years

Scenario
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-57%

0.187

0.403

0.689

-89%

-76%

0.104

0.428

0.029

0.1724

Quasi-extinction
(5% initial
abundance)

-38%

-74%

-17%

-54%

% change in
EMA

160
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Discussion

In this final quantitative chapter of the thesis, I aimed to use integrative simulation
modelling to predict the effect of fire frequency and extent on the population
viability of four small mammal species in a tropical savanna. I hypothesised that
more frequent fires would increase the threat to population persistence by reducing
survival and recruitment and thereby limiting population growth. Furthermore, I
expected larger fires would cause the greatest increase in risk to small mammal
populations by causing widespread reduction in population size over geographically
large areas, whilst reducing the chance of a ‘rescue effect’ from neighbouring
unburnt compartments. The results of this data-anchored simulation study provide
support for the hypothesis that fire frequency has a substantial influence on the
population dynamics of small mammal species. All four species showed a large
reduction in population size when fire frequency was once every two years, and
population size was still predicted to decrease for three species (not the northern
brown bandicoot) when fire frequency was reduced to as low as once every five
years. Moreover, fire frequency had a greater influence than fire extent on the
persistence of all four small mammal species at Kapalga: randomly burning
individual compartments did little to ameliorate the effects of frequent fires. Average
life expectancy was estimated to be between 18 to 24 months among the four
mammal species. Consequently, every generation is likely to be subjected to a
landscape burning event when fire frequency is high (i.e. every two years) and this
appears to be sufficient to suppress population growth.
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Population viability analysis has been used to evaluate risks associated with fire
management for other individual species (mostly endangered). In fire-prone tropical
savannas of northern Australia and temperate forests, a stochastic model of the small
rodent brushtail rabbit-rat Conilurus pencillatus predicted the species to be
regionally extinct within 10 years when frequency of late-dry-season fires was once
every three years (Firth et al., 2010). The risk of extinction of the Carpentarian rockrat Zyzomys palatalis was forecast to be reduced with the control of late-dry-season
fires (Brook et al., 2002). Fire-return intervals of three years or less increased the
estimated probability of extinction for the frillneck lizard Chlamydosaurus kingii
(Brook and Griffiths, 2004). Recent modelling of sympatric spinifex grass species
Triodia spp. concluded that a fire return threshold of five years was required to
support the persistence of populations and fire extent was only important at
regionally extensive scales (Armstrong and Phillips, 2012). In the temperate and less
fire-prone environment of southern Australia, small patchy fires at return intervals of
20-40 years (i.e. <5% probability of fire event in a given year) increased the
persistence of mallefowl Leipos ocellata in arid habitats (Bradstock et al., 2005). The
occurrence of wildfires in tall eucalypt forest reduced the persistence of Leadbeater’s
possum Gymnobelideus leadbeateri (Lindenmayer and Possingham, 1995).
Conversely, fire had little effect on probability of extinction of the small marsupial
mouse Micoureus demerarae from Brazil (Brito and Fernandez, 2000); however the
likelihood of metapopulation persistence was extremely low among all scenarios for
this species.
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Population viability analysis is a useful ‘what if?’ tool in conservation biology
because it allows evaluation and comparison of the relative merits of different
management options (Brook et al., 2000). However, the approach has often been
criticised for lack of absolute predictive accuracy associated with dealing with
complex ecological systems projected over long time intervals (Lindenmayer et al.,
2003) and poor parameter estimation (White, 2000). The models used in this study
directly estimated survival, recruitment and environmental and demographic
stochasticity from long-term capture-mark-recapture datasets. Furthermore, the
results represent one of the few attempts to rigorously estimate the impact of survival
and recruitment rates before and after fire. These empirical estimates of fire effects
were incorporated directly into model structure and therefore represent a robust
approach to modelling the impact of fire when projected over short- to medium-term
(decadal-scale) time frames. Numerous population viability studies investigating the
impacts of fire lack direct information on mortality, survival and reproduction with
most cases assuming high rates (e.g. Lindenmayer et al., 1993b, Possingham et al.,
1994). Recent research has shown that these assumptions can lead to substantially
over-estimated forecasts of the impact of fire on the particular species (Banks et al.,
2011b).
Nonetheless, a number of factors limited the population models. Firstly, fires were
represented as aseasonal rather than seasonal events (i.e. able to occur in any time
step and not restricted to dry season months). In reality the timing of fire events is
likely to be important in predicting levels of impact on recruitment as reproduction
varies throughout the year based on seasonal conditions for the small mammal
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species (e.g. Begg et al., 1983, Friend, 1990, Kerle and Howe, 1992, Braithwaite and
Griffiths, 1994). Also, the models provided a simple framework for representing fire
as the only potential threat responsible for population decline. Yet there are often
synergistic processes involved in population declines (Brook et al., 2008) and
building in additional complexity in future tailored, species-specific models may
improve the robustness of predictions. For example, the hypothesis that predation of
small mammals by feral cats increases in burnt areas may be a critical aspect in
decline of small mammals across northern Australia (Johnson, 2006, Woinarski et
al., 2011). Finally, the predictive realism of the population models could be enhanced
through amalgamation of habitat quality and fuel accumulation information that
simulates impact in relation to time since fire.
Large fires in the tropical savannas of northern Australia represent a high risk to
many ecological assets, in particular fire-sensitive vegetation communities
containing long-lived obligate-seeding plant taxa and relatively immobile vertebrate
fauna with small home ranges (Russell-Smith and Bowman, 1992, Bowman and
Panton, 1993, Russell-Smith et al., 1998, Yates et al., 2008). Current fire regimes in
management zones such as Kakadu National Park and extensive semi-pastoral areas
are dominated by large (>1000 km2) fires occurring at short (~2-3 years) fire return
intervals (Yates et al., 2008), which is in contrast to the small-scale intensive patchwork burn traditionally used by indigenous peoples elsewhere in northern Australia
(Bowman, 1998, Preece, 2002, Vigilante et al., 2004). Based on the results presented
in this study, it appears that current ambient fire regimes of the region have the
potential to threaten small mammal fauna, and a reduction in fire frequency is likely
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to be the most effective means to reducing the level of risk and thereby mitigating the
fire-driven component of the observed ongoing population declines. However, a
reduction in fire frequency increases the risk of larger, and potentially more intense,
fires due to increased fuel loads (Russell-Smith et al., 2010).
In conclusion, I have demonstrated fire management can have substantial impacts on
four small-mammals in tropical savannas. In particular, fire frequency has a
relatively greater effect compared to spatial extent of fires. Small-mammal species,
with a typical life expectancy of one to two years, experience burning of their habitat
virtually every generation under the current fire regime. If the management objective
within a landscape is to maintain a healthy and diverse small-mammal community, a
greater emphasis on fire frequency rather than fire extent seems warranted.
Furthermore, experimental studies on the interaction of fire and predation are needed
if rigorous ecological data is to be brought to bear on this problem and the results
incorporated into more complex population models.

