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ABSTRACT
Shifts in the geographic range of species towards higher altitudes are anticipated for
many species in south-eastern Australia in response to future climate warming. This is
particularly the case in the Snowy Mountains, where a substantial reduction in the snow
cover is expected to have a major impact on the distribution of species in this area. The
aim of this thesis was to examine the population ecology of common wombats
Vombatus ursinus in the subalpine zone in order to gain a greater understanding of the
environmental factors which limit their present range, and to predict potential range
shifts under future climate change.
Wombats were first surveyed along an altitudinal transect to investigate the relative
importance of snow and other habitat factors in their distribution. Logistic models found
that wombats responded strongly to the altitudinal gradient, but snow cover alone did
not fully explain their upper range limit. Wombat occurrence in the subalpine zone was
influenced by local habitat features (topography, soil, vegetation) in combination with
maximum snow depth. Rugged terrain was particularly important to wombats in winter,
allowing individuals access to a wider range of altitudes, snow depths and shelter sites.
A study on wombat foraging demonstrated that wombats can adjust to a snow-covered
environment by altering both their foraging patterns and diet as snow depth increases.
Wombats dug through snow up to 100 cm deep to reach low vegetation, but preferred to
feed where the snow was shallower than 35 cm. To avoid digging through deeper snow,
wombats deviated from their path to find shallower snow, and included in their diet
some shrubs that protruded from the snow. However, wombats will be limited by
foraging where snow depths are consistently greater than 100 cm.
Thirteen wombats (7 male, 6 female) were fitted with GPS collars and tracked for up to
a year to examine individual home range movements and resource selection. Home
ranges of wombats in the study area were far larger than previously reported (mean =
172 ha), but increased significantly with altitude. Wombats remained active throughout
the winter, and were typically faithful to their non-winter home range, but they
contracted their range (by 7 – 43%) and shifted their centre of activity to areas of

xiv

shallower snow. Wombats at their upper range limit have a surprising capacity for longrange movements, and the alpine zone (above treeline) is easily within their dispersal
range.
Resource selection analyses found that topographic, vegetation, fire and distance
variables were important predictors of selection within the home range of individual
wombats. A global model showed that wombats selected locations with mid-elevations
and mid-slopes, closer to water courses and roads, on drier soils, and with a lower
proportion of grassland. It was concluded that snow has a major influence on wombat
movements and foraging, but other habitat factors may limit future range expansion.
Habitat changes over time were then predicted using a rule-based modelling approach
that incorporated resources important to wombats and changes in snow depth with
climate change. These models predicted a 16% increase in suitable wombat habitat
across the study area by 2050. This increase in habitat area was largely within higher
subalpine altitudes. Thus, shifts in wombat distribution in the Snowy Mountains with
climate change are likely to occur at higher subalpine altitudes as a filling process
within the extent of occurrence, rather than an expansion beyond the range boundary
into the alpine zone. These results are discussed in terms of future management
considerations.
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GENERAL INTRODUCTION:
CLIMATE INFLUENCES ON THE DISTRIBUTION
AND RESOURCE USE OF VERTEBRATE
HERBIVORES IN MOUNTAIN ECOSYSTEMS

1.1

INTRODUCTION

Mountain ecosystems are particularly sensitive to climate warming because of their low
temperatures in which species have become adapted (Pauli et al. 2007). There are about
11 major high-mountain ecosystems in the world (Wardle 1989), including the high
mountains of temperate and Arctic Eurasia and North America, Hawaii and Tenerife,
Africa, South America, Australasia and Antarctica (Wardle 1989). The Australian Alps,
the focal area of study in this thesis, comprise the highest parts of the Great Dividing
Range and the associated mountains in the southeast of the continent, incorporating all
of the mainland‘s snow country (Costin 1989). This area is relatively small, covering
just 0.02% of the Australian mainland, and the alpine zone is restricted to a narrow
altitudinal band of about 400 m above the treeline (Green 1998).
Snow is a defining feature of the faunal composition in both the alpine and subalpine
environments of the Australian Alps (Green & Osborne 1998). The duration, depth and
density of the snow cover dictate available habitat and food resources and opportunities
for breeding (Green & Osborne 1998). Consequently, any change to the snow cover is
likely to have a major impact on the fauna in this ecosystem.

1.2

CLIMATE CHANGE INFLUENCES ON NATURAL SYSTEMS

The Intergovernmental Panel on Climate Change (IPCC) asserts that climate warming is
unequivocal (IPCC 2007). There is also more confidence now, compared with the last
report in 2001, that the observed warming over the past 50 years is due to an increase in
anthropogenic greenhouse gases (IPCC 2007). The latest forecasting models project that
the climate will continue to warm, even if anthropogenic greenhouse gases were to be
stabilised (IPCC 2007). However, there are several uncertainties in modelling how the
warmed climate will proceed, either globally or locally (Mahlman 1997). Recently these
1
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projections have improved with a broader range of models and additional information
from observations (IPCC 2007). If these projections are correct, then there are likely to
be significant changes to a broad range of ecological systems worldwide.
Climate models predict that there will be regions of climate warming and climate
cooling as well as periods of greater warming and cooling (Kozlov 2000). These same
predictions have been observed in the recent past (Forchhammer & Post 2000). For
example, over the past 100 years there have been two main periods of warming,
between 1910 and 1945 and from 1976 onwards (Walther et al. 2002) and over the past
30 years, winter temperatures have increased in northern Europe but declined in
northeastern America and Greenland (Forchhammer & Post 2000). Thus knowledge of
local climate changes will be needed in any evaluation of species responses, since
individuals and populations will respond to local or regional changes in climate rather
than approximated global averages (Walther et al. 2002). Biological processes are
influenced by local weather patterns, such as temperature, wind, rain and snow, and
these local patterns may be influenced by more global patterns of climate (Stenseth et
al. 2002).
1.2.1

Recent changes in temperature, precipitation and snow in mountain

ecosystems
There is general agreement in the literature that temperatures have increased in
mountain and snow-covered environments, particularly during spring (Foster 1989;
Beniston 1997; Brown 2000; Inouye et al. 2000; Pauli et al. 2007). For example, recent
climate warming in the European Alps has been twice as high as the global average
(Pauli et al. 2007). However, in Australia, temperature appears to have increased
marginally over 35 years at high elevation sites (above 1000 m) but not at lower
elevations (Hennessy et al. 2003). Precipitation is also expected to change with climate
warming, but changes observed in mountain environments are not as clear, and vary
regionally and seasonally.
Snow is influenced by both temperature and precipitation, and the implications of
climate warming for snow-covered ecosystems include changes to the timing, depth,
internal structure and extent of seasonal snow cover (Jones et al. 2001). The latest report

2
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by the IPCC states that in both the northern and southern hemispheres, mountain
glaciers and snow cover have declined on average since the 1960s and snow cover is
projected to contract further (IPCC 2007). Contrary to these findings, Brown (2000)
reported an increase in snow cover over North America during the past century which
was linked to a concurrent increase in precipitation (Inouye et al. 2000). In the Swiss
Alps, the depth and duration of snow showed no long-term trend over 50 years, but
declined during a period of warming from the mid-1980s onwards (Beniston 1997).
Regional climate factors appear to play a significant role in climate change effects. For
example, large variability in annual snowfall in the Swiss Alps is related to the North
Atlantic Oscillation (NAO) which influences temperature and precipitation (Beniston
1997). In Australia, large variability in snow depth from one year to the next is thought
to be associated with the El Niño Southern Oscillation (ENSO) (Osborne et al. 1998).
Despite a high interannual variability in maximum snow depth in Australia (Hennessy
et al. 2003), there has been a long-term decline in overall snow cover (measured as
metre-days of snow) since 1954 (Green 2006).
Climate change effects on snow cover also influence the timing or seasonality of snow.
There is evidence for declines in late season snow characteristics in North America,
Eurasia and Australia with reduced snow accumulation and snow depths during spring
months (Brown 2000; Hennessy et al. 2003). Green (2006) also noted that the earliest
thaw in the 50-year snow record in Australia was in 1999, despite the 1990s having
generally more snow cover than the 1980s. These observations indicate that the greatest
influence of climate warming on snow characteristics may be at the end of the snow
period.
1.2.2

Climate predictions for the Australian Alps

The Department of Environment and Climate Change NSW and University of New
South Wales have developed preliminary climate change forecasts at a regional scale
using interpolated climate projections based on the IPCC‘s A2 emissions scenario
(DECC 2008). Regional projected climate in 2050 for the Alps is for warmer minimum
and maximum temperatures (1 – 2.5 degrees), substantial decreases in winter rainfall
and snow (10 – 50%) with less variability than that seen in the 20th century, small
declines in spring and autumn rainfall (5 – 20%) and increases in summer rainfall (20 –
3
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50%) (DECC 2008; undated). These figures are consistent with projections of
temperature rises in global mountain systems by Nogués-Bravo et al. (2007). They
predicted temperature under four emissions scenarios (A1F1, A2, B1, B2) and found for
Australian mountains increases of 1.3 - 2.0 degrees in 2055 and 1.9 - 3.7 degrees by
2085. The magnitude of these temperature trends was not as large as other high
mountain ecosystems of the world, but within Australia, these temperature increases in
the mountains are significantly greater than trends in the lowlands.
Hennessy et al. (2003) simulated future snow conditions in the Australian Alps using
two scenarios of projected temperature and precipitation. However, the high impact
scenario (2050 temperature: + 2.9 degrees, precipitation: - 24.0%) is most consistent
with recent projections (DECC 2008), and this predicts large reductions in the extent,
depth and duration of the snowcover by 2050 (Figure 1.1). The total area with at least
one day of snow cover was projected to decrease 39% by 2020 and 85% by 2050 under
the high impact scenario. At the local level, snow depth profiles for Mt Perisher (1 835
m) show declines from the present average maximum depth of 160 cm to 90 cm in
2020, and less than 20 cm in 2050 under the high impact scenario. Snow duration at this
site also declines from 131 days to 125 days in 2020 and 30 days in 2050 under this
scenario. Further, the elevation of the snowline at Mt Kosciuszko on 1 September (i.e.
late winter) is predicted to rise from 1 460 m at present to 1 625 m by 2020 and
approximately 2 000 m by 2050 under the high impact scenario. These changes are due
to more precipitation falling as rain, rather than snow, and higher rates of ablation,
particularly during spring, as the climate warms.
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Figure 1.1. CSIRO projected changes in maximum snow depth on the Australian
mainland under the high impact scenario from present (a) to 2020 (b) and to 2050 (c)
(Hennessy et al. 2003).
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1.3

ECOLOGICAL CONSEQUENCES OF CLIMATE WARMING

Numerous widespread studies have described changes to ecological systems in line with
the type and magnitude of changes that would be expected a priori under a climate
warming scenario (Hughes 2000; McCarty 2001; Parmesan & Yohe 2003; Root et al.
2003). Whilst some studies have showed no response by species, or responses that are
counter to predictions of climate warming, the majority have showed overwhelming
support for climate change effects (McCarty 2001; Parmesan & Yohe 2003; Root et al.
2003). Further, the ecological effects have been more prominent, as expected, at higher
latitudes in the northern hemisphere where temperature changes are largest (Root et al.
2003). Although it is not possible to provide a causal link between these observed
ecological changes and climate change, failure to act on such consistent patterns could
have serious implications for conservation (McCarty 2001).
There have been numerous reviews published recently on the ecological consequences
of climate warming (e.g. Kapelle et al. 1999; Hughes 2000; Shaver 2000; McCarty
2001; Walther et al. 2002; Parmesan & Yohe 2003; Root et al. 2003; Schmitz et al.
2003; Helmuth et al. 2005) and climate processes, such as the NAO and ENSO (e.g.
Post et al. 1999; Ottersen et al. 2001; Stenseth et al. 2002). Most describe changes to
four major levels of ecological organisation: life history or phenological changes, shifts
in geographic range, changes to the composition of communities, and alterations to
ecosystem dynamics. The first two, in particular, have been well documented for a
range of species in different environments, including mountain environments as
described below.
1.3.1

Ecological consequences for mountain environments

In mountain environments, changes to plants and animals have been observed consistent
with climate warming. Under a climate warming scenario, spring phenology (seasonal
timing, e.g. of growth, reproduction, hibernation, migration) is expected to occur earlier.
For example, early spring arrival of species overwintering at lower elevations have been
shown for robins in the Colorado Rocky Mountains (Inouye et al. 2000), and migratory
birds above the winter snowline in Australia (Green & Pickering 2002; Pickering et al.
2004). Arrival dates of migratory honeyeaters in the Australian Snowy Mountains are
6
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closely linked with snow cover and flowering of shrubs (Green 2006). Hibernating
species have been observed to emerge earlier with warmer spring temperatures, despite
no change in snowmelt (Inouye et al. 2000). This mismatch of phenology and local
environmental conditions may be detrimental to the survival of species if no food is
available at the time of their emergence. For example, the yellow-bellied marmot is now
forced to climb and feed on the buds and branches of trees when it emerges from
hibernation as the depth of the remaining snowpack is too great for ground-based
foraging (Olson et al. 2003).
Life history parameters, such as development, fecundity and overwinter survival may be
influenced by climate and snow (Mech et al. 1987; Loison et al. 1999; Post & Stenseth
1999; Weladji & Holand 2006). A reduction in the snow cover is expected to be
detrimental to species that rely on the insulating properties of snow for their survival,
but beneficial to other species that are poorly adapted to snow. Poor snow depth years
have impacted on populations of small mammals through mortality and recruitment
(Broome 2001; Pickering et al. 2004). Likewise, changes in the snow condition due to
warming temperatures, without any changes in snow depth, may alter the suitability of
the subnivean space for occupation by small mammals. This has led, for example, to
changes in the cyclic population dynamics of lemmings at the Finse study site in South
Norway (Kausrud et al. 2008).
In terms of geographic range, major changes are expected in the distribution of species
as their bioclimatic domain changes, with movements towards the poles and towards
higher altitudes. For example, range contractions and expansions of vascular plants in
the European Alps have conformed to climate warming predictions, with increases in
plant species richness at higher altitudes as pioneering alpine species expand into the
nival zone (Pauli et al. 2007). Similarly, Walther et al. (2002) described an elevational
shift of 1 – 4 m per decade for alpine plants, whilst Erschbammer et al. (2009) found
pronounced upward shifts of montane and treeline species to mountain summits over a
period of just five years. In the Australian Alps, there has been similar evidence for
shifts in the range and activity of native and introduced mammals to higher altitudes
(Pickering et al. 2004; Green 2004), possibly as a result of poor snow years when the
amount and cover of snow has been patchy.
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1.3.2

Potential impacts from range shifts of herbivores to higher altitudes

Given the evidence for range shifts for a number of species to higher altitudes, the
question arises—what are the potential impacts on other species? Under a climate
warming scenario, the movement of species from lower elevations is expected to occur
faster than at higher elevations (Walther et al. 2002), and mobile animals will shift
distribution more rapidly than plants (Martin 2001). Thus range shifts of grazing species
to higher altitudes may alter the composition, cover and biomass of alpine plants since
herbivores can exert considerable pressure on the flora of mountain ecosystems (del
Moral 1984; Leigh et al. 1987; Bridle & Kirkpatrick 2001). Considerable changes to
vegetation have been observed when grazing is either added or removed from the
system. This has been evident in many locations with both the introduction and removal
of domestic or feral herbivores, such as cattle and horses (e.g. Wardle 1989; Wahren et
al. 1994; Beever et al. 2008). In Australia, some dominant or co-dominant herbs in the
tall alpine herbfields of the mainland are subordinate species in the tall alpine herbfields
of Tasmania. This difference in species composition has been largely attributed to
differences in grazing pressure by rabbits and native herbivores (wallabies and
wombats), since these herbivores are present year-round on the tall alpine herbfields in
Tasmania, but are largely absent from high altitude sites on the mainland (Bridle &
Kirkpatrick 2001).
The paucity of vertebrate herbivores at high altitude sites on the Australian mainland is
probably related to the presence of snow, with many species showing a decline in
numbers with increasing altitude (Pickering et al. 2004). They include the following
native species; common wombats Vombatus ursinus, eastern grey kangaroos Macropus
giganteus, red-necked wallabies M. rufogriseus and swamp wallabies Wallabia bicolor,
and introduced species; rabbit Oryctolagus cuniculus, hare Lepus europaeus, pig Sus
scrofa, horse Equus caballus, fallow deer Dama dama and sambar Cervus unicolor.
Therefore in terms of future climate change predictions, it is important to understand
whether upward range shifts of these species are likely to occur with reductions in the
snow cover, or whether other environmental factors constrain their present range.
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1.4

PREDICTING RANGE SHIFTS WITH CLIMATE CHANGE

“The main difficulty in predicting the consequences of environmental changes is the
need to know the rudiments of how ecological systems work in the first place”
Ives 1995
1.4.1

Understanding range limits

To be able to predict range shifts of species to higher altitudes with climate change, we
first must understand what limits their present range. What limits the distribution of an
organism is one of the fundamental questions in biogeography and ecology (Brown et
al. 1996), and one that has ―proven frustratingly difficult to explain‖ (Gaston 2009).
Early work by Shelford (1913) developed a ‗law of tolerance‘ to help explain the
distribution of animals, which applied equally to the geographic and local range. He
argued that the optimum habitat was at the centre of the distribution where abundance
was greatest, and towards the edges, animals encounter a zone of stress where climatic
or vegetation factors fluctuate beyond their limit of tolerance (Figure 1.2). Thus, the
range boundary was depicted as one where abundance declines gradually to the point
where conditions cannot be tolerated and so the species is absent. This concept of a
change in population size from the centre to the margin has gained popularity in the
literature, particularly in studies of population dynamics across the range (Guo et al.
2005). More recently, Gaston (2009) recognised the difference between the highly-cited
‗abundant-centre‘ hypothesis and a ‗rare-periphery‘ hypothesis, where abundances are
predicted to be low at the range limit with no wider pattern across the species range.
The exact position of the range edge is determined by population processes
(immigration, births, deaths and emigration) that interact with the environment and
determine population size (Brown 1996; Gaston 2009). Thus, the factors that limit
dispersal, and cause low rates of successful reproduction, high mortality and/or
departure of individuals, are the ones that ultimately constrain the range of a species.
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Figure 1.2. The ‗law of tolerance‘ explains the distribution of species along an
environmental gradient. Abundance is greatest in the centre where conditions are
optimal, and lowest at the margins where conditions become stressful (adapted from
Shelford 1913).

There has been a long progression of approaches to identifying the environmental
factors that explain species range limitations (Parmesan et al. 2005). These include (1)
experimental approaches, such as manipulating the level of a suspected factor and
measuring the resulting change in abundance (Krebs et al. 1999), (2) transplant studies,
that move individuals beyond their geographic range limits to differentiate between
dispersal limitation and other factors limiting their range (Gaston 2009), (3)
comparative studies, that examine differences in animal fitness and population density
at the core and periphery of the distribution (Caughley et al. 1988), and (4) modelling
approaches. Species distribution models (Guisan & Zimmermann 2000; Guisan &
Thuiller 2005), as well as ecological niche models (Pulliam 2000) or models of wildlifehabitat relationships (Morrison et al. 2006), use correlates of environmental factors
(climate, landform, habitat, biotic interactions) to describe distribution (but see Kearney
2006 for explicit differences between habitat, environment and niche). An important
advantage of species distribution models is that they can be used to predict distribution
under altered environmental conditions (Guisan & Thuiller 2005). They can also be
used to generate hypotheses about the species or system of interest, and test the
importance of processes thought to be driving the observed habitat relationships (Van
Horne 2002; Morrison et al. 2006).
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In regard to the use of distribution models, a change of paradigm may be required to
determine elevational limits of species. Rather than employing models of habitat
correlates across the range, it may be more appropriate to identify habitat constraints
(O‘Connor 2002). Models developed for part of the species range that coincided with
the ‗zone of stress‘ (Shelford 1913), with steep environmental gradients, may be
particularly useful for identifying boundary conditions and thresholds (Van Horne
2002). Species distribution models are usually implemented for areas with broad extents
and/or using coarse resolutions (Araújo & Guisan 2006), but in mountain environments,
local models are gaining popularity for projecting climate change impacts on species
distribution (Trivedi et al. 2008; Randin et al. 2009). This is because fine-resolution
climate data is needed to account for the high variability found in mountainous terrain
(Trivedi et al. 2008). To date, these local models in mountain environments have been
implemented for plant species, but could equally be applied to animals.
1.4.2

Movements beyond the range boundary

Dispersal is a key process in habitat colonisation and in the range expansion of species
(Bowman et al. 2002; Shigesada & Kawasaki 2002). Dispersal is recognised as a
process involving decisions on whether to disperse, how and where to travel, and where
to settle, not simply the movement from one place to another. As described by Kenward
et al. (2002), dispersal may incorporate more than one transition movement within the
life of an individual, including natal dispersal (the movement from a natal site to a home
range where it breeds), extranatal movements (subsequent transitions between home
ranges outside the natal area) and breeding dispersal or postnuptial movements
(transitions between separate nuptial home ranges). Thus dispersal can be defined as the
transition between successive home ranges, and may be undertaken by both juveniles
and adults in the population.
There are two components to dispersal at range boundaries: behavioural and structural
(Gaston 2009). A species must have the physical capability to disperse and the structure
of the habitat must be suitable for it to move into. Thus we must have basic ecological
information on both of these components to be able to predict movements beyond the
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range boundary. However, field data on the movements of individuals at the range
boundary are sparse (Kanda et al. 2009).
The movement of animals is typically studied through home range analysis, where
statistical models are used to describe patterns of space use (Moorcroft 2008). These
estimates are generated most widely from telemetry data of individual animals, and
recent advances in satellite and global positioning system (GPS) tracking technology
has improved the collection of locational data. With an increase in the quantity of
locational data, most home range estimates now describe not only the area of use (such
as that defined by a minimum convex polygon), but the intensity of use of different
areas within the home range, such as the output of kernel estimators (Powell 2000).
Whilst these estimates are useful for identifying the size and intensity of area used by
individuals and changes in movement behaviour, such as seasonal shifts or dispersal
movements, they provide little insight into the underlying causes for these patterns
(Moorcroft 2008). These underlying causes of an animal‘s movement are assumed to be
due to the selection of suitable habitat for survival and reproduction.
Suitable habitat is widely investigated through resource selection analysis, where
environmental correlates of animal space use patterns are identified through the
examination of areas used disproportionately in relation to their availability (Manly et
al. 2002). Resource selection analyses are similar in their methods to species
distribution models (Boyce et al. 2002), particularly at the scale of the geographic or
population range. However, resource selection functions are most commonly, although
not always, defined using a use versus availability design (Johnson et al. 2006) instead
of a use versus non-use (presence-absence) design more typical of species distribution
models. Resource selection can be analysed at various scales, from the geographic range
to the selection of particular food items (Johnson 1980; Marzluff et al. 1997). At
smaller scales, spatial data from individual animal movements and home range are
employed to define locations of use and availability. These models can then be
extrapolated to create predictive maps of the relative probability of occurrence using
geographical information systems (Boyce & McDonald 1999; Johnson et al. 2004).
Recently, mechanistic home range models have been proposed as a framework for
increasing the predictive capability of animal movements for defining spatial

12

Chapter 1: General Introduction

distributions (Moorcroft et al. 1999; Moorcroft 2008). Mechanistic home range models
derive patterns of space use by scaling underlying rules of movement based on
correlated random walks. Parameters such as speed, orientation and turning frequencies
are incorporated into the model. However, the steps to formulating the mathematical
model require knowledge of an animal‘s natural history and behaviour, and this must
come first from empirical studies of animal movement.