Plate 6 Low intensity early-dry-season fire in tropical savanna, Kapalga Research
Station.
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CHAPTER 6 RESPONSE OF SMALL MAMMALS TO FIRE: INTEGRATION,
FUTURE RESEARCH AND MANAGEMENT IMPLICATIONS

Preamble
In the previous chapter I used population viability analysis, based on detailed
capture-mark-recapture data for four species of small mammals in northern Australia,
to evaluate the implications of alternative fire management scenarios on their
population dynamics and risk of decline. From these simulation experiments I was
able to identify fire frequency as the most influential determinant of their persistence,
with fire extent being less important. Current ambient fire regimes in tropical
savannas are likely to be unfavourable for this faunal group due to the high
frequency of fires that occur over very large areas. In this final synthesis chapter, I
critically examine the results of preceding analyses and models in light of the broad
research context, and integrate my results in a form that will be useful for future
research and management.
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The aim of my Ph.D. research was to investigate how fire influences the population
dynamics of small mammal species in the seasonal tropics. Fire is an important
disturbance that acts as a modifier of vegetation structure and composition (Bond and
Keeley, 2005), with the global annual area burned averaging 348 Mha (~2% of
global land area) over the past 15 years (Giglio et al., 2013). However, many firemanagement practices that consider biodiversity conservation are based on limited
information and are often centred on plant communities (e.g. Parr and Andersen,
2006, Clarke, 2008). A recent review of fire management for biodiversity
conservation sought to identify key research questions necessary to improve our
knowledge and outlined approaches on how to answer them (Driscoll et al., 2010).
The review concluded that there are three broad knowledge gaps inhibiting the
effective use of fire management to conserve biodiversity: 1) a limited mechanistic
understanding of the responses of a range of plants and animals to fire regimes; 2)
lack of knowledge of how species are influenced by the spatial arrangement and
temporal sequences of fires; and 3) poor understanding of how factors such as
herbivory, predation, fragmentation, invasive species and weather interact with fire
to alter species responses to fire directly, or via changes to the fire regime.
I will use these three knowledge gaps to critically examine the results of this thesis
and identify future research needs with regards to small mammals, particularly in the
fire-prone, partly-managed tropical savannas of northern Australia.
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Mechanistic understanding of responses to fire regimes
The need to better understand the mechanisms that explain how fire has an impact on
vertebrate species has been advocated for some time (Whelan, 1995, Sutherland and
Dickman, 1999, Whelan et al., 2002). Yet the results from this thesis demonstrated
that the majority of research activity on the effects of fire on small mammals in the
past 17 years continues to focus on changes in abundance (Chapter 2). Further, I was
able to show that a considerable number of fire-related studies on small mammals
have been poorly designed and suffer from common faults such as a lack of
replication and failure to account for detection probabilities or repeated measures,
either by not collecting the data correctly, or by not rigorously analysing otherwise
suitable data such as capture-recapture. In numerous studies, data were collected that
could have been analysed in a way that dealt with or compensated for these design
issues (i.e. multiple trap nights and animals individually marked). This result concurs
with a review of faunal fire research in general for southern Africa, which found the
results of many studies potentially unreliable due to poor design and analysis (Parr
and Chown, 2003).
It is well established that small mammals respond to fire-induced changes in
vegetation structure in a range of vegetation communities (e.g. Fox, 1982, Woinarski
et al., 2004c, Briani et al., 2004, Letnic et al., 2005, Lindenmayer et al., 2008a,
Zwolak, 2009). This knowledge has been applied to improve conservation outcomes
of small mammal communities in forestry management (Converse et al., 2006a,
Converse et al., 2006b, Converse et al., 2006c, Monroe and Converse, 2006) and in
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protected areas (Woinarski et al., 2009). The results of the meta-analysis (Chapter 2)
provided further support for the importance of fire influencing habitat structure and
its cascading effect on the abundance of small mammal populations. Species
dependent on “fire-sensitive” vegetation communities or habitat (i.e. requiring dense
ground cover) had higher abundance in unburnt compared to burnt sites.
Body size has been associated with extinction of small terrestrial Australian
mammals: species with a body mass between 35-5500 g (the "critical weight range")
being the most prone to extinction (Burbidge and McKenzie, 1989) with groundliving marsupial species from low rainfall areas being particularly at risk (Johnson
and Isaac, 2009). An alternate hypothesis proposes that small species appear to be the
least prone to extinction (Cardillo and Bromham, 2001), and possibly larger litter
size of smaller species contributes to this (Cardillo, 2003). There was some evidence
from the meta-analysis that mid-sized small mammal species (101 - 1000 g) were
more affected by fire compared to smaller- or larger-bodied species (Chapter 2). A
possible cause of lower abundance in burnt areas for this size class may be due to
increased risk of predation after fire, particularly for ground-dwelling species
(Johnson, 2006).
Changes in food resources are one mechanism by which fire can influence animal
populations. For example, immediately after fire, frillneck lizards almost double the
volume of food in their stomachs due to improved access to invertebrates after the
removal of ground vegetation (Griffiths and Christian, 1996b). During the fire
experiment at Kapalga, abundance and species richness for some arthropod taxa
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increased in burnt treatments (Andersen and Muller, 2000, Orgeas and Andersen,
2001). However, there was little evidence to suggest that fire treatments otherwise
translated into longer-term population-level phenomena such as altered rates of
growth or shifts in average body size among small mammals at Kapalga (Chapter 3).
It seems plausible that seasonal and habitat-specific influences outweighed fire
effects in these strongly seasonal biomes.
Investigating the response of vital rates of small mammals to fire was insightful. I
established that apparent survival was reduced by fire for only one of four species
(northern brown bandicoot), whereas recruitment was reduced for three species, and
the relative impact of this increased with increased fire intensity (Chapter 4). In
general terms, it appears that individual small mammals within a population may be
able to survive during and after fire events but the capacity to recruit new individuals
is diminished after fire. I was unable to determine specific factors responsible for the
changes in recruitment and survival (this would require radio-tracking data) and
further research on how fire influences reproduction and survival of small mammals
is required. For instance, experimental field manipulations that vary nesting habitat,
food resources and predation before and after fires of differing intensity would
contribute to understanding mechanisms regulating populations. In addition,
dispersal and migration remain poorly understood but potentially valuable to the
recovery of populations following fire (Banks et al., 2011a), and further research
examining dispersal patterns associated with different fire intensity and extent will
enhance the management of fire for small mammal and other vertebrate species.
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In terms of analysing the results of such manipulations, the use of capture-markrecapture methods that account for temporary migration, such as Robust Design
(Pollock, 1982), as well as radio-telemetry have been shown to be effective methods
in these situations, and so future designs should be set up to ensure that effective
modes of statistical interrogation and population modelling can be subsequently
parameterized and that sample sizes are adequate to assess strength of evidence for
competing hypotheses. Power analyses, done a priori using simulation modelling,
can greatly aid improving pre-experimental preparation (e.g. Field et al., 2005).