1.5

STUDY AIMS

“Alpine sites have the potential to serve as natural experiments that allow „space for
time‟ perspectives in predicting animal responses to global climate change”
Martin 2001
This study will attempt to address some of the shortfalls in research on the influences of
climate on the distribution and resource use of herbivores in mountain ecosystems, and
in particular, the Australian Alps. Firstly, the vast majority of studies to date of range
limits have examined limits to the extent of occurrence. A smaller number of studies
have examined elevational range limits, and most of these have been on plants or
invertebrate animals (Gaston 2009). Secondly, studies investigating the influence of
snow on vertebrate herbivores have largely been conducted in the northern hemisphere
where both snow characteristics and species (primarily ungulates) are quite different
from those in Australia. Thirdly, the study of Australian mammals above the level of the
winter snowline has not attracted much research (Green & Osborne 1994), with the
majority of work on small mammal species. Fourthly, much attention has been given to
threatened species, but changes in the distribution of common and widespread species
are also likely (Hughes 2003; Ritchie & Bolitho 2008). Australia‘s large marsupial
herbivores have been relatively neglected in climate change research, but recent
evidence suggests that they are vulnerable to climate change effects (Ritchie & Bolitho
2008). Large marsupial herbivores in the Australian Alps include kangaroos, wallabies
and wombats. As anecdotal information has recently described a change in the
occurrence of common wombats in higher areas (Green 2004), this species was
considered ideal for studying range shifts with climate change.
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This thesis examines the population ecology of common wombats along an altitudinal
gradient in the Australian Alps to determine their response to environmental change.
Differences observed along the altitudinal gradient should provide some insight into
changes that may occur with future climate warming, assuming that environmental
conditions at lower elevations are indicative of future environmental conditions at
higher elevations. Key ecological questions to address are: 1. How does snow, and other
environmental factors, influence the upper range limit of wombats in the Snowy
Mountains? and 2. Based on knowledge of present resource and habitat use, to what
extent can we predict range shifts of common wombats under future climate change
scenarios?
To address these questions, the objectives of this study were to:
1. Examine the constraints on the distribution of wombats in relation to
environmental attributes along an altitudinal gradient in both winter and summer
(Chapter 3)
2. Assess finescale foraging patterns and diet of wombats along a snow depth
gradient to quantify thresholds of tolerance (Chapter 4)
3. Track wombats to determine how snow and other habitat factors influence their
movements, space use and resource selection in subalpine environments
(Chapters 5 and 6)
4. Develop a predictive model of wombat distribution under future climate
scenario of reduced snow cover in the Australian Alps (Chapter 7)

1.6

THESIS OUTLINE

In Chapter 1, I have outlined the current predictions of climate change on mountain
ecosystems and the consequences for flora and fauna, with particular emphasis on range
shifts to higher altitudes, and current approaches to the study of range limits. In Chapter
2, I introduce the reader to my study area, the Snowy Mountains of Australia, and study
species, the common wombat Vombatus ursinus, as well as outline methods of capture
and tracking. Chapter 3 presents an overview of the wombat population in the study
area and investigates the influences of snow and habitat on their occurrence over an
altitudinal gradient. Chapter 4 takes a closer look at the influence of snow on wombat
14
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foraging behaviour. Chapter 5 defines individual wombat movements, home range and
space use with GPS telemetry data, and in Chapter 6, these spatial data are extended to
evaluate resource selection within the home range (third-order selection). Finally, a
general discussion in Chapter 7 evaluates the findings of the study, and makes
predictions about how wombats will respond to a reduced snow cover with climate
change.
1.6.1

Comments on the structure and content

All data chapters in this thesis (Chapters 3 – 6) were prepared as stand-alone
manuscripts suitable for publication in scientific journals. These chapters have been
reformatted for a consistent style to integrate back into the thesis. However, because of
the stand-alone format of each chapter, there will inevitably be some minor repetition
among chapters, particularly in the introductions. Sections of the manuscripts that are
repeated in the general methods (Chapter 2) of this thesis have been removed from the
data chapters. References have also been consolidated into one list at the end of the
thesis. At the time of writing, Chapters 3 and 4 have been published. These manuscripts
were prepared and written by the author of this thesis, but where co-authors contributed
to the content of the manuscript, acknowledgement is given at the start of the chapter.

15

Chapter 1: General Introduction

16

CHAPTER 2
GENERAL METHODS

2

GENERAL METHODS

2.1

STUDY AREA

This study was conducted in the Snowy Mountains of south-eastern Australia, which
contains approximately 2500 sq. km of snow country (Costin et al. 2000), and forms
part of the Australian Alps together with the high mountains of the Brindabella Ranges
in the Australian Capital Territory and the more dissected Alpine National Park in
Victoria (Costin 1989). The study area surrounded the Perisher Valley (36º24´S,
148º25´E) within Kosciuszko National Park (Figure 2.1).

Figure 2.1. The study area was located in the highest parts of south-eastern Australia
within the Australian Alps.
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Figure 2.2. Detailed locations within the study area of the Snowy Mountains
surrounding Perisher Valley.

The study area was accessed via the Kosciuszko Road, which runs through Perisher
Valley to the ski resorts of Perisher and Charlotte Pass, and terminates near Mt
Kosciuszko (Australia’s highest peak at 2228 m), and via the Guthega Road through the
Snowy River Valley to Guthega Ski Village (Figure 2.2). Part of the study was
conducted within the resort area, but the majority of field research was away from builtup areas in the park. Field surveys were conducted over an altitudinal gradient within
the subalpine zone from 1500 m a.s.l. near Rennix Gap (36°21’S, 148°31’E) to 1850 m
a.s.l. near Charlotte Pass (36°26’S, 148°20’E). Generally, the subalpine zone is defined
as the zone between the winter snowline at its lower limit, and the treeline at its upper
limit (Green & Osborne 1994). The exact elevation of the upper and lower boundaries
depends on local conditions; the winter snowline lies between 1400 m and 1600 m, and
the treeline in the Snowy Mountains lies between 1800 m and 2000 m (Green &
Osborne 1994; Costin et al. 2000; Green 2009). Beyond the subalpine zone, the alpine
zone extends above the treeline to the summit of Mt Kosciuszko.
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The Perisher Valley lies within an undulating plateau (Good 1992) with the main axis of
the valley being east-west, giving access to areas of snow accumulation and ablation
and a mixture of vegetation formations consisting mainly of wet heath, dry heath, seral
woodland and grassland (Sanecki & Green 2005), as shown in Plate 1. A characteristic
feature of the undulating topography is an altitudinal inversion of ecosystems; cold-air
drainage into the valleys produces alpine-like conditions where only the most coldtolerant treeless communities survive (Costin 1989; Good 1992). The surface
topography is also dominated by extensive outcroppings of boulders and tors (Green &
Osborne 1994). The dominant soils of the subalpine zone are alpine humus soils, which
are well developed and support an almost complete vegetative cover (Costin 1954;
Good 1992; Green & Osborne 1994).
Subalpine woodland is dominated by snow gums Eucalyptus pauciflora subsp.
niphophila. The trees are low-growing (5-15 m, Keith 2004) and in climax woodland
the structure is open in contrast to the tall forests of the montane zone below 1500 m
(Costin et al. 2000). Wet and dry heathlands occur under different moisture regimes in
areas of greater altitudinal relief and along streamsides, but not in frost prone basins
where grasslands predominate. Sod-tussock grasslands occur either under conditions of
impaired soil aeration or sub-normal minimum temperatures in areas subject to cold air
accumulation (Costin 1954; 1962). They occur on level and undulating sites and form
open areas between the wooded slopes. Bogs and fens also form in the wetter sites
where ground-water is at or near the surface and wet heath may extend back from the
valley bogs or drainage lines up-slope (Green & Osborne 1994). Alpine heaths occupy
exposed, rocky sites most commonly above 1800 m (Keith 2004).
Tussock snow grasses Poa spp. are widespread and dominant in the ground layer of the
open grasslands and woodland (Wimbush & Costin 1979a; Bear & Pickering 2006).
Shrubs are also prominent in the understorey of the snow gum woodlands, with some
species—such as leafy bossiaea Bossiaea foliosa—having become more widespread
from fire (Wimbush & Costin 1979a; Good 1992). Other common shrub species in the
subalpine zone include alpine grevillea Grevillea australis, alpine hovea Hoevea
montana, dusty daisy-bush Olearia phlogopappa and common shaggy-pea Oxylobium
ellipticum (Wimbush & Costin 1979a; Bear & Pickering 2006). Major herbs include
mountain aciphyll Aciphylla simplicifolia, billy-buttons Craspedia spp., native
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dandelion Microseris lanceolata, small poranthera Poranthera microphylla and prickly
starwort Stellaria pungens (Wimbush & Costin 1979a; Bear 2004). Sedges Carex sp.
and rushes, mainly spreading rope-rush Empodisma minus, occur on wetter sites
(Wimbush & Costin 1979a; Bear & Pickering 2006).
Prior to the gazettal of Kosciuszko National Park, there was a long history of grazing by
cattle and sheep, with associated burning, over the landscape. However, due to
extensive erosion and concern for the water catchment with the development of the
Snowy Mountains Hydro-electric Scheme, livestock were withdrawn from snow leases
of the high country in 1958 (Wimbush & Costin 1979b; Mosley 1989). Wildfires
occurred in Kosciuszko National Park in January and February 2003 burning
approximately 70% of the subalpine zone (Green 2005). These fires resulted in a
significant decrease in biomass and vegetative cover in the subalpine grasslands (Bear
& Pickering 2006) and much of the canopy in the woodland was burnt. Bare ground in
the inter-tussock patches was still evident on burnt sites during field work and there was
dense regeneration of eucalypts in some locations (pers. observ.).
Temperature ranges on average between -5°C and 4°C during winter (June – August)
and between 4°C and 19°C during summer (December – February), although extremes
in temperature between -19.5°C and 30°C have been recorded (Bureau of Meteorology
2008). Average annual rainfall is 1800 mm with the highest falls occurring during
winter and early spring (Bureau of Meteorology 2008). Winds can reach very high
speeds in the Snowy Mountains, particularly on exposed sites, often reaching 75 km/h
(Green & Osborne 1994).
Snow covers the study area for approximately four months of the year (June –
September). Average maximum snow depth at higher elevations (Spencers Creek:
1830m) is about 200 cm (Figure 2.3) and reaches maximum depth usually in late
August (Hennessy et al. 2003). However, there has been a long-term decline in snow
cover since 1954 (Figure 2.4). The snow cover in the study area has been classified as
maritime at higher elevations and ephemeral at lower elevations, both of which are
characterised by icy layers but without depth hoar (Sanecki et al. 2006a). Snow density
increases throughout the season as the icy layers build up with more frequent melt or
rain and refreeze of the snow cover.
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During the study period 2007-2009, snow depths were below average (Figure 2.3, 2.4).
Maximum snow depth on the Snowy Hydro snow course at Spencer’s Creek (1830 m)
was 164 cm in 2007, 174 cm in 2008, and 148 cm in 2009. The greatest accumulation of
snow and cover was during July through September, although there was some late
season snowfall during October 2009 (Figure 2.5). Snow conditions were not
homogenous across the study area. The cover was patchy at lower elevations in all
years. In 2009, snow depth measurements were taken at weekly intervals during July
and August at 60 snow monitoring sites established within the study area by Sanecki et
al. (2006a; b). These data are summarised in Table 2.1, and show how snow depth
varied across the study area with respect to aspect and elevation.
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Figure 2.3. Maximum snow depth recorded on the Snowy Hydro snowcourse at
Spencer’s Creek, 1954-2009. The dashed line is the long-term mean (198.6 cm) and
solid line is the linear trend (y = -0.7483x + 219.96). (Data from Snowy Hydro Ltd.)

21

Chapter 2: General Methods
500
450

Snowcover (metre-days)

400
350
300
250
200
150

100
50

2008

2005

2002

1999

1996

1993

1990

1987

1984

1981

1978

1975

1972

1969

1966

1963

1960

1957

1954

0

Year
Annual snow cover

Five year mean

Linear (Annual snow cover)

Figure 2.4. Long-term snowcover trend in the Snowy Mountains, Australia. These data
from Spencer’s Creek snowcourse provide a measure of the amount and duration of
snow on the ground from the start of the winter snowpack to snowmelt. (Data extended
from Green 2006; Source, Snowy Hydro Ltd.)
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Figure 2.5. Snow depth for the years 2007, 2008 and 2009 at the Snowy Hydro
snowcourse at Spencer’s Creek (1830 m a.s.l.).
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Table 2.1. Average maximum snow depths across the study area at Perisher Valley in
2009. Snow measurements were taken at a subset of snow sampling points of Sanecki et
al. (2006a; b) with 10 sampling points per elevation x aspect.
Maximum depth (cm) ( SD)

2.2

Elevation (m)

Ablating aspects

Accumulating aspects

1701 - 1800

74.8 ( 26.2)

87.2 ( 26.2)

1601 - 1700

18.5 ( 23.8)

62.5 ( 17.2)

1501 - 1600

14.0 ( 17.1)

37.5 ( 15.1)