How species are influenced by the spatial arrangement and temporal sequences of
fires
The influence of spatial and temporal patterning of fire on animal populations is
generally poorly studied and limits the effective management of many species
(Bradstock et al., 2005). The chrono-sequence approach (i.e. use of space-for-time
based on fire history) has been used to determine fire-return effects for small
mammals and other vertebrates in a range of environments (Price et al., 2005b, Kelly
et al., 2011, Di Stefano et al., 2011, Kelly et al., 2012). However, time-since-fire has
often been shown to exert only a secondary influence compared to rainfall and
biogeographic influences. Driscoll et al. (2010) argued that, given the difficulty of
examining multiple experimental treatments in long-term and large-scale processes,
simulation modelling becomes an essential component of fire research. As such, a
need to develop mechanistic understanding of species’ fire responses is critical. My
results demonstrated that stochastic and spatially explicit population models can play
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a useful role in understanding trade-offs in managing fire in complex ecosystems
containing small mammal species with differing life histories at landscape scales
(Chapter 5). The approach relies on comprehensive ecological data but I was able to
derive population model parameters directly from the capture-mark-recapture data
and developed relatively simple population models (i.e. two-stage, no sex structure)
for four small mammal species. The results showed the fire frequency has a
substantial impact on relatively short-lived small mammal species and fire extent was
less influential. It also provides a context for future adaptive management based on
alternative regimes.
There has been substantial investment in fire management to conserve biodiversity in
the tropical savannas of northern Australia over the last twenty years. The impetus
for this has been the destructive impact of extensive late-dry-season wildfires on firesensitive vegetation types such as rainforests, sandstone heaths and Callitris forests
(Russell-Smith et al., 1998, Bowman and Panton, 1993, Russell-Smith and Bowman,
1992). More recently, fire-abatement programs to reduce greenhouse-gas emissions
and increase carbon sequestration have been implemented in the biodiversity hotspot
of Western Arnhem Land (Whitehead et al., 2009). The implementation of early-dryseason fires has led to more heterogeneous landscapes (Price et al., 2003). Woinarski
et al. (2011) propose a fire frequency of once every four to five years in the region
based on ambient monitoring of vertebrate populations in Kakadu National Park. The
results from this thesis and similar modelling studies in the fire-prone tropical
savannas support a reduction in fire frequency (see also Chapter 5, Brook et al.,
2002, Brook and Griffiths, 2004, Liddle et al., 2006, Firth et al., 2010). However,
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there is risk associated with reduction of fire frequency as accumulation of fuel
results in magnifying impacts on vegetation structure (Russell-Smith et al., 2010),
and the possibility of favouring the populations of some species whilst damaging
others due to mismatched temporal and spatial management scales.
My results suggest that current fire regimes are likely to be unfavourable for some of
the small mammal fauna of the savannas of northern Australian. As such, there is a
need to develop monitoring programs that are integrated with fire management to
better understand the spatial and temporal arrangement of fire. Monitoring integrated
with management is often termed adaptive management (Walters and Holling, 1990,
Johnson and Williams, 1999). Management is adaptive when the impacts of
management actions are measured and evaluated after they occur and the resulting
information then used to refine the next round of management decisions.
Consequently, adaptive management can be thought of as a hybrid between pure
research and “seat-of-the-pants” management. Within this system, monitoring is
incorporated to collect data that will gauge the relative success of the management
actions. Population models can play a vital role in defining and predicting possible
outcomes of adaptive management, as well as providing a tool to provide feedback
and integrate new data collected during the intervention (Lindenmayer et al., 1993a).
However, many science-based monitoring programs are not designed around system
dynamics, but rely on natural variation in environmental and other factors to
determine system dynamics. Nichols and Williams (2006) argue that this
observational or surveillance approach is likely to provide weak inference because a
large number of factors could be invoked to explain the observed changes.
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Investment in long-term monitoring of small mammals integrated with fire
management plans and developing population models are important steps in being
able to manage and respond to adverse changes.

Knowledge of how other processes interact with fire to alter species responses
The interaction of fire with other processes is an important but poorly studied area of
fire ecology. Ecologists are still at an early stage of developing an understanding of
direct and indirect mechanisms for fire in a range of environments, compared with
other areas of ecology that are more amenable to experimental, reductionist and
theoretical treatment (such as metapopulation theory or trophic interactions) (Clarke,
2008). Without an understanding of these relationships and feedbacks, the ability to
deal with more complex interactions is constrained. While this thesis did not focus
on understanding how fire interacts with other processes that affect animal
populations and could not look explicitly at inter-specific interactions, I identify
some of the main areas below where there is the potential for further research.
The interaction between fire and predation is a compelling area of study. Predation
by introduced species has been a primary cause of the extinction of small mammals
in Australia following European colonisation (Smith and Quin, 1996, Johnson,
2006). Johnson and Isaac (2009) demonstrated that the majority of small mammal
extinctions have occurred in ground-dwelling species that were of a body size that
put them within handling capacity of foxes and cats, highlighting the susceptibility of
this group. The removal of vegetation on the ground may increase the susceptibility
of small mammals, in particular of the mid-sized species discussed above, because
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they have nowhere to hide. However, there have been a relatively small number of
studies in this area. Oakwood (2000) observed that female northern quolls were more
vulnerable to predation following fire. Survival rates of cotton mice Peromyscus spp.
were higher in predator excluding enclosures in burnt sites compared to unburnt sites
(Morris et al., 2010, Morris et al., 2011). Predation levels of the northern bettong

Bettongia tropica were found to be very low overall and did not increase after fire
(Vernes, 2000).
Human induced changes to the environment through weeds and climate change are
two important interactions with fire. Increases in the extent and biomass of weeds
can interact with fire to change fuel loads, alter the structural and chemical pyrosensitivity of habitat, and hence influence fire regimes and thereby increase risk to
the conservation of biodiversity. In particular, invasive grasses present a risk to small
mammals and other species by boosting fire intensity and increasing its extent and
frequency (Setterfield et al., 2010, Balch et al., 2013, Litt and Steidl, 2011).
Similarly, larger or more frequent fires are a probable outcome of climate change in
many parts of the world (McKenzie et al., 2004, Pitman et al., 2007, Cochrane and
Barber, 2009, Flannigan et al., 2009).
Conclusion
Managing fire to optimise species conservation at the community or ecosystem
scales is complex and often fraught with trade-offs. This means that there is no best
approach. Untangling factors relating to the characteristics of the fire (i.e. intensity
and extent), the antecedent fire regime, the habitat, the climatic conditions, and the
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biology of the affected organisms and their interactions make this a particularly
challenging area of ecological research. My thesis capitalised on a landscape-scale
fire experiment to provide insight into the response of small mammals to fire at
different spatial scales, using a diversity of analytical methods to make robust
inference. This approach has application for ecosystems beyond the tropical savannas
of northern Australia.
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APPENDIX I SUMMARY OF SMALL MAMMAL SPECIES

Marsupials

Northern quoll Dasyurus hallucatus

Distribution
A member of the family Dasyuridae, the northern quoll belongs to the carnivorous
marsupials that are unique part of the Australian fauna. The family is represented by
approximately 50 species inhabiting a broad range of environments, most notably the
arid regions of Australia (Strahan, 1995). The northern quoll inhabits tropical
savannas in lowland and rocky areas (Braithwaite and Griffiths, 1994).
Conservation status
Of the six Dasyurus species in Australia, three are now rare. The distribution of the
northern quoll has declined in recent years (Braithwaite and Griffiths, 1994), and is
now predominately found in rocky habitats. It is listed as Critically Endangered
under the Territory Parks and Wildlife Conservation Act 2000 and Endangered under
the Commonwealth Environment Protection Biodiversity Conservation Act 1999.
Potential threats to the conservation of the northern quoll include cane toads, habitat
loss, exotic predators and changed fire regimes.
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Population ecology
The northern quoll is arboreal in lowland savannas and largely saxicoline (rock
dwelling) in escarpment and hilly habitats. Males have large home ranges, covering
up to 35 ha due to the strategy of visiting widely spaced females that are less mobile
(Oakwood, 2002). The species is sexually dimorphic with males reaching a body
mass of up to 1120 g and females 500 g. The species is monoestrous with restricted
seasonal breeding (Lee et al., 1982). Reproduction is usually synchronous within the
population, although there is some interannual and geographic variation across its
range (Oakwood, 2000, Braithwaite and Griffiths, 1994). Litter size is large, with up
to eight young, however brood reduction is common. Young disperse after five
months. Males are semelparous, with many populations exhibiting almost complete
die-off in September each year (Oakwood et al., 2001, Braithwaite and Griffiths,
1994, Dickman and Braithwaite, 1992).

Fawn antechinus Antechinus bellus

Distribution
Another member of the family Dasyuridae, the fawn antechinus is one of seven
species in Australia belonging to the genus Antechinus. The fawn antechinus occurs
in open forest and woodlands in the Top End of the Northern Territory (Strahan,
1995).
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Conservation status
It is listed as Endangered under Territory Parks and Wildlife Conservation Act 2000
and Least Concern under Commonwealth Environment Protection and Biodiversity
Conservation Act 1999. Potential threats to the conservation of the fawn antechinus
include inappropriate fire regimes and predation by feral cats (Woinarski et al.,
2010).
Population ecology
The species is partly arboreal and insectivorous. The species is monoestrous and
breeding occurs in mid-June to late August and young are born September to October
(Lee et al., 1982). Males are semelparous, with many populations exhibiting almost
complete die-off in August and September each year (Calaby and Taylor, 1981,
Friend, 1985, Woolley, 1981).

Brushtail possum Trichosurus vulpecula

Distribution
A member of the Phalangeridae family, the northern common brushtail possum is
one of two species belonging to the genus Trichosurus. The brushtail possum has a
widespread distribution across Australia, and it manifests considerable variation in
size and colour and hence has five subspecies are recognized (Strahan, 1995). The
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Top End of the Northern Territory and Kimberley region is home to the northern
subspecies Trichosurus vulpecula arnhemensis, favouring savanna woodlands and
forests.
Conservation status
It is listed as Near Threatened under the Territory Parks and Wildlife Conservation
Act 2000 and Least Concern under the Commonwealth’s Environment Protection
and Biodiversity Conservation Act 1999. Potential threats to the conservation of the
brushtail possum include inappropriate fire regimes.
Population ecology
The species is arboreal and herbivorous. Populations in Kakadu National Park are
able to breed continuously in favourable conditions (Kerle, 1998, Kerle, 1985),
producing a single young at a time. Adult possums are typically sedentary and have
relatively small home ranges (Cowan and Clout, 2000). The brushtail possum has
been introduced to New Zealand and has become a significant pest to primary
production (Butcher, 2000).
Northern brown bandicoot Isoodon macrourus

Distribution
A member of the Peramelidae family, it has an extensive distribution across northern
Australia, favouring savanna woodlands and forests (Friend, 1990).
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Conservation status
It is listed as Near Threatened under the Territory Parks and Wildlife Conservation
Act 2000 and Least Concern under the Commonwealth’s Environment Protection
and Biodiversity Conservation Act 1999. Potential threats to the conservation of the
northern brown bandicoot include inappropriate fire regimes (Pardon et al., 2003),
habitat loss and grazing (Strahan, 1995).
Population ecology
The northern brown bandicoot is one of two species in the genus Isoodon. It is
terrestrial and omnivorous. It has one of the shortest gestation period of any known
mammal (12.5 days) producing litters of between one and seven young (Lyne, 1974,
Gemmell et al., 1984, Lyne, 1976). Populations in Kakadu National Park typically
reproduce in the wet season (Friend, 1990, Friend and Taylor, 1985) but are able to
breed continuously in favourable conditions during the dry season (Braithwaite and
Griffiths, unpublished data).
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Eutherians

Pale field-rat Rattus tunneyi

Distribution
A member of the Muridae family, the pale field-rat is one of seven species of native
Rattus in Australia. The pale field-rat occurs across much of coastal northern and
eastern Australia north of New South Wales and favours grasslands, forests and
woodlands (Strahan, 1995). It has experienced a range contraction from semi-arid
regions of the Northern Territory and Western Australia (Braithwaite and Griffiths,
1996, Woinarski, 2000).
Conservation status
It is listed as Vulnerable under Territory Parks and Wildlife Conservation Act 2000
and Least Concern under the Commonwealth’s Environment Protection and
Biodiversity Conservation Act 1999. Potential threats to the conservation of the pale
field-rat include inappropriate fire regimes and predation from feral cats (Young and
Hill, 2012).
Population ecology
The species is terrestrial and herbivorous (Braithwaite and Griffiths, 1996).
Reproduction in the tropics typically occurs during the dry season with between 2-11
young being produced. Populations can be irruptive with high densities observed in
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tropical and temperate parts of the species range (Braithwaite and Griffiths, 1996,
Kehl, 1980).

Dusky rat Rattus colletti

Distribution
Another murid rodent, the dusky rat has a restricted distribution, being confined to
the Top End of the Northern Territory, and it favours open floodplain and associated
wetland habitat (Strahan, 1995).
Conservation status
It is listed as Least Concern under Territory Parks and Wildlife Conservation Act
2000 and Least Concern under Commonwealth Environment Protection and
Biodiversity Conservation Act 1999.
Population ecology
The species is terrestrial and herbivorous (Redhead, 1979). Reproduction typically
occurs in the wet season but can be continuous over the course of the tropical year in
favourable conditions, and females can produce up to nine young per litter (Strahan,
1995). Populations undergo irruptive periods where populations increase
substantially, and seasonal movements due to inundation of floodplain habitat during
the wet season (Friend and Dudzinski, 1988). The water python (Liasus fuscus) is the
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dusky rat’s main predator and it can achieve high densities following irruptions of
dusky rat populations (Madsen and Shine, 1996, Shine and Madsen, 1997).

Grassland melomys Melomys burtoni

Distribution
A member of the Muridae family, the grassland melomys is one of four species of
Melomys in Australia. It has an extensive distribution across the north-eastern and
northern coastal areas of Australia, and favours riparian or wetland habitat and
nearby open forest (Strahan, 1995).
Conservation status
It is listed as Least Concern under the Territory Parks and Wildlife Conservation Act
2000 and Least Concern under the Commonwealth’s Environment Protection and
Biodiversity Conservation Act 1999.
Population ecology
The species is terrestrial (but an agile climber) and herbivorous (Begg et al., 1983).
Reproduction can occur throughout the year in tropical environments and litters of up
to five have been recorded (Begg et al., 1983, Kemper et al., 1990).
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Delicate mouse Pseudomys delicatulus

Distribution
A member of the Muridae family, the delicate mouse is one of twenty three species
of Pseudomys in Australia. Found across tropical northern Australia from Bundaberg
to Port Hedland, it favours habitats with a grass understorey on a sandy substrate
(Strahan, 1995).
Conservation status
It is listed as Least Concern in both the Territory Parks and Wildlife Conservation
Act 2000 and Commonwealth Environment Protection and Biodiversity
Conservation Act 1999.
Population ecology
The species is terrestrial and herbivorous. Breeding occurs throughout the year and
litter size is typically three young (Braithwaite and Brady, 1993). Populations can
increase rapidly in favourable conditions or often large-scale disturbances
(Braithwaite and Brady, 1993).
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(MacFadyen et al., 2012)
(Yarnell et al., 2007)

Gerbilliscus leucogaster
Lemniscomys rosalia

(Monadjem, 1999)