STUDY SPECIES – COMMON WOMBAT

The common wombat Vombatus ursinus is a large herbivorous marsupial (average 26
kg) that occurs throughout south-eastern Australia, including Tasmania (Triggs 1996;
McIlroy 2008). It is the most widespread of the three wombat species in Australia; the
other two species—the hairy-nosed wombats in the genus Lasiorhinus—are more
restricted in their distribution in more arid areas of northern and southern Australia
(Horsup & Johnson 2008; Taggart & Temple-Smith 2008). The common wombat is
predominantly a forest species, but it also extends into more open woodland and coastal
scrub (Lunney & Matthews 2004; McIlroy 2008).
Common wombats are one of the largest burrowing mammals in the world (Johnson
1998; Woolnough & Steele 2001). Burrowing behaviour in wombats is thought to be an
adaptation to reduce heat stress and possibly to avoid predation (Johnson 1998).
Wombats are sensitive to temperatures above 25C and utilise the lower stable
temperatures inside the burrow for thermoregulation (Brown 1984). Burrows of
common wombats are relatively simple, compared with the more complex warren-like
structures of the hairy-nosed species. Burrows typically consist of a mound of soil
outside a single large entrance, and a tunnel that ends in a bedding chamber (McIlroy
1973). Nevertheless, some burrows have extended over generations, resulting in a
network of tunnels with multiple entrances (McIlroy 1973). Up to nine wombats have
been reported to use the same burrow (Skerratt et al. 2004; Evans 2008), but rarely at
the same time.
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Common wombats are solitary animals that use extensive scent marking to identify their
presence to other individuals. They are nocturnal, and emerge from their burrow to feed
just after dusk. Activity appears to be related to ambient temperature (McIlroy 1973)
and possibly light intensity. In some locations, animals may emerge during the day if
the temperature is low, or if there is cloud cover. Brown (1984) found wombats would
emerge during the day in winter in the Snowy Mountains, but their main period of
feeding activity during September was between 1600 and 2400 h. Wombats do not
hibernate, but have the ability to remain within the burrow for up to five nights (Skerratt
et al. 2004) and can conserve energy due to an exceptionally low field metabolic rate
(Evans et al. 2003).
Common wombats can reproduce from the age of two years, but normally have only
one young every other year (Triggs 1996). Breeding may occur during any time of the
year and young are dependent for approximately 18 months: nine months in the pouch
followed by nine months at foot (Triggs 1996; Dennis & Rolls undated). At
independence, the young wombat weighs approximately 16 – 24 kg, but continues to
grow over the next few years. Adults may live up to 11 – 15 years in the wild (Triggs
1996; McIlroy 2008). There is no known way to accurately age an adult wombat,
although body weight may be used to separate sub-adult from adult (22 kg; McIlroy
1973). There is no sexual dimorphism in body weights (Young 1980).
Common wombats survive on a low-quality, high fibre diet with limited food intake
(Barboza 1993; Evans et al. 2003), although there may be selection for some natives
that are conventionally regarded as high quality, such as Microlaena stipoides (Evans et
al. 2006). The diet is dominated by grasses (up to 95% of the diet; McIlroy 1973;
Mallett & Cooke 1986; Green 2005; Evans et al. 2006), with grass seedheads taken
when available (Evans et al. 2006). Poa species (tussock grasses) are the dietary staple
(Evans et al. 2006). Forbs are negatively selected by wombats and contribute only 1%
of the diet; no forb reproductive parts have been detected in the diet (Evans et al. 2006).
Roots, mosses and bark may also be taken at times (Triggs 1996).
In the Australian Alps, common wombats occur in woodlands and forests at elevations
where snow covers the ground, although they are rarely observed above the treeline into
the alpine zone (Green & Osborne 1994). In the 1950s, Costin (1954) thought that
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wombats were restricted to lower subalpine levels near the winter snow line. Similarly,
during the 1970s and 1980s, wombats were not observed in surveys at high altitude sites
(Green 2004). However, there is some evidence that wombats may have shifted to
higher altitudes in recent years, possibly as a result of poor snow years (Green 2004).
Sign of wombats has been observed as high as Mt Townsend (~ 2200 m a.s.l.) in spring
(K. Green pers. comm., November 2009), and a shallow burrow was found at 2050 m
a.s.l. in summer, but it was not used during winter (Green 2005).
Wombats are not particularly well-adapted to moving in the snow due to their large
weight and comparatively short legs. Locomotion becomes difficult for animals in the
snow once sinking depth exceeds chest height, and sinking depth is partly a function of
foot surface area and foot loading (the weight of an animal divided by the total surface
area of its four feet; Marchand 1996). Telfer & Kelsall (1984) developed a
morphological index of a species’ relative degree of adaption to snow, based on chest
height and foot loading. The average foot loading of an adult male wombat in this study
area is 179 g/cm2 (Appendix 2.1). Wombats have a relatively broad foot surface area
due to very long nails needed for digging, but they are of small stature with a chest
height averaging 183 mm. In comparison with large North American mammals in snow
environments (Telfer & Kelsall 1984), the morphological index of wombats is low, and
hence they are more poorly adapted to snow conditions.
However, behavioural attributes are an important consideration in an animal’s ability to
survive in snow environments (Telfer & Kelsall 1984). On the one hand, wombats are
well adapted for digging, and this may allow them to exploit some snow conditions.
Green (2004) found wombats could excavate burrows that had been buried in up to 1.5
m of snow, and Triggs (1996) has observed wombats to dig through 30 cm of snow to
reach ground-based vegetation. On the other hand, this need to dig for grasses and herbs
during periods of snowfall is considered to be the constraint on their altitudinal
distribution (Pickering et al. 2004). When the snow cover is deep, wombats may
preferentially forage along the banks of streams where grasses are exposed (Triggs
1996), along road verges where the snow is cleared (Green & Osborne 1994) or in areas
denuded of snow by wind or ablation, such as north-facing slopes (Green 2005).
However, if the snow is particularly deep, animals may not survive. For example, there
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is anecdotal evidence that the wombat population in Kosciuszko crashed in 1981
following a year of deep snow (Green 2004).

2.3

CAPTURE METHODS

A major component of this study involved capturing wombats to examine individual
home range movements (Chapter 5) and resource selection (Chapter 6). Wombats were
captured and fitted with GPS tracking collars during the snow-free period (October –
May) using previously tested methods (McIlroy 1976; Evans 2000; Skerrat 2001).
Wombats were captured either in a trap placed on the burrow entrance, or on an
opportunistic basis with a hand-held net.
2.3.1

Trapping

Traps were fabricated using the design of Skerrat (2001). They were constructed of
weld-mesh (800 x 450 x 450 mm) with an inward swinging door that was propped open
by a stick when set. When the trap was triggered, an internal bar fell down over the door
to secure it. A sliding door at the other end of the trap facilitated removal of the animal,
but was wired shut when the trap was set to prevent the wombat escaping (Plate 2).
The entrance to the burrow was excavated, so that the trap could be placed relatively
level and flush with the opening. Two stakes were used to wire the trap in place, and
rocks or logs were used to block any gaps around the entrance. A plastic tarpauline was
used to cover the top of the trap to provide shelter for the trapped wombat.
Sixteen traps were placed throughout the study area on burrows that showed evidence of
recent wombat activity. Burrow activity was monitored using the method of McIlroy
(1973), whereby a few upright sticks were placed in the entrance to the burrow. A
burrow was deemed to be active when the sticks had been knocked over by a wombat,
and then a trap was set. Traps were initially left in place (tied open) for a few weeks in
order for the resident wombats to get used to moving in and out of the trap. However,
after initial trials, this period of adjustment did not improve capture rates, so traps were
subsequently placed on active burrows and set on the same night.
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Traps were not baited, but relied on animals emerging from the burrow to be captured.
Traps were set for a maximum of three nights. Set traps were checked at least once
during the night and in the early morning. A trap transmitter (Sirtrack) was also used on
traps that were further away from the road to signal when traps were triggered.
Capture rates from trapping were very low (16 trap-nights/wombat; Table 2.2) and it
was suspected that the placement of traps was deterring wombats from exiting the
burrows, or the burrows were not occupied. To investigate this issue during field trials,
infra-red cameras (FaunaFocus FF120, Faunatech/Austbat) were positioned on the traps.
These cameras confirmed that many wombats investigated the burrows, and knocked
over the sticks, but then moved on to other burrows, thus leaving an ‘active’ burrow
unoccupied. Even when a wombat was known to occupy the burrow, through targetted
trapping of collared wombats, the capture rate was still low. This was because some
wombats did not emerge in the three nights of the trap being set, or the wombat
managed to escape either through another unknown entrance, by digging around the trap
or, in one instance, breaking through the weld-mesh cage. Despite these problems, six
wombats were caught in 42 nights of trapping.
Table 2.2. Summary of trapping effort and capture rates of wombats.
Period

#

# trap/burrow

# trap

# wombats

nights

nights

nights set

caught

monitored
25/02/08 – 4/03/08

9

141

30

0

3/04/08 – 10/04/08

8

118

18

1

21/04/08 – 1/05/08

10

148

26

3

23/10/08 – 25/10/08*

3

4

4

1

21/04/09 – 24/04/09*

4

10

10

1

3/11/09 – 5/11/09*

3

3

3

0

11/12/09 – 15/12/09*

5

5

5

0

TOTAL

42

429

96

6

* targetted trapping of collared wombats
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2.3.2

Netting

Opportunistic netting of wombats along various roads proved to be a more productive
method of capture than trapping (Table 2.3). This method has been used previously
(Taylor 1993), and has been most successful when used in combination with stunning to
capture southern hairy-nosed wombats (Taggart et al. 2003). However, stunning was
not appropriate in this study because capture was undertaken on public roads within a
National Park.
Netting involved driving along sealed and dirt roads within the study area at night
(between approx. 9 pm and 3 am) searching for wombats on the road. Once sighted, the
vehicle was driven to within about 5 m of the wombat and a spotlight was used to hold
its focus while a catcher approached on foot with a net. The net was a long-handled
hoop net (1620 mm long handle with 840 mm diameter hoop), fabricated from one
piece welded aluminium tubing covered in black electrical tape and with wide mesh
fishing net (Plate 3).
Capture was most successful when the wombat was approached quietly and swiftly
from the outside edge of the spotlight. Environmental conditions may influence the
success of capture (Taggart et al. 2003), with dark, foggy nights appearing to be the
most suitable. In a few instances, the wombat escaped to a drain under the road and was
captured by placing the net over the entrance and waiting for it to emerge. Once
captured, a second, smaller net (commercially available fish landing net with fine
knotless mesh) was placed on top to help restrain the wombat for delivery of the
anaesthetic (see 2.3.3 below). Using this method, a total of 12 wombats was netted over
26 nights, with the highest success during October (Table 2.3).
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Table 2.3. Summary of netting effort and capture rates of wombats.
Period

#

Distance

# wombats

# wombats

nights

travelled

observed

caught

(km)
11/03/08 – 13/03/08

3

262

15

1

4/04/08 – 10/04/08

6

523

36

1

21/04/08 – 1/05/08

9

720

17

2

20/10/08 – 25/10/08

4

233

25

7

5/01/09 – 6/01/09

2

246

13

0

2/03/09 – 4/03/09

2

218

15

1

TOTAL

26

2202

121

12

2.3.3

Animal handling, measurements and marking

Captured animals were processed immediately upon capture and released on site.
Wombats were anaethetised to facilitate handling and to reduce consciousness to
minimise stress from capture (Evans et al. 1998). An intra-muscular injection of
zolazepam and tiletamine (Zoletil 100, Virbac Pty) was given at a dose rate of 3-12 mg /
kg (Evans et al. 1998; Jackson 2003) using a hand-held syringe and 20 gauge needle
while the animal was constrained by the net or trap. In initial trials of anaesthetic
delivery, captured wombats were darted at close range through the trap, as described in
Evans & Green (1997), using a commercially-available (Telinject) blowpipe and darts.
This method was unsuccessful; darts either deflected from the wombat, or broke, or
were unable to penetrate deeply enough for the drug to enter the tissue.
Once sedated, wombats were removed from the trap or net for physical examination,
measurement, marking and attachment of tracking collars. Physical examination
followed the procedures of Jackson (2003), and included an index of body condition,
which was a subjective score of one to five based on the appearance and feel of the ribs,
backbone and pelvis. Reproductive status, for females, was determined through an
examination of the pouch, and if pouch young were present, records were made of the
young’s sex, stage of development and crown-rump length. For male reproductive
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status, measurements were made of the testes size, and accessory gland length and
width. Notes were also made on the presence of ectoparasites, and signs of mange
(alopecia and thick crusts on skin) or trauma. Body length and head length were
measured with a tape measure. Wombats were weighed in a hessian sack using a
mechanical clock-face 50 kg spring balance (Salter Brecknell) lifted over a pole (see
Appendix 2.1 for body measurements of captured wombats). A small, coloured,
reflective cattle ear tag was fitted to assist in identifying individuals, and the GPS
tracking collar was attached (see 2.3.4 below).
Following examination, marking and collaring, wombats that were trapped in cages
were placed ventrally recumbent in the burrow entrance for full recovery from the
anaesthetic. Wombats that were captured by net were initially released at the site of
capture and observed during recovery as they moved away from the capture site.
However, this often took a long time as the wombat was disoriented and unstable on its
feet when it began to move. Therefore, later in the study, wombats were carried to a
nearby burrow, where it was placed in the entrance to recover. In every instance, the
relocated wombat moved into the selected burrow to recover, but then moved to another
burrow later in the night.