Steatomys pratensis

(Yarnell et al., 2007)

(Monadjem, 1999)

Mus minutoides

Aethomys ineptus

(Monadjem and Perrin, 1997)

Lemniscomys rosalia

(Rowe-Rowe, 1995)

Rhabdomys pumilio

(Yarnell et al., 2008)

(Rowe-Rowe, 1995)

Otomys irroratus

Elephantulus brachyrhynchus

(Rowe-Rowe, 1995)

Reference

Myosorex varius
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Design
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(Yarnell et al., 2007)

Steatomys pratensis

(Lee et al., 2012)
(Lee et al., 2012)
(Lee et al., 2012)

Apodemus agrarius
Apodemus peninsulae
Myodes regulus

(Attuquayefio and Wuver, 2003)

(Yarnell et al., 2007)

Saccostomus campestris

Tatera kempi

(MacFadyen et al., 2012)

Saccostomus campestris

(Attuquayefio and Wuver, 2003)

(Yarnell et al., 2007)

Mus indutus

Lemniscomys striatus

(Yarnell et al., 2007)

Mastomys coucha

(Attuquayefio and Wuver, 2003)

(MacFadyen et al., 2012)

Mastomys coucha

Lemniscomys barbarus

Reference

Species
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(van der Ree and Loyn, 2002)

Trichosurus caninus

(Penn et al., 2003)
(Green and Sanecki, 2006)

Antechinus agilis
Antechinus swainsonii

(Banks et al., 2011a)

(Di Stefano et al., 2011)

Pseudomys shortridgei

Rattus fuscipes

(Di Stefano et al., 2011)

Pseudomys apodemoides

(Lunney et al., 2004)

(Wayne et al., 2006)

Pseudocheirus occidentalis

Phascolarctos cinereus

(van der Ree and Loyn, 2002)

Petauroides volans

(Banks et al., 2011a)

(van der Ree and Loyn, 2002)

Gymnobelideus leadbeateri

Antechinus agilis

(Wilson et al., 2001)

Reference

Antechinus minimus
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(Letnic and Dickman, 2005)

Pseudomys desertor

(Banks et al., 2011a)

Trichosurus cunninghami

(Letnic and Dickman, 2005)

(Penn et al., 2003)

Rattus fuscipes

Notomys alexis

(Green and Sanecki, 2006)

Rattus fuscipes

(Letnic and Dickman, 2005)

(Russell et al., 2003)

Pseudocheirus peregrinus

Ningaui ridei

(Green and Sanecki, 2006)

Mastacomys fuscus

(Letnic and Dickman, 2005)

(Vernes, 2000)

Bettongia tropica

Dasycercus cristicauda

(Johnson, 1995)

(Penn et al., 2003)

Reference

Bettongia gaimardi

Species
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(Letnic et al., 2005)
(Southgate and Masters, 1996)
(Letnic et al., 2005)

(Letnic, 2003)
(Letnic et al., 2005)
(Southgate and Masters, 1996)
(Letnic, 2003)
(Letnic et al., 2005)

Mus musculus
Ningaui ridei

Notomys alexis
Notomys alexis
Notomys alexis
Pseudomys desertor
Pseudomys desertor

(Letnic and Dickman, 2005)

Sminthopsis youngsoni

Dasycercus cristicauda

(Letnic and Dickman, 2005)

Sminthopsis hirtipes

(Letnic, 2003)

(Letnic and Dickman, 2005)

Pseudomys hermannsburgensis

Dasycercus cristicauda

Reference

Species
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(Woinarski et al., 2004b)

Dasyurus hallucatus

(Monamy and Fox, 2005)

Sminthopsis murina

(Woinarski et al., 2004b)

(Kelly et al., 2010)

Sminthopsis murina

Antechinus bellus

(Kelly et al., 2010)

(Letnic et al., 2005)

Sminthopsis youngsoni

Ningaui ridei

(Letnic, 2003)

Sminthopsis youngsoni

(Kelly et al., 2010)

(Southgate and Masters, 1996)

Pseudomys hermannsburgensis

Mus domesticus

(Letnic et al., 2005)

Pseudomys hermannsburgensis

(Kelly et al., 2010)

(Letnic, 2003)

Pseudomys hermannsburgensis

Cercartetus concinnus

Reference

Species
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(Legge et al., 2008)

(Woinarski et al., 2004b)
(Legge et al., 2008)
(Kutt and Woinarski, 2007)
(Legge et al., 2008)
(Kutt and Woinarski, 2007)

(Legge et al., 2008)
(Legge et al., 2008)
(Woinarski et al., 2004b)
(Woinarski et al., 2004b)

Leggadina lakedownensis

Mesembriomys gouldii
Planigale maculata
Pseudomys delicatulus
Pseudomys delicatulus
Pseudomys desertor

Pseudomys nanus
Rattus tunneyi
Rattus tunneyi
Trichosurus vulpecula

(Corbett et al., 2003)

(Woinarski et al., 2004b)

Isoodon macrourus

Antechinus bellus

Reference

Species
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Chrono-sequence
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Design
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(Corbett et al., 2003)

(Corbett et al., 2003)
(Pardon et al., 2003)
(Corbett et al., 2003)
(Corbett et al., 2003)
(Corbett et al., 2003)

(Corbett et al., 2003)
(Isaac et al., 2008)

Dasyurus hallucatus

Isoodon macrourus
Isoodon macrourus
Melomys burtoni
Rattus colletti
Rattus tunneyi

Trichosurus vulpecula
Trichosurus vulpecula

(Simon et al., 2002)
(Simon et al., 2002)

Clethrionomys gapperi
Microtus pennsylvanicus

(Monimeau et al., 2002)

(Firth et al., 2010)

Conilurus pencillatus

Apodemus sylvaticus

Reference

Species
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Vegetation

Post-fire

Design
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(Greenberg et al., 2007)

(Kirkland et al., 1996)
(Hood et al., 2007)
(Kirkland et al., 1996)
(Zwolak and Foresman, 2007)
(Zwolak and Foresman, 2007)

(Kirkland et al., 1996)
(Kirkland et al., 1996)
(Zwolak and Foresman, 2007)
(Kirkland et al., 1996)
(Zwolak and Foresman, 2007)

Blarina brevicauda
Castor canadensis
Clethrionomys gapperi
Clethrionomys gapperi
Glaucomys sabrinus

Microtus pennsylvanicus
Microtus pinetorum
Neotoma cinerea
Peromyscus leucopus
Peromyscus maniculatus

(Simon et al., 2002)

Sorex cinereus
Blarina brevicauda

Reference

Species

238

Continent

Vegetation

Pre- and post-fire

Design
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(Kirkland et al., 1996)

(Greenberg et al., 2007)
(Kirkland et al., 1996)
(Greenberg et al., 2007)
(Kirkland et al., 1996)
(Zwolak and Foresman, 2007)

(Greenberg et al., 2007)
(Zwolak and Foresman, 2007)
(Zwolak and Foresman, 2007)
(Zwolak and Foresman, 2007)

Sorex fontinalis

Sorex fumeus
Sorex fumeus
Sorex hoyi
Sorex hoyi
Sorex hoyi

Sorex longirostris
Sorex monticolus
Sorex vagrans
Tamias amoenus

(Ford et al., 1999)

(Zwolak and Foresman, 2007)

Sorex cinereus

Blarina brevicauda

Reference

Species
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(Ford et al., 1999)
(Greenberg et al., 2006)

(Kyle and Block, 2000)
(Ford et al., 1999)
(Greenberg et al., 2006)
(Ford et al., 1999)
(Meyer et al., 2007)

(Monroe and Converse, 2006)
(Greenberg et al., 2006)
(Kyle and Block, 2000)
(Ford et al., 1999)

Clethrionomys gapperi
Glaucomys volans

Microtus mexicanus
Microtus pinetorum
Microtus pinetorum
Napaeozapus insignis
Neotamias speciosus

Neotamias speciosus
Neotoma floridana
Neotoma mexicana
Ochrotomys nuttalli

(Greenberg et al., 2006)

Reference

Species
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Reference
(Kyle and Block, 2000)
(Amacher et al., 2008)

(Ford et al., 1999)
(Greenberg et al., 2006)
(Converse et al., 2006b)
(Ford et al., 1999)
(Kyle and Block, 2000)

(Monroe and Converse, 2006)
(Zwolak and Foresman, 2008)
(Amacher et al., 2008)
(Greenberg et al., 2006)
(Ford et al., 1999)

Species
Perognathus flavus
Peromyscus boylii

Peromyscus leucopus
Peromyscus leucopus
Peromyscus maniculatus
Peromyscus maniculatus
Peromyscus maniculatus

Peromyscus maniculatus
Peromyscus maniculatus
Peromyscus maniculatus
Sigmodon hispidus
Sorex cinereus
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Reference
(Ford et al., 1999)
(Ford et al., 1999)

(Matthews et al., 2009)
(Ford et al., 1999)
(Amacher et al., 2008)
(Kyle and Block, 2000)
(Converse et al., 2006b)

(Kyle and Block, 2000)
(Converse et al., 2006b)
(Amacher et al., 2008)
(Greenberg et al., 2006)
(Russell et al., 2010)

Species
Sorex fumeus
Sorex hoyi

Sorex longirostris
Sorex palustris
Spermophilus beecheyi
Spermophilus lateralis
Tamias cinereicollis

Tamias cinereicollis
Tamias minimus
Tamias quadrimaculatus
Tamias striatus
Tamiasciurus hudsonicus
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Post-fire

Grassland

Pre- and post-fire

Design

Vegetation
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(Fitzgerald et al., 2001)
(Litt and Steidl, 2011)
(Litt and Steidl, 2011)
(Fitzgerald et al., 2001)
(Litt and Steidl, 2011)

Chaetodipus baileyi
Chaetodipus hispidus
Chaetopidus pencillatus
Dipodomys merriami
Dipodomys merriami

(Esque et al., 2003)

Sylvilagus auduboni

(Litt and Steidl, 2011)

(Esque et al., 2003)

Spermophilus variegatus

Baiomys taylori

(Esque et al., 2003)

Lepus californicus

ssp. (Koprowski et al., 2006)

(Esque et al., 2003)

hudsonicus

Reference

Ammospermophilus leucurus

grahamensis.

Tamiasciurus

Species
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Continent

Design

Post-fire

Vegetation
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(Litt and Steidl, 2011)
(Fitzgerald et al., 2001)

(Litt and Steidl, 2011)
(Litt and Steidl, 2011)

Reithrodontomys fulvescens
Reithrodontomys megalotis

Sigmodon arizonae
Sigmodon ochrognathus

(Schwilk and Keeley, 1998)

(Olson et al., 2003)

Peromyscus maniculatus

Neotoma lepida

(Fitzgerald et al., 2001)

Peromyscus maniculatus

(Schwilk and Keeley, 1998)

(Fitzgerald et al., 2001)

Peromyscus leucopus

Dipodomys agilis

(Litt and Steidl, 2011)

Perognathus flavus

(Schwilk and Keeley, 1998)

(Litt and Steidl, 2011)

Onychomys leucogaster

Chaetodipus californicus

Reference

Species
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(Ghizoni et al., 2005)
(Layme et al., 2004)
(Vieira, 1999)

Bolomys lasiurus
Bolomys lasiurus

(Briani et al., 2004)

Oryzomys subflavus

Bolomys lasiurus

(Briani et al., 2004)

Gracilinanus agilis

Pre- and post-fire

(Briani et al., 2004)

Calomys tener

(Prada and Marinho, 2004)

(Briani et al., 2004)

Bolomys lasiurus

Euphractus sexcinctus

Chrono-sequence

Savanna

(Figueiredo and Fernandez, 2004)

Oecomys concolor

(Schwilk and Keeley, 1998)

Peromyscus maniculatus

(Figueiredo and Fernandez, 2004)

(Schwilk and Keeley, 1998)

Peromyscus boylii

Akodon cursor

Reference

Species

Post-fire

Pre- and post-fire

Forest

South America

Design

Vegetation
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Reference
(Henriques et al., 2000)
(Vieira, 1999)

(Henriques et al., 2000)
(Vieira, 1999)
(Henriques et al., 2000)
(Vieira, 1999)
(Vieira, 1999)

(Vieira, 1999)

Species
Calomys callosus
Calomys callosus

Calomys tener
Calomys tener
Oryzomys subflavus
Oryzomys subflavus
Thalpomys cerradensis

Thylamys velutinus
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18
22

p (~fire * tsf)

p (~fire + rain)

p (~fire + sex + linear trend + rain + mass + mass2)

2

3

4

21

p (~fire * rain)

21

K

1

Recapture

Models

weight and the less plausible model i.

3071.1

3071.1

3070.5

3070.4

AICc

0.7

0.6

0.1

0.0

∆AICc

0.174

0.179

0.233

0.251

wi

AICc and the lowest AICc out of the set of models. AICc weights (wi) are the relative likelihood of model i. The bigger the delta the smaller the

number of parameters. AICc is Akaike’s Information Criterion, corrected for small sample size. ∆AICc shows the difference between the model

Table 4.3. Summary of model-selection results for the northern brown bandicoots in Kakadu National Park, tropical northern Australia. K is the
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26

p (~fire * tsf + sex + linear trend + rain + mass + mass2)

p (~sex * fire)

p (~linear trend)

p (~rain)

p (~1)

5

6

7

8

9

16

17

11 p (~mass + mass2)

12 p (~sex * rain)

16
16

ɸ (~fire * linear trend)

ɸ (~fire * year)

1

2

Survival

15

10 p (~sex)

14

15

15

21

K

Models
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3064.1

3059.9

3089.5

3089.4

3088.9

3087.4

3086.0

3081.0

3078.4

3071.3

AICc

4.2

0.0

19.1

18.9

18.5

16.9

15.6

10.6

8.0

0.9

∆AICc

0.110

0.865

0.000

0.000

0.000

0.000

0.000

0.001

0.004

0.157

wi
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11
13

14 ɸ (~fire + rain)

11

ɸ (~rain + linear trend)

9

13 ɸ (~mass + mass2)

10

ɸ (~year)

8

13

16

ɸ (~fire * month)

7

12 ɸ (~fire + sex)

10

ɸ (~linear trend)

6

20

16

ɸ (~fire * tsf)

5

11 ɸ (~(mass + mass2) * fire)

23

ɸ (~fire * tsf + linear trend + sex + rain + mass + mass2 + month + year)

4

12

17

ɸ (~fire + linear trend + sex + rain + mass + mass2)

3

10 ɸ (~fire)