2.4

GPS COLLARS AND RADIOTRACKING

Thirteen adult wombats (seven male, six female) were fitted with a GPS tracking collar
(Sirtrack, NZ) based on the design of Evans (1997) as shown in Plates 4 and 5. Only
adult wombats were collared, because collars were not adjustable for growing animals.
The collar was made of soft seat-belt webbing material with rolled edges and weighed
approximately 300 g. The GPS chip was mounted in the webbing at the top of the collar
and an epoxy-moulded battery transmitter package was attached under the neck of the
animal. An external timed-release unit was mounted on the side of the collar at the
attachment point, and was pre-programmed to release at a set date and time (10 pm local
time, in the hope that the wombat would be above ground). The GPS was set on a 60
minute sample rate on a duty cycle of 8 hours on, 16 hours off, with a C-cell battery
estimated to operate for 12 months. The duty cycle started when the collar was activated
by a magnet, and this was done when the wombat was captured or earlier in the night,
before capture, so that the 8 hours of fixes would occur when the wombat was expected
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to be above ground and in range of the satellites. A VHF transmitter (large mammal
board, AA battery, 40 ppm) on individual frequencies in the range 150.020 – 150.280
MHz was incorporated to aid in retrieval of the collar, and could also be used to locate
the wombat during the study.
Each wombat was located using radiotracking on an opportunistic basis (an average of
six times per wombat) in order to gain familiarity with the home range area and gather
information on the burrows it was using. A Telonics TR-4 receiver with a directional,
three-element Yagi antenna was used to locate the wombats (Plate 6). During winter,
the receiver was contained in a waterproof housing (Model 9151, Sexton Photographics,
USA) and headphones were used with the unit. Signal reception was dependent on the
topography, but was much better than previously reported (e.g. McIlroy 1976; Brown &
Taylor 1984; Evans 2008); in a direct line of sight from a high point, the signal range
was up to 2 km when the wombat was underground in its burrow. Once the burrow was
located, the precise position of the wombat underground could be obtained using the
receiver, without the antenna attached, by pointing the aerial socket towards the ground.
This provided an excellent indication of the distance from the entrance of the burrow to
the resting location of the wombat.
2.4.1

Collar retrieval

GPS collars needed to be recovered from the field to download data. Some collars
released inside the wombat burrow, and these were retrieved using a specially
developed burrow camera, or by digging out the burrow. The burrow camera consisted
of a cabled micro-inspection camera (16mm x 75 mm; Brite Star opto-electronics) that
was mounted on wheels and attached to 25 mm PVC conduit to manipulate the camera
through the burrow as a push-rod system (Plate 7). The coaxial cable (6 m plus 10 m
extension) was fed through the conduit and attached to an LCD video monitor.
Although the camera incorporated visible light-emitting diodes, additional light was
required from high powered LED lights (Ay Up Lighting Systems) mounted above the
camera. Once the collar was located in the burrow, a hook and pole was used to snare it
and pull it to the surface.
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2.4.2

Data download

GPS data were downloaded from each collar to a laptop computer using the Sirtrack
interface unit and GPS Logger software. Some interim data were downloaded in the
field following the recapture of wombats during the deployment period. In these cases,
the collar was left on the wombat and the data were downloaded whilst the wombat was
sedated (Plate 8). Once the collar had released from the wombat at the completion of the
program, and retrieved from the field, all data were downloaded to the computer. Output
from the collars included date, time, latitude, longitude, the number of satellites used for
location estimates, and the horizontal dilution of precision (HDOP) of each location.
Locations were converted from Lat/Longs to Australian Map Grid coordinates, and
times were converted from Coordinated Universal Time (UTC) to local times
(Australian Eastern Standard Time / Australian Eastern Daylight Time) for display and
analysis in ArcGIS version 9.2 (Environmental Systems Research Institute 2006). GPS
data were screened for precision, the presence of improbable locations, and unusual
movements during the night of release. All locations with a poor precision (HDOP > 5)
were discarded.
2.4.3

Success of collars

All collars remained on wombats for the duration of the study until the timed-release
unit was programmed to release. Three wombats were recaptured in the intervening
period and could be examined for wear on the neck. Two wombats caught within six
weeks of the collar being fitted showed minor abrasions to the skin under the collar
below the jaw line and to the side of the transmitter package. One of these wombats was
photographed by a remote infra-red camera after the collar had come off, and there was
no longer any visible sign of injury or scarring below the neck (Plate 9). The third
wombat was trapped after seven months of the collar being fitted and showed no signs
of injury or wear from the collar. One wombat was found dead in its burrow when the
collar released, but there was no indication that the collar was the cause of death. The
wombat was known from radiotracking to be active up to nine months after the collar
was deployed, but the GPS stopped logging after two months.
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Of the 13 GPS collars deployed, 10 were recovered at the completion of the study. Of
the remaining collars, one could not be located due to VHF transmitter failure, another
remained on the wombat (timed-release failure) and could not be caught, and another
had dropped in a burrow and could not be retrieved. The VHF transmitter failed on two
of the recovered collars but they were later found on the ground (one by the author and
another by a hiker in the area). See Appendix 2.2 for individual histories of each
wombat captured and collared during the study.
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Plate 1. View of
Perisher Valley,
looking west across
the Kosciuszko Road
towards Mount
Sunrise. Photo by
Gaye Bourke.

Plate 2. A wombat
trap positioned on the
burrow entrance.
Photo by Peter
Barrett.

Plate 3. The hoop net
used to catch
wombats along
various roads. Photo
by Hannah
Kaminskas.
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Plate 4. GPS
wombat collar,
showing the epoxymoulded housing
(bottom), the timedrelease unit and VHF
antenna (right), and
the GPS receiver
(top). Photo by Tom
Kaminskas.

Plate 5. The GPS
collar fitted to a
wombat. Photo by
Tom Kaminskas.

Plate 6.
Radiotracking
wombats in winter.
Photo by Tom
Kaminskas.
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Plate 7. The burrow
camera used to
retrieve collars that
had released from the
wombat inside the
burrow. Photo by
Alison Matthews.

Plate 8. GPS data
from the collared
wombat is
downloaded to a
laptop computer in
the field. Photo by
Tom Kaminskas.

Plate 9. One in a
series of images of
wombat # 11
captured by an infrared camera at the
completion of the
study, showing the
animal in good
health.
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CHAPTER 3
THE INFLUENCES OF SNOW COVER, VEGETATION AND
TOPOGRAPHY ON THE UPPER RANGE LIMIT OF COMMON
WOMBATS VOMBATUS URSINUS IN THE SUBALPINE ZONE,
AUSTRALIA

3

THE INFLUENCES OF SNOW COVER,
VEGETATION AND TOPOGRAPHY ON THE UPPER
RANGE LIMIT OF COMMON WOMBATS
VOMBATUS URSINUS IN THE SUBALPINE ZONE,
AUSTRALIA1

3.1

INTRODUCTION

Shifts in the geographic range of species towards the poles and higher altitudes with
climate change have already been observed for a wide range of taxonomic groups and
geographical locations (see reviews by Walther et al. 2002; Parmesan & Yohe 2003)
and are anticipated for many species in south-eastern Australia in response to future
climate warming (Brereton et al. 1995; Green et al. 2008). Predicted reductions in the
snow cover in Australia due to climate change (Hennessy et al. 2003) will have a major
impact on the distribution of species in subalpine and alpine areas. Climate models for
mainland Australia predict that the area receiving at least 30 days of snow will decrease
30-93% by 2050 (projected low-impact and high-impact changes in climate,
respectively), with concurrent declines in the maximum depth of the snowpack
(Hennessy et al. 2003). Such changes could threaten species that rely on the insulating
properties of snow for survival. In contrast, other species that cannot survive in deep
snow may become more widespread under future climate scenarios.
To understand the impacts of climate change on species’ distributions, we first need to
understand what limits the range of a species (Brown et al. 1996). In alpine and
subalpine environments, snow cover limits the range of some animal species (Green &
Osborne 1998) by restricting their movements, hindering their ability to obtain food or,
with extreme snow events, directly causing mortality (Formozov 1946). Some species
avoid seasonal snow by migrating or hibernating; others that remain active in snowcovered environments may do so only at lower elevations (Marchand 1996). If snow is
the only limiting factor at the upper boundary of a species’ range, such populations
1

This chapter constitutes a paper published in Diversity and Distributions, vol. 16, no. 2, pp. 277-287,
2010, by Matthews, A., Spooner, P. G., Lunney, D., Green, K. and Klomp, N. I.
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should respond to a reduction in the snow cover by an increase in altitudinal
distribution. However, the distribution of other resources required by animals, such as
food supply or shelter, may also constrain their range (Austin 2002). Disturbances to
these resources, such as from fire, can also have an impactAn understanding of how
each species responds to both broad environmental and local habitat factors is needed if
we are to make predictions about range shifts with climate change (Pearson & Dawson
2003).
In this study, we investigate the extent to which snow cover and other local habitat
factors limit the current distribution of a common herbivore in south-eastern Australia,
the common wombat (Vombatus ursinus, Shaw 1800). There has been much attention
given to climate change impacts on threatened species, but changes in the distribution of
common species are also likely (Hughes 2003; Green et al. 2008). Common wombats
occur predominantly in forests, but they also extend into open woodland and occur at
higher elevations in the subalpine zone where snow covers the ground during winter,
although they are rarely observed above the treeline (Green & Osborne 1994; McIlroy
2008). Wombats feed primarily on grasses (Evans et al. 2006) and must dig for forage
during periods of snowfall. Consequently, this is considered to be the main constraint on
their altitudinal distribution (Pickering et al. 2004).
Recently, wombats have been observed at higher subalpine areas where they have not
previously been recorded, possibly corresponding with poor snow years (Green 2004),
but very little is known about their distribution and resource use above the snowline.
Changes in the range of this species, and other herbivores, to higher altitudes may have
an impact on the alpine ecosystem through an increase in grazing pressure. In the only
comparable study that exists, albeit in a subalpine area not normally covered by winter
snow (Green & Osborne 1998), native herbivores (wallabies and wombats) have been
implicated in the decline of tall alpine herbfields in the high country of Tasmania, where
they are common and abundant (Bridle & Kirkpatrick 2001). If wombats were able to
persist year-round at higher altitudes on the Australian mainland, then similar changes
to the alpine vegetation could be expected, and this has serious implications for the
conservation of these areas.
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In this study we address the following questions: (1) How does wombat occurrence vary
with altitude? (2) How does wombat occurrence vary in relation to seasonal differences
in snow cover? (3) What is the relative importance of snow and other habitat factors in
the distribution of wombats along the altitudinal gradient?

3.2

METHODS

3.2.1

Field surveys

An altitudinal transect was established in the study area (see Chapter 2) along the
Kosciuszko Road, between 1500 m and 1900 m elevation. Forty-two plots (100 m x 4
m) were established systematically along the altitudinal gradient (Figure 3.1). These
long, narrow rectangular plots were designed to maximise the chance of encountering
signs of the study species and to ensure adequate sampling of habitat variability. Plots
were located using a handheld global positioning system at points 100 m and 500 m
along perpendicular transects (positioned approximately 700 m apart) from the
Kosciuszko Road main transect. These distances between sampling plots were
considered large enough to avoid the possibility of resampling the same wombat, based
on reported home range statistics (average 17.7 ha; Evans 2008). The position of plots
also allowed for variation in aspect and distance from road. Plots were permanently
marked with plastic conduit pegs pushed into the ground beneath the snow during the
first survey in winter 2007 (August – September) and resurveyed in summer 2007
(November – December). Plots were surveyed in random order to ensure that surveys
over the altitudinal gradient were interspersed over the survey period to minimise
temporal sampling effects, such as weather.
3.2.2

Wombat data

Because common wombats are nocturnal and spotlight counts do not provide accurate
population estimates (McIlroy 1977), indirect signs, that are conspicuous and easily
counted, were recorded on plots. Presence data of common wombats were based on any
sign of the animal, including snow tracks (during winter), faecal pellets and occupied
burrows, observed during a slow walk/ski over the length of the plot. Common wombats
produce large, easily recognisable faecal pellets which are deliberately placed in
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prominent locations within their home range (Triggs 1996). This behaviour is likely to
result in a high probability of detection of wombat presence, so plots were visited once
only during each survey period. All plots in winter were surveyed 1-2 days after
snowfall so there should be minimal variation among plots in the accumulation of signs.