K

Models
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3081.8

3081.7

3081.7

3081.3

3080.0

3078.5

3077.2

3076.7

3076.6

3076.2

3073.3

3067.2

AICc

21.9

21.8

21.8

21.4

20.1

18.6

17.3

16.9

16.7

16.3

13.4

7.3

∆AICc

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.001

0.023

wi
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9

12
10
10
10
16

16 ɸ (~1)

17 ɸ (~rain + mass + mass2)

18 ɸ (~month)

19 ɸ (~rain)

20 ɸ (~sex)

21 ɸ (~fire * sex)

f (~rain + (fire * tsf))

f (~fire * tsf)

f (~linear trend)

1

2

3

18

24

25

10

15 ɸ (~pre.post)

Recruitment

K

Models

Appendix III Complete results of Tables 4.3 to 4.6

7481.0

7473.1

7469.8

3087.5

3085.1

3085.0

3084.5

3083.5

3083.3

3082.3

AICc

11.2

3.3

0.0

27.6

25.2

25.2

24.6

23.6

23.4

22.5

∆AICc

0.003

0.161

0.835

0.000

0.000

0.000

0.000

0.000

0.000

0.000

wi
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f (~fire * linear trend)

f (~year * fire)

f (~rain)

f (~month)

f (~1)

5

6

7

8

9
20

17

18

18

24

24

18

K

7512.9

7507.0

7507.0

7506.7

7488.7

7487.9

7483.2

AICc

43.1

37.2

37.2

36.9

18.8

18.0

13.4

∆AICc

0.000

0.000

0.000

0.000

0.000

0.000

0.001

wi

Symbols relate to structure of linear models: + = additive, * - interaction.

calendar month, year – July to May, rain – total rainfall between sampling occasions, linear trend – linear trend, 1 – null model (constant).

remaining five years when fire treatments were applied, sex – male and female, mass and mass2 – body mass and quadratic function, month –

Explanatory covariates used in candidate model sets: fire- fire treatments, tsf – time since fire, pre.post - different between the first year and

10 f (~fire)

f (~year)

4

Models
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p (~sex * fire)

p (~rain + (fire * tsf))

p (~fire + rain)

p (~fire * rain)

p (~fire * linear trend)

p (~fire)

2

3

4

5

6

Recapture

Models

1

i.

the less plausible model i.

18

22

22

19

23

22

K

1138.9

1136.9

1131.0

1129.7

1129.3

1125.7

AICc

13.2

11.2

5.3

4.0

3.6

0.0

∆AICc

0.001

0.003

0.053

0.101

0.122

0.721

wi

the lowest AICc out of the set of models. AICc weights (wi) are the relative likelihood of model i. The bigger the delta the smaller the weight and

parameters. AICc is Akaike’s Information Criterion, corrected for small sample size. ∆AICc shows the difference between the model AICc and

Table 4.4. Summary of model-selection results for the brushtail possum in Kakadu National Park, tropical northern Australia. K is the number of
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18
17

p (~rain)

p (~sex * rain)

p (~mass + mass2)

p (~1)

p (~sex)

10

11

12

13

14

10
13
12

ɸ (~rain)

ɸ (~fire + rain)

ɸ (~rain + mass + mass2)

2

3

16

15

1

Survival

20

p (~sex * (mass + mass2))

9
16

16

p (~linear trend)

8

22

p (~fire * tsf)

K

7

Models
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1118.9

1118.7

1117.7

1163.4

1162.1

1157.5

1156.7

1154.8

1154.3

1150.6

1140.3

AICc

1.2

1.0

0.0

37.7

36.4

31.8

31.0

29.1

28.6

24.9

14.6

∆AICc

0.112

0.124

0.207

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.001

wi
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K
9
16

12
11
11
10
10

13
20
11
15
16

Models

ɸ (~1)

ɸ (~rain * fire)

ɸ (~fire)

ɸ (~sex + rain)

ɸ (~mass + mass2)

ɸ (~linear trend)

ɸ (~sex)

ɸ (~fire + sex)

ɸ (~(mass + mass2) * fire)

ɸ (~sex + linear trend)

ɸ (~fire * pre.post)

ɸ (~fire * sex)

4

5

6

7

8

9

10

11

12

13

14

15
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1123.9

1123.4

1123.4

1122.6

1121.3

1121.3

1121.3

1120.8

1119.8

1119.4

1119.3

1119.2

AICc

6.2

5.7

5.7

4.9

3.6

3.6

3.6

3.1

2.1

1.7

1.6

1.5

∆AICc

0.009

0.011

0.012

0.017

0.033

0.033

0.034

0.043

0.072

0.088

0.089

0.094

wi
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16

16

ɸ (~fire * tsf)

ɸ (~fire * linear trend)

17

18

f (~pre.post)

f (~year * fire)

f (~fire * linear trend)

f (~fire * pre.post)

f (~fire)

f (~fire * tsf)

f (~rain + (fire * tsf))

f (~rain * fire)

1

2

3

4

5

6

7

8

18

19

18

14

17

18

18

12

17

ɸ (~rain + (fire * tsf))

16

Recruitment

K

Models
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2967.5

2965.9

2965.6

2964.3

2962.9

2961.9

2960.6

2959.2

1125.2

1124.3

1124.2

AICc

8.3

6.7

6.4

5.1

3.7

2.7

1.4

0.0

7.5

6.6

6.5

∆AICc

0.008

0.016

0.019

0.037

0.076

0.123

0.237

0.484

0.005

0.007

0.008

wi
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f (~month)

f (~1)

f (~year)

f (~linear trend)

10

11

12

13

*See Table 4.3 for explanation of model terms

f (~rain * year)

9

Models
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12

12

11

12

14

K

2979.8

2979.6

2978.4

2975.4

2973.4

AICc

20.6

20.4

19.2

16.1

14.2

∆AICc

0.000

0.000

0.000

0.000

0.000

wi
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28

p (~sex * fire)

p (~fire * (mass + mass2))

p (~fire + rain)

p (~fire)

p (~fire * rain)

2

3

4

5

6

24

20

21

24

p (~month)

18

K

1

Recapture

Model

the delta the smaller the weight and the less plausible model i.

4575.4

4575.4

4574.8

4574.7

4574.2

4574.2

QAICc

1.2

1.2

0.6

0.5

0.0

0.0

∆QAICc

0.098

0.098

0.133

0.138

0.180

0.180

wi

between the model QAICc and the lowest QAICc out of the set of models. QAICc weights (wi) are the relative likelihood of model i. The bigger

parameters. QAICc is Akaike’s Information Criterion, corrected for small sample size and over-dispersion. ∆QAICc shows the difference

Table 4.5. Summary of model-selection results for the northern quoll in Kakadu National Park, tropical northern Australia. K is the number of
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18
22

p (~year * fire)

p (~sex * rain)

p (~rain + (fire * tsf))

p (~fire * tsf)

p (~fire * linear trend)

p (~1)

p (~year)

p (~sex)

p (~linear trend)

p (~sex * (mass + mass2))

9

10

11

12

13

14

15

16

17

18

18

18

17

24

24

25

20

24

18

p (~rain)

8

20

p (~month * sex)