Figure 3.1. Study area showing the location and layout of survey plots (not to scale).
The shaded area above 1500 m is generally covered by snow during winter.
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3.2.3

Snow data

Snow depth was measured during winter every 25 m along each plot (n = 5) using an
avalanche probe. Snow density was measured every 50 m (n = 3) using a US Federal
snow sampler (Carpenter Machine Works, Seattle, WA, USA). In addition to snow
cover data recorded at the time of plot sampling, independent data were sought for
average maximum snow depth. Simulated snow models based on long-term data at a
broad resolution (Hennessy et al. 2003) were not considered suitable for this study.
Thus, an interpolated snow model was derived for the study area using the most recent
snow depth data recorded in 2004 at snow monitoring sites established within the study
area by Sanecki et al. (2006a). Maximum snow depth during 2004 was higher than 2007
(225.6 cm and 164.4 cm respectively), but the relative maximum snow depth among
sites over the altitudinal gradient was considered to be more important for these
analyses than the absolute value. The snow model was used to predict maximum snow
depth at five points along each sampling plot, with the maximum value used in
subsequent analyses. See Appendix 3.1 for further details of the snow modelling.
3.2.4

Habitat data

Habitat variables were either measured in the field during summer or derived using
ArcGIS version 9.2 (Environmental Systems Research Institute 2006). A total of 30
variables was selected a priori using knowledge of the species and its use of resources
for foraging and burrowing (McIlroy 1973; Mallet & Cooke 1986; Green & Osborne
1994; Triggs 1996; Buchan & Goldney 1998; Skerratt et al. 2004; Roger et al. 2007).
Altitude was derived from a digital elevation model (DEM) with 67 m resolution.
Topographic relief (the difference between the highest and lowest elevation within a
500 m buffer), was also derived from the DEM. Aspect and slope were measured at
each plot using a compass and clinometer, respectively. The geographical aspect was
transformed from a circular statistic into linear statistics for logistic regression using
sines and cosines to create variables of relative northness and eastness (Flury & Levri
1999). In this study location, northness is associated with snow ablating aspects and
southness is associated with snow accumulating aspects.
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The cover of vegetation and other ecosystem attributes in each sampling plot was
estimated using the point quadrat method (Wimbush & Costin 1979b). A straight length
of wire (1 m long x 1.5 mm diameter) was lowered vertically towards the ground at
every 1 m along each plot (n = 100) to estimate the percentage cover of the following
attributes: tussock grasses (intact or burnt), rushes/ sedges, forbs/ herbs, mosses, shrubs
(intact or burnt), tree trunks, bare soil, rocks, bare tree roots, litter and water.
The percentage cover of trees was recorded using the line intercept method over the
length of the plot, and the number of trees (both single and multi-stemmed > 10 cm
diameter at breast height) counted per plot. An estimate of woodland cover within 100
m and 500 m buffers around plot locations was also derived using a forest ecosystems
GIS layer with 25 m resolution.
Mean soil bulk density (g/cm3) and soil moisture (%) were measured from soil samples
taken at every 10 m along each plot (n = 10). Soil was extracted using steel ring cores (4
cm inside diameter x 4.9 cm deep: volume = 61.58 cm3), weighed, and then dried in an
oven at 80º C for at least 16 h to obtain dry weights for calculations.
Distances to water courses and roads were measured from five points along each plot
using the Near tool in ArcGIS Spatial Analyst. Available road and water features were
mapped at 1:25 000.
3.2.5

Statistical analyses

Logistic regression analyses were conducted using the presence/absence of wombat sign
in plots as the dependent variable. First, a univariate analysis was conducted to define
how wombat occurrence varied with altitude. Second, regression analyses of snow and
habitat predictors were conducted with the altitude variable removed in order to
investigate more proximal causes of patterns within the altitudinal range. Patterns of
occurrence in each season were modelled separately to examine temporal changes in
habitat use (MacKenzie et al. 2006).
For each season, forward stepwise logistic regression was used for exploratory purposes
to select important covariates (p values < 0.20) for inclusion in the model set (Hosmer
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& Lemeshow 2000; Alexander et al. 2006). All other variables were removed from
further analysis. Selected covariates were then tested for multicollinearity using
Pearson’s correlation. Highly correlated variables (|r| > 0.6) were identified and the
variable with the lower p-value in the stepwise procedure was retained. The variables
selected for inclusion in the candidate models are shown in Table 3.1.
Candidate models for winter and summer included the univariate model of maximum
snow depth and multivariate combinations of maximum snow depth with other selected
variables. Thus, models were designed to examine the influence of snow versus
combinations of snow and habitat variables on wombat occurrence. The maximum
number of predictors included in each candidate model was restricted to three, due to
the low number of observations (Hosmer & Lemeshow 2000; Guisan & Zimmermann
2000). In total, 37 candidate models for the winter season and 37 for summer were
examined.
To assess the validity of linear assumptions, generalised additive models (GAMs) were
fitted with relationships estimated by smoothing splines with 4 degrees of freedom
(Insightful Corp. 2007). Partial residual diagnostic plots of the fitted function of the
GAMs were examined in a multiple variable context (Guisan & Zimmermann 2000) to
determine the shape of the response curves and, consequently, the most appropriate
parametric form for each predictor variable in the candidate model (e.g. linear,
piecewise linear, polynomial) (Wiser et al. 1998).
Final fitted models were compared and ranked using Akaike’s Information Criterion
corrected for small sample sizes (AICc) (Sakamoto et al. 1986; Burnham & Anderson
2001; 2002). Each model was ranked based on its difference from the model with the
lowest AICc ( i), to indicate its relative support: models having
support while models having

i

i≤2

have substantial

4 have considerably less support (Burnham &

Anderson 2001; 2002). Akaike weights (wi) (Burnham & Anderson 2001; 2002) were
calculated across the set of candidate models to give a strength of evidence that model i
was the best model in the set. To determine the overall support for a particular habitat
variable, Akaike weights were summed over all candidate models in which the variable
was included (Burnham & Anderson 2001; 2002).
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Table 3.1. Variables selected for inclusion in the candidate models in winter and summer from the initial 30 possible variables.
Variable

Description

Model set

Mean (min – max)

Maximum snow depth

GAM model of maximum snow depth (cm)

Winter, summer

103 (41 – 200)

Topographic relief

Difference between maximum and minimum

Winter, summer

130 (77 – 230)

altitude within 500 m
Slope

Slope in degrees

Summer

18 (0 – 40)

Grass

Percentage cover of grasses

Winter

52 (12 – 81)

Herb

Percentage cover of herbs

Winter, summer

14 (1 – 32)

Moss

Percentage cover of mosses

Summer

2 (0 – 22)

Litter

Percentage cover of litter

Winter

8 (0 – 25)

Burnt grass

Percentage cover of burnt grasses

Winter, summer

5 (0 – 21)

Burnt shrub

Percentage cover of burnt shrubs

Winter, summer

5 (0 – 24)

Soil bulk density

Bulk density of the top soil

Winter, summer

0.46 (0.27 – 0.73)

Distance to water

Linear distance (m) to water courses

Winter, summer

196 (10 – 583)
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Initial model building was undertaken in SPSS v.14.0 (SPSS Inc. 2005). Generalised
additive models and final parametric logistic regression were computed using S-Plus 8.0
(Insightful Corp. 2007).
3.2.6

Model evaluation

Model adequacy was assessed both with the calibration data (i.e. 42 plots) and testing
data using a leave-one-out jack-knife procedure (i.e. 41 plots form the training set with
the remaining plot tested sequentially 42 times for each separate observation) . Jackknife tests were used because previous assessments have shown them to be consistent
with tests using independent data from a geographically separate location (Manel et al.
1999). Performance measures, and functions to be jack-knifed, included Cohen’s kappa
(κ) and the area under the curve (AUC) from a receiver operating characteristic (ROC)
plot (Fielding & Bell 1997; Manel et al. 2001).
Model evaluation was undertaken in R (R Development Core Team 2005). The R
function jackknife {bootstrap} (S original, from StatLib and by Robert Tibshirani. R
port by Friedrich Leisch, 2007) was used to compute both the AUC and kappa for the
test data. The R package ROC (http://www.bioconductor.org) was used to estimate the
AUC.
3.2.7

Sensitivity analysis

An assumption of these models is that the probability of detecting wombats when they
are present (i.e. their detectability) is equal over the altitudinal gradient. However, at
higher altitudes in winter it is more likely to snow more frequently and the snow is also
drier and more likely to drift with wind and obscure tracks and other sign on plots,
reducing detectability. Thus, the winter model was examined for sensitivity to variation
in detectability over the altitudinal gradient. The sensitivity of the model to reductions
in detectability from 1 to 0.9, 0.7 and 0.5 over the altitudinal gradient were examined.
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The posterior probability of occurrence (p) was obtained for each plot using the formula
by Wintle et al. (2005), which is based on an estimate of detectability (d), the number of
observed absences (v) and a prior belief in occurrence (p*):
p = p*(1-d)v / (p*(1-d)v + (1-p*))
For these analyses, p* was taken from the summer model prediction.

3.3

RESULTS

3.3.1

Wombat occurrence in relation to altitude and snow

Wombat sign was recorded in 18 of the 42 plots during winter and 23 plots during
summer. All plots recorded with wombat sign during winter, except one, were recorded
with wombat sign during summer. In both seasons, wombats responded strongly to the
altitudinal gradient (Figure 3.2). In univariate models, altitude explained approximately
40% of the total deviance (D2 = 0.406 and 0.414 for winter and summer respectively).
At low altitudes in the study site, the probability of wombat occurrence was high (>
90% at 1500 m), but it declined to below 50% (i.e. more likely to be absent) at altitudes
above about 1700 m. This pattern was consistent between seasons, but there was a
greater probability of wombat occurrence at higher altitudes during summer.
The sensitivity analysis showed that the chance of missing sign of wombats in the snow,
when in fact it was present, would only occur if detection rates halved over the
altitudinal gradient. There was no change in occurrence (i.e. from absent to present)
when detectability was reduced from 1.0 to 0.9 or 0.7 over the altitudinal gradient.
When the winter model was adjusted for a halving in detectability over the altitudinal
gradient, the probability of occurrence was similar to the summer model at low altitudes
and similar to the winter model at high altitudes (Figure 3.3).
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Figure 3.2. Pattern of wombat occurrence along an altitudinal gradient in the subalpine
zone of the Snowy Mountains during winter and summer. The solid lines are the fitted
logistic regressions (winter: logit(p) = 38.819 - 0.023(Alt); summer: logit(p) = 41.414 –
0.024(Alt)) and the dashed lines represent 95% confidence intervals.
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Figure 3.3. Sensitivity of the winter model to a decline in detectability to 0.5 over the
altitudinal gradient. Curves are logistic fits for the winter model (dotted line), summer
model (solid line) and winter model adjusted for detectability (dashed line).
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During the winter survey, wombat sign was recorded more frequently in plots with little
or no snow, whereas no wombats were recorded where snow depth was greater than 70
cm (Figure 3.4). In the assessment of more proximal causes of patterns within the
altitudinal range, snow cover was the most influential variable in the distribution of
wombats. The modelled maximum snow depth was the most significant variable among
all variables in the stepwise logistic regression for both the winter and summer models
(see Appendix 3.2 for additional significance tests of each predictor variable included in
the models). Snow depth measured on plots during winter was highly correlated with
the interpolated model of maximum snow depth (r = 0.65) but was less influential as a
predictor of wombat occurrence.
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Figure 3.4. The presence or absence of wombat sign (tracks, scats or burrows) in
relation to snow depth on plots surveyed over the altitudinal gradient during winter
2007 in the Snowy Mountains.
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In both winter and summer, the top models included multivariate combinations of
maximum snow depth with other habitat covariates (Table 3.2). In comparison, the
univariate model of maximum snow depth had essentially no support as the best model
in either season and ranked 24/37 in winter (

i

= 15.31) and 22/37 in summer (

i

=

12.91). Comparisons of the top models with and without the maximum snow depth
variable showed that models with snow and habitat variables were better predictors of
wombat occurrence than models with habitat variables alone (Table 3.3). Thus, habitat
factors in combination with snow cover were best at explaining the occurrence patterns
of wombats, as detailed below.
3.3.2

Winter models

There were four winter models within 4 AICc units ( i<4) of the best model that
included maximum snow depth with other habitat variables (Table 3.2). Topographic
relief, a measure of terrain ruggedness, was positively related to wombat occurrence and
was particularly important in the winter season (included in 3 of 4 top models; summed
Akaike weights = 0.50). More rugged terrain would allow wombats access to a wider
range of altitudes, snow depths and shelter sites. In the winter models, the response
curve of this variable showed that a piecewise linear form was a better predictor than
the linear form. Thus, the influence of topographic relief on the probability of wombat
occurrence appears to occur above a threshold of approximately 120 m.
Burnt grass was included in 2 of the 4 top models, including the best model (ranked 1),
and was an important predictor of wombat occurrence (summed Akaike weights =
0.56). Burnt grass was recorded on plots ranging up to 21% of the ground cover, and the
probability of wombat occurrence declined with an increasing cover of burnt grass. The
percentage cover of grass was also included in the best model and has reasonable
support (summed Akaike weights = 0.50), while litter was relatively less important
(summed Akaike weights = 0.22).
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Table 3.2. Top AIC models (∆i ≤ 4.0) for wombats in (a) winter and (b) summer.
Model rank

-2 Log(L)

K

AICc

∆i

wi

Max snow depth

Topographic relief

Litter

Grass

Burnt grass

(a) Winter
1

12.65

5

24.32

0

0.48

( )

2

14.29

5

25.95

1.63

0.21

( )

(p )

3

18.60

4

27.68

3.36

0.09

( )

(p )

4

16.19

5

27.85

3.54

0.08

( )

(p )

1.00

0.50

wi
Model rank

-2 Log(L)

K

AICc

∆i

wi

Max snow depth

(q)

( )

( )

( )
0.22

0.50

Topographic relief

Soil bulk density

( )

( )

0.56
Burnt grass

(b) Summer
1

20.44

4

29.53

0

0.60

( )

2

20.61

5

32.28

2.76

0.15

( )

wi

1.00

0.60

( )

(p )

0.97

0.16

-2 Log(L), log-likelihood of the model; K, number of estimated parameters in the model; AIC c, Akaike’s Information Criterion corrected for small sample sizes; ∆ i, difference
between model AICc and model with the lowest AICc; wi, Akaike weights.
Akaike weights for each variable are summed across all candidate models in the set.
Symbology: the form of the variable included in the model is shown as linear ( or ), piecewise linear (p or p ) or quadratic (q).
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3.3.3

Summer models

There were two summer models within 4 AICc units of the best model (Table 3.2),
indicating less model uncertainty than shown for winter models. Soil bulk density was
included in the two top models in summer and it was the most important habitat variable
(summed Akaike weights = 0.97). Wombat occurrence showed a positive relationship
with soil bulk density, indicating that wombats avoided low bulk density associated
with very wet sites, such as bogs. Soil bulk density and soil moisture content were
highly negatively correlated (r = -0.73).
Topographic relief also had good support in the summer models (summed Akaike
weights = 0.60), while the percentage cover of burnt grass was less influential in
wombat occurrence in this season (summed Akaike weights = 0.16).

Table 3.3. Change in the Akaike’s Information Criterion ( AICc) of the 4 top winter
models and 2 top summer models when the snow variable (maximum snow depth) was
removed.
Model rank

Snow + habitat AICc

Habitat only AICc

AICc

1

24.32

50.32

26.00

2

25.95

42.18

16.23

3

27.68

43.00

15.32

4

27.85

39.78

11.93

1

29.53

45.87

16.35

2

32.28

51.30

19.02

Winter

Summer
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3.3.4

Model performance (both seasons)

Jack-knifed estimates of AUC for the top models in winter were greater than 0.8,
indicating good discrimination ability. Estimates for the top summer models were
slightly lower, but still greater than 0.7. Similar performance was indicated by the kappa
values: winter models showed substantial agreement between observed and expected
data, and the summer models showed moderate agreement (Table 3.4).

Table 3.4. Model performance of test data for the 4 top winter models and 2 top
summer models.
Model rank

AUC

κ

1

0.90 (0.01)

0.76 (0.02)

2

0.88 (0.01)

0.72 (0.03)

3

0.88 (0.01)

0.72 (0.03)

4

0.90 (0.01)

0.76 (0.03)

1

0.81 (0.02)

0.59 (0.03)

2

0.79 (0.03)

0.53 (0.06)

Winter

Summer

Values are means (± SD) from jack-knife data.
AUC, area under the curve from a receiver operating characteristic plot; κ, Cohen’s kappa.
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3.4

DISCUSSION

Wombats in the subalpine zone of south-eastern Australia are generally considered to be
limited at high altitude by winter snowfall that prevents access to burrows and grasses
for feeding (Pickering et al. 2004; Green 2005). However, the results of this study
indicate that snow cover alone does not fully explain the upper range limit of wombats
in the subalpine zone. Rather, wombat occurrence is influenced by local habitat features
(topography, soils, vegetation) in combination with maximum snow depth.
High-relief terrain was an important influence in the distribution of wombats. This
finding supports previous observations by McIlroy (1973) that wombat densities in the
Snowy Mountains are greater in rugged areas compared with the undulating areas with
less relief. Other studies have shown that site terrain is a key factor influencing
herbivores in snow covered environments (Pearson et al. 1995; Nellemann & Reynolds
1997; Poole et al. 2009). More variable topography would allow wombats to adopt
strategies to avoid deep snow during winter, such as selecting sites on windswept slopes
or warmer aspects. Thus, even at higher altitudes, wombats would be able to select sites
that correspond with the more favourable conditions that are found at lower altitudes.
The results of this study also showed that burnt grass had a negative influence on the
probability of wombat occurrence. Tussock grasses form the main component of the
diet of wombats (Evans et al. 2006) and areas of burnt grass appear to have been
avoided. The burnt grass measured in this study was a result of widespread fires which
occurred in Kosciuszko National Park in 2003, four years before our surveys.
Immediately post-fire, Green (2005) found that wombats had larger home ranges when
their range incorporated burnt sites, perhaps due to the decreased availability of unburnt
forage. New growth on burnt sites may initially provide improved forage quantity and
quality for herbivores, but protein content of burnt Poa grasses may decline in
subsequent years to levels below that of unburnt grass (Leigh et al. 1991). Further
research on the long-term changes in the quality of grasses post-fire, and the nutritional
requirements of wombats, would be needed to establish likely causes for their avoidance
of burnt sites. Nevertheless, fire does appear to have a negative influence on wombat
occurrence, and this has important implications in regards to climate change where
models have predicted an increase in the frequency of extreme fire-weather in south53

Chapter 3: Influences on the Upper Range Limit

eastern Australia (e.g. Lucas et al. 2007). Changes to disturbance regimes, such as fire,
will increase the complexity of predicting range shifts of species, such as wombats, in
response to a reduction in snow cover.
A surprising result in this study was the influence of soil bulk density on wombat
occurrence in summer. In a study conducted in the central tablelands of south-eastern
Australia (i.e. drier conditions, and at lower altitude to this study), Buchan & Goldney
(1998) found that low soil bulk density was a significant predictor of wombat burrows
on podsolic soils. In contrast, our study revealed a positive correlation between soil bulk
density and the probability of wombat occurrence. This may be explained by altitudinal,
substrate and drainage differences in subalpine areas, where low soil bulk densities are
associated more often with peats, occurring around bogs and fens, and these habitats
were generally not suitable for either foraging or burrowing by wombats. This
highlights one of the problems of local scale models in projecting outcomes to other
areas when potentially truncated species response curves are created (Trivedi et al.
2008).
The upper range limit of wombats, as modelled in this study, showed a reasonable
correspondence with the upper treeline, i.e. at the boundary of the subalpine and alpine
zones. This was in agreement with previous observations that wombats occur
commonly to the treeline, but rarely above (Green & Osborne 1994). It was
hypothesised that environmental variables relating to trees, such as woodland area,
canopy cover, and number of stems, would influence the distribution of wombats, but
this was not supported by our models. In other studies of wombat distribution, Roger et
al. (2007) found that proximity to moderate levels of tree cover (approximately 50%
cover) was an important predictor of wombat occurrence. However, their analyses were
based on the presence of burrows, which may be significantly different from a
wombat’s foraging range identified through tracks and scats, as conducted in this study.
Other authors have also found burrows associated with forested or woodland areas
(McIlroy 1973; Mallet & Cooke 1986; Green & Osborne 1994; Murray 2001), and
higher levels of burrow activity within forested areas (McIlroy 1973; Buchan &
Goldney 1998). Since wombats are dependent on burrows, the proximity of the treeline
may still be an important constraint in their altitudinal range.
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Seasonal differences in the models of wombats between winter and summer showed
that there was a greater probability of wombat occurrence at higher altitudes during the
snow-free period. However, the absolute altitudinal limit (i.e. at the treeline) remained
the same between winter and summer. The changes in occurrence at higher subalpine
sites are possibly due to wombats dispersing to, or selecting within the home range,
more suitable conditions during winter. This type of seasonal fluctuation at the range
boundary is typical of mobile organisms (Guo et al. 2005), although long-term
environmental changes in the snow cover could lead to wombats inhabiting higher
altitudes throughout the year.
The difficulty in predicting range shifts for wombats, or any other species, is that the
area beyond the range edge is effectively a novel environmental space (Kearney et al.
2008), and using current habitat preferences may produce erroneous predictions. For
example, some expanding species have shown an increased habitat breadth in their new
range (Thomas et al. 2001). An alternative to using data on species occurrence to
predict range shifts is to create models based on a species’ ecophysiology (e.g. Kearney
et al. 2008) or behaviour (Lima & Zollner 1996). However, these require further
knowledge of the species, and thus the challenge is to gain a much greater
understanding of a species’ ecology, and the system in which it exists, in order to
predict future changes in relation to climate or other disturbances.
3.4.1

Study limitations

The generation of local-scale habitat variables places inherent limitations on the design
and utility of distribution models. Large sample sizes are generally not feasible given
the constraints of intensive field data collection. Nevertheless, these variables were
shown to be important in describing the distribution of wombats in this study and
should not be disregarded for the more easily obtained macro-scale variables typically
derived from GIS layers. Species distribution models are usually implemented for areas
with broad extents and/or using coarse resolutions (Araújo & Guisan 2006), but in
mountain environments such as those described in this study, fine-resolution data are
needed to account for the highly variable mountainous terrain (Trivedi et al. 2008). We
acknowledge that the utility of local models for predictive mapping is constrained due
to their site-specific nature, which may limit their relevance to other locations. This
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study was conducted along one altitudinal gradient, so its applicability to other
subalpine sites remains to be tested using truly independent evaluation data from a
geographically separate location (Guisan & Zimmerman 2000). However, we are
confident in the study’s conclusions, as jackknife test results showed moderate to
substantial performance, providing a robust indication of the accuracy of the models
presented here.
3.4.2

Conclusions

These models demonstrate that, for our study area in the subalpine zone, both snow
depth and local habitat factors contribute to the distribution of wombats. These local
habitat factors, such as vegetation and topography, may constrain the range of wombats
even if snow depth declines. Svenning & Skov (2004) describe this phenomenon as
‘low range filling’, where the environmental envelope changes due to external climatic
influences, but a species is not capable of filling the expanded range because it is
constrained by other habitat factors. For wombats, the most important habitat factor
limiting their upward movement as the snow cover declines, may be the availability of
suitable burrow habitat that provides adequate shelter, since the grass species on which
they forage are present above the treeline. Disturbances, such as fire, also appear to
influence wombat occurrence and may also be important factors driving future range
shifts under predicted climate change scenarios (Hennessy et al. 2003).
Future studies of animal range shifts should consider the influence of local habitat
factors since these factors are likely to play a role even where there are strong regulating
environmental factors. Other studies have also highlighted the problems of using
climate-only models for predicting range shifts (e.g. Preston et al. 2008; Duncan et al.
2009). Local ecological studies, such as this study on wombats, need to be conducted in
parallel with broad scale climate modelling if we are to understand, predict and manage
shifts in species distributions.
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CHANGES IN FINE-SCALE MOVEMENT AND
FORAGING PATTERNS OF COMMON WOMBATS
ALONG A SNOW-DEPTH GRADIENT1

4.1

INTRODUCTION

Foraging in snow-covered environments is energetically demanding for large
herbivores, particularly grazers, because they must dig through the snow to reach low
vegetation. Feeding strategies, as well as movements among foraging patches, are
influenced both by snow depth and snow quality (density and hardness) (Skogland
1978; Brown & Theberge 1990; Schaefer & Messier 1995a; Ihl & Klein 2001; Larter &
Nagy 2001). As snow depth increases, or snow quality becomes less favourable, a
grazer may choose to tolerate conditions by making changes in their foraging behaviour,
or avoid those areas altogether because they have reached their limit of tolerance.
Changes in foraging behaviour observed in ungulate populations foraging in snow
include 1) seeking out more favourable patches for foraging within the landscape, such
as sites with shallower snow (Larter & Nagy 2001), 2) employing optimal foraging
patterns to reduce energy costs, such as spending more time foraging in fewer patches
(Schaefer & Messier 1995b) and 3) supplementing or switching diet to include aboveground forage (Sweeney & Sweeney 1984; Brown & Theberge 1990).
Thresholds for cratering (i.e. digging and removing snow to reach forage) differ among
species and geographic locations. For example, muskoxen Ovibos moschatus generally
forage in areas with less than 30 cm of snow (Larter & Nagy 2001), elk Cervus elaphus
shift from grazing to browsing when snow depths reach approximately 40 cm (Sweeney
& Sweeney 1984) and caribou Rangifer tarandus switch from feeding on low
vegetation to arboreal lichens when snow depths exceed about 60-75 cm (Marchand
1996) and up to 125 cm in some regions (Brown & Theberge 1990). Limits of tolerance
to snow are likely to be reached at cratering thresholds for obligate grazers but may be
significantly greater for species that are more flexible in their diet.