K

7

Model
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4583.0

4582.7

4582.3

4582.1

4580.6

4580.5

4580.2

4579.5

4579.4

4579.1

4578.7

4576.0

QAICc

8.7

8.5

8.0

7.8

6.4

6.2

5.9

5.3

5.2

4.9

4.5

1.7

∆QAICc

0.002

0.003

0.003

0.004

0.007

0.008

0.009

0.013

0.013

0.016

0.019

0.075

wi
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6
7
9

4
5
5
10
11

7
4

ɸ (~sex * month)

ɸ (~(sex * month) + linear trend)

ɸ (~(sex * month) + fire)

ɸ (~sex)

ɸ (~sex + rain)

ɸ (~sex + linear trend)

ɸ (~fire * sex)

ɸ (~sex + (tsf * fire))

ɸ (~fire + sex)

ɸ (~month)

2

3

4

5

6

7

8

9

10

Survival

19

p (~mass + mass2)

1

19

K

Model
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4572.5

4570.8

4570.3

4569.5

4567.3

4567.3

4565.7

4564.6

4561.2

4559.3

4584.8

QAICc

13.2

11.5

11.0

10.3

8.0

8.0

6.4

5.3

1.9

0.0

10.6

∆QAICc

0.001

0.002

0.003

0.004

0.012

0.012

0.026

0.046

0.253

0.637

0.001

wi
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5
3

8
14
18

ɸ (~mass + mass2)

ɸ (~1)

ɸ (~fire * pre.post)

ɸ (~(mass + mass2) * fire)

ɸ (~fire * tsf + pre.post + linear trend + rain + sex + mass + mass2 + year +

11

12

13

14

15

4

4
6
4
6
10

ɸ (~year)

ɸ (~linear trend)

ɸ (~rain + mass + mass2)

ɸ (~rain)

ɸ (~fire)

ɸ (~fire * tsf)

16

17

18

19

20

21

month)

K

Model
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4578.3

4577.4

4574.8

4574.7

4574.5

4574.3

4574.2

4573.9

4573.3

4572.8

4572.7

QAICc

19.0

18.1

15.5

15.4

15.2

15.0

14.9

14.6

14.1

13.5

13.4

∆QAICc

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.001

0.001

0.001

wi
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10

7
11
10

ɸ (~fire * year)

ɸ (~fire + rain)

ɸ (~rain + (fire * tsf))

ɸ (~rain * fire)

23

24

25

26

f (~fire)

f (~fire + rain)

f (~fire * tsf)

f (~fire * year)

f (~rain * fire)

f (~month * fire)

1

2

3

4

5

6

13

12

12

12

9

8

10

ɸ (~fire * linear trend)

22

Recruitment

K

Model
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171732.3

171731.5

171730.3

171728.6

171725.6

171723.6

4580.3

4580.3

4579.4

4578.4

4578.3

QAICc

8.7

7.9

6.7

5.0

2.0

0.0

21.0

21.0

20.1

19.1

19.1

∆QAICc

0.009

0.013

0.024

0.053

0.240

0.651

0.000

0.000

0.000

0.000

0.000

wi
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f (~fire * linear trend)

f (~month)

f (~linear trend)

f (~pre.post)

f (~rain)

f (~1)

f (~year + rain)

f (~year)

8

9

10

11

12

13

14

15

*See Table 4.3 for explanation of model terms

f (~rain + (fire * tsf))

7

Model
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8

8

6

6

6

6

6

14

14

K

171743.8

171743.7

171740.1

171740.0

171739.6

171739.4

171738.4

171734.6

171732.8

QAICc

20.2

20.1

16.5

16.4

16.1

15.8

14.8

11.0

9.2

∆QAICc

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.003

0.007

wi
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15

p (~pre.post)

p (~mass + mass2)

p (~rain)

p (~linear trend)

p (~sex)

p (~sex * fire)

2

3

4

5

6

7

19

14

14

14

14

p (~1)

13

K

1

Recapture

Model

the less plausible model i.

399.6

399.1

399.1

399.0

398.7

397.5

397.0

AICc

2.5

2.1

2.1

2.0

1.7

0.5

0.0

∆AICc

0.067

0.084

0.084

0.088

0.103

0.184

0.243

wi

the lowest AICc out of the set of models. AICc weights (wi) are the relative likelihood of model i. The bigger the delta the smaller the weight and

of parameters. AICc is Akaike’s Information Criterion, corrected for small sample size. ∆AICc shows the difference between the model AICc and

Table 4.6. Summary of model-selection results for the grassland melomys in Kakadu National Park, tropical northern Australia. K is the number
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16
18

p (~fire + rain)

p (~sex * rain)

p (~sex * (mass + mass2)

p (~month * fire)

p (~fire * linear trend)

p (~fire * rain)

10

11

12

13

14

15

13
4

ɸ (~(mass + mass2) * fire)

ɸ (~mass + mass2)

2

20

20

20

1

Survival

23

p (~fire * (mass + mass2)

9

17

16

p (~fire)

K

8

Model
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387.4

382.8

407.6

406.8

406.7

405.2

403.3

401.4

400.5

399.9

AICc

4.6

0.0

10.6

9.8

9.7

8.2

6.3

4.3

3.5

2.8

∆AICc

0.074

0.722

0.001

0.002

0.002

0.004

0.010

0.027

0.042

0.058

wi
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K
5
8

7
5
2
6
6

3
3
3
4
3

Model

ɸ (~rain + (mass + mass2))

ɸ (~fire * sex)

ɸ (~(mass + mass2) + fire)

ɸ (~fire)

ɸ (~1)

ɸ (~fire + sex)

ɸ (~fire + rain)

ɸ (~rain)

ɸ (~sex)

ɸ (~pre.post)

ɸ (~sex + rain)

ɸ (~linear trend)

3

4

5

6

7

8

9

10

11

12

13

14
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393.0

392.7

392.7

392.1

391.8

391.5

391.5

391.3

391.0

389.0

388.7

388.1

AICc

10.2

9.9

9.9

9.3

9.0

8.7

8.7

8.5

8.2

6.2

5.9

5.3

∆AICc

0.005

0.005

0.005

0.007

0.008

0.009

0.010

0.011

0.012

0.033

0.038

0.052

wi
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9
13

ɸ (~rain * fire)

ɸ (~fire + pre.post + linear trend + rain + sex + mass + mass2 + year +

17

18

f (~fire * month)

f (~month)

f (~year + rain)

f (~rain * fire)

f (~fire + rain)

1

2

3

4

5

Recruitment

ɸ (~fire * linear trend)

14

17

12

11

17

9

4

ɸ (~sex + linear trend)

16

19

7

ɸ (~fire * pre.post)

15

month)

K

Model
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2112.3

2111.7

2100.0

2088.1

2084.4

397.9

397.0

396.5

393.7

393.5

AICc

27.9

27.4

15.6

3.7

0.0

15.1

14.2

13.7

11.0

10.7

∆AICc

0.000

0.000

0.000

0.137

0.862

0.000

0.001

0.001

0.003

0.004

wi
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f (~rain)

f (~fire * linear trend)

f (~fire * year)

f (~year)

f (~sex + rain)

f (~1)

f (~fire)

f (~fire * pre.post)

7

8

9

10

11

12

13

14

*See Table 4.3 for explanation of model terms

f (~linear trend)

6

Model
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16

13

10

12

11

17

17

11

11

K

2128.8

2126.0

2125.8

2115.8

2115.3

2115.3

2114.6

2114.5

2114.3

AICc

44.4

41.6

41.4

31.4

30.9

30.9

30.2

30.1

29.9

∆AICc

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

wi
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