1

This chapter constitutes a paper published in Wildlife Research, vol. 37, no. 3, pp. 175-182, 2010, by
Matthews, A.
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In Australia, common wombats Vombatus ursinus are large, herbivorous marsupials that
feed primarily on grasses (Evans et al. 2006). They are active above the snowline during
winter, and, like ungulates, dig through the snow to reach low vegetation. This need to
dig for grasses is considered to be the greatest limitation on their occurrence in alpine
areas (Pickering et al. 2004), but there have been no quantitative studies investigating
the influence of snow on their foraging behaviour. Wombats have been observed to
forage through 30 cm of snow (Triggs 1996), but they may have greater tolerance for
deeper snow because they are good diggers, and have been seen to excavate burrows
buried in up to 150 cm of snow (Green 2004). Furthermore, they may feed on some
shrub species when grasses are less accessible in snow (Green 2005). More detailed
measures of foraging behaviour may help to interpret current altitudinal limits of
wombats.
The aim of this study was to determine how wombat foraging movements are affected
by snow and other habitat attributes. Previous approaches to investigate how snow
depth influences foraging behaviour of herbivores have compared time through winter
as snow was accumulating (e.g. Schaefer & Messier 1995a; Johnson et al. 2001) or
differences in snow cover among years (e.g. Schaefer & Messier 1995a; Ihl & Klein
2001). An alternative is to examine foraging behaviour along an altitudinal gradient
where there is variation in snow depth within the range of the population. Using this
approach, it is possible to examine whether greater behavioural changes are made with
increasing snow depths and where the limit of tolerance lies. For wombats, the specific
objectives were to: (1) determine whether forage site selection is influenced by snow
depth, (2) examine changes in foraging behaviour and diet with increasing snow depths,
and (3) identify a threshold snow depth for foraging. Since there is little information
regarding wombat foraging behaviour in the snow, other aspects of their movement and
feeding choices, such as what they eat and where they forage in the landscape, were also
examined.

4.1.1

Study area

The study was conducted within a 10 km radius of Perisher Valley (36º24´S, 148º25´E)
in the Australian Snowy Mountains (Chapter 2). Wombats were generally the only
herbivore in the study area to dig snow craters to access forage. Hares Lepus capensis
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occurred throughout the study site, but are poor diggers and generally browsed on
shrubs protruding above the snow. Rabbits Oryctolagus cuniculus are not well-adapted
to snow and occurred only at lower elevations and in disturbed sites such as along
roadsides where the snow was cleared and they did not have to dig for grasses and
forbs. Eastern grey kangaroos Macropus giganteus and red-necked wallabies M.
rufogriseus are grazing species that are also poorly adapted to snow and, consequently,
were infrequently encountered above the snowline during winter. Swamp wallabies
Wallabia bicolor are a browsing species and are occasionally encountered above the
snowline (Green & Osborne 1994), but were not observed around wombat tracks.

4.2

METHODS

Snow tracks of seventeen wombats were located along an altitudinal gradient from 1520
m to 1850 m above sea level during four weeks in mid-winter 2008 (July – August).
Snow tracks revealed the nocturnal foraging path of the wombat from its burrow to
where it fed. Tracks were located in the field by skiing to selected burrows (known to
the author), as a starting point. Burrows were selected randomly from a map, and were
distributed at least one kilometre apart to ensure different individuals were tracked. If
the randomly selected burrow was not being used by a wombat and no tracks were
present, a search was made of the surrounding area until a track from the next nearest
burrow was located. In addition, tracks of wombats being monitored in a separate study
using radio-telemetry were followed using the same criteria for independence. If more
than one track was found to be leading to and from the selected burrow, the most recent
track (based on a visual interpretation of the imprint in the snow) was chosen.
Once located, each track was followed on skis until the track ended at a burrow or sign
of the track was lost (average distance = 400 m). Snow measurements, including snow
depth, sinking depth (i.e. the depths to which wombats sank in snow) and digging depth,
were taken every 20-30 m along the track where the wombat had moved and at each
feeding point and burrow encountered. A feeding point was defined as any discrete
crater or snow-free location where a wombat had attempted to forage. At the smallest
scale, some authors refer to this as a feeding station (e.g. Senft et al. 1987). Snow
measurements were taken to the nearest 1.0 cm with an avalanche probe or 30 cm
plastic ruler. Snow depths at feeding points were taken within 10 cm of the edge of the
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crater to reflect snow depth before snow was excavated. Similarly, snow depth at
burrows was taken at the edge of trails into the entrance to reflect snow depth before
excavation or compaction from regular use. Sinking depth was used as a proxy for snow
quality (density and hardness) because wombats are nocturnal, and snow measurements
could not be taken at the time the track was made (Lundmark & Ball 2008).
The position of each relocation point of activity (move, feed, burrow) along the track
was recorded on ArcPad (ESRI, Redlands, CA) with a handheld computer
(TDS/Trimble Nomad, Tripod Data Systems Inc., Corvallis, OR) that incorporated an
internal geographical positioning system (GPS) with an autonomous accuracy of ~10 m.
Attributes of the environment, including the habitat, topography, snow measurements,
feeding point attributes and burrow attributes were also recorded directly into the spatial
point layer on ArcPad. Habitat was categorised as open, tree base, shrub, creek edge,
roadside, boulder, trail or other. Topography included ridge, slope, gully or plain.
Craters were categorised as single, trench or extensive, and an estimate of the size was
made using measurements of the length and width. Feeding points were categorised as
successful or not successful, depending on whether vegetation was exposed and bite
marks or stripped vegetation was evident. The type of vegetation at the feeding point
was identified to broad classes (Poa grass, other grass, flax lily, rush, reed, sedge, herb,
shrub, moss, bark, eucalypt shoots or other) and the species of shrub noted. Burrow
attributes included whether it had been excavated or entered by the wombat.
4.2.1

Spatial and statistical analyses

Mixed-effects models were used to examine variation in snow depth and sinking depth
with wombat activity (feeding or moving) and habitat, with individual tracks included
as a random effect. Variance components analysis was used to assess how much
individual tracks contributed to the variance. Habitat was combined for analyses into
five categories: open, tree, mixed vegetation, rock, and linear habitats (e.g. roads,
creeks). Modelling was undertaken using the MIXED procedure in SAS v. 9.2 (SAS
Institute Inc. 2009).
Spatial analyses of the movement path were conducted in ArcGIS v. 9.2 (ESRI Inc.)
using Hawth’s Analysis Tools v. 3.27 (Beyer 2007) to convert relocation points to paths
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and calculate distances. Deviation angles at each relocation point along the path were
calculated in ArcView v. 3.3 with the extension, Path, with Distances and Bearings v.
3.2b (Jenness 2007). Deviation angles measure the deviation from the bearing
regardless of direction (Bell 1991). The values therefore range between 0 - 180º, with
higher deviation angles reflecting a greater change of direction (Jenness 2007). Mean
turn bias was estimated by designating left deviation angles as (-) and right deviation
angles as (+), then summing the signed values and taking the average. This measure
thus quantifies the looping characteristics of the path by taking into account left and
right turns from the bearing (Bell 1991). Turning angles (measured on a circular scale)
are an integral part of random walk models (Turchin 1991), but rather than modelling
the movement process, the aim here was to directly test aspects of movement behaviour
in relation to foraging conditions (Kernohan et al. 2001). Variation in deviation angles
with habitat (open or other habitats) and wombat activity was also examined using a
mixed-effects model with wombat track included as a random effect.
4.2.2

Diet analysis

Fresh faecal pellets (n = 34) were collected along 14 tracks for dietary analysis. A single
pellet was collected from a group of pellets at one to three locations along the track.
Faecal pellets were kept frozen in the field, then dried in an oven set to 60 C for 24
hours before analysis. Microhistological analysis of plant epidermal fragments followed
the procedures of Davis et al. (2008) with just one subsample of 100 fragments analysed
per pellet using point quadrat analysis (Norbury 1988). Pellet material was soaked in
hot water and stirred before slide preparation to ensure particles were mixed. Fragments
were bleached and then stained with 1% aqueous solution of gentian violet to render the
epidermis identifiable (Evans & Jarman 1999). Plant material was mounted on
microscopic slides using a corn syrup (KaroTM, ACH Food Companies Inc., Memphis,
TN) medium. Plant fragments were assigned to broad taxonomic categories: (i)
monocots, and (ii) dicots. The mean proportion of plant epidermal fragments within
each category was calculated for each track. This method of dietary analysis can
produce some bias between the ingested and faecal proportions of some plant types
(Evans et al. 2006). However, biases are likely to be similar among wombat tracks and
comparisons can be made with previous studies of wombat diet that have used this
method without calibration (e.g. Evans et al. 2006; Davis et al. 2008).
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4.3

RESULTS

4.3.1

Snow measurements along tracks

Wombat tracks were distributed along a snow depth gradient, with average snow depth
ranging from 14 cm to 133 cm at relocation points along the track where the wombat
was moving (Table 4.1). The maximum snow depth encountered on wombat tracks was
187 cm. Generally, snow depth increases with elevation (Sanecki et al. 2006a), but
because field surveys were conducted over a four week period as snow was
accumulating, there was no significant correlation between altitude and snow depth on
the tracks (r = 0.223, 15df, P > 0.05). Patchy snow cover was more frequently
encountered at lower elevations, but also occurred on some northerly aspects at higher
elevations. Burrows were located in snow depths up to 138 cm (Table 4.1), although
some entrances were reached through a snow tunnel that extended up to 200 cm in
length.
Snow depth along tracks varied significantly according to feeding activity and habitat
(Table 4.2; Fig. 4.1). Inclusion of the differences among tracks reduced the residual
variance by 68 %. Wombats selected sites to feed where the snow was shallower (leastsquares mean = 35.2 ± 7.2 cm) compared with where they moved (47.9 ± 7.4 cm).
However, successful foraging still occurred in snow depths up to 100 cm (Table 4.1).
Open habitats had significantly deeper snow compared with trees, rocks and linear
habitats (differences in least-squares means = 21.6 cm, 20.4 cm and 19.8 cm
respectively; t352 = 7.0, 3.5 and 3.7, P < 0.05). Foraging in open habitats often appeared
to be opportunistic, such as where grasses or shrubs protruded above the level of the
snow. There was no significant interaction between habitat and feeding activity (Table
4.2).

62

Table 4.1. Snow depth (cm) along wombat tracks in the Snowy Mountains, Australia.
Track
1

Altitude
(m)
1740

Min. snow
depth (cm)
0

Max. snow
depth (cm)
122

Mean snow depth at relocation points (maximum) (cm)
Move
n
Feed
n
Burrow
78.3
19
24.4
7
0.0

2

1730

0

115

51.0

17

17.8

4

67.0

2

3

1750

0

100

55.2

21

32.3

3

75.0

2

4

1650

0

50

28.7

19

12.5

15

23.0

3

5

1700

0

70

35.3

23

27.1

17

49.6

5

6

1640

0

45

24.9

8

0.0

6

15.7

3

7

1850

48

122

72.9

9

66.0

1

80.0

2

8

1590

4

55

42.1

13

17.1

10

32.0

4

9

1700

22

109

67.2

9

42.3

8

70.0

1

10

1620

0

138

65.0

20

35.6

21

82.0

2

11

1670

11

120

68.2

12

39.1

13

85.0

2

12

1670

0

90

57.4

9

12.5

14

61.5

2

13

1580

0

55

14.1

14

0.0

7

21.8

4

14

1720

20

105

59.6

14

60.6

11

56.5

2

15

1520

5

116

87.2

6

72.6

10

67.0

1

16

1540

30

126

72.0

4

62.3

3

126.0

1

17

1780

80

187

133.4

11

97.3

3

130.0

1

n
1

Track
Total

Altitude
(m)

Min. snow
depth (cm)

Max. snow
depth (cm)

0

187

*Maximum snow depth at successful feeding sites.

Mean snow depth at relocation points (maximum) (cm)
Move
n
Feed
n
Burrow
56.2 (187)

228

31.8 (100*)

153

52.3 (138)

n
38
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Table 4.2. Tests of fixed effects on snow depth along wombat tracks. Sample size is
379 observations from 17 individual tracks.
Effect

d.f.

F

P

Activity

1, 352

14.23

<0.001

Habitat

4, 352

15.09

<0.001

Activity x habitat

4, 352

1.03

0.390

80
70

Snow depth (cm)

60
50
40

Feed
Move

30
20
10

0
Open

Tree

Mixed Veg

Rock

Linear

Habitat

Figure 4.1. Mixed-effects model comparison of snow depths (least-squares mean ±
standard error) in different habitats along tracks of wombats at relocation points where
the wombat was moving or feeding.

Sinking depth was positively correlated with snow depth (r = 0.31, 428 df, P < 0.01) but
did not vary significantly with wombat activity (Table 4.3). Inclusion of individual
tracks reduced the residual variance by 30 % in the model of sinking depth. Estimated
sinking depths averaged 5.1 ± 0.8 cm at feeding points and 6.2 ± 0.9 cm when the
wombat was moving. Maximum sinking depth was 35 cm, and at this depth, a trench
was formed along the track by the wombat as it pushed through the snow. Sinking depth
varied significantly with habitat, and there was an interaction effect between feeding
activity and habitat (Table 4.3; Fig. 4.2). Wombats avoided feeding in very soft snow
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around mixed vegetation, such as shrubs, where sinking depths were high (difference in
least-squares means between moving and feeding = 6.4 ± 1.5 cm; t352 = 4.39, P < 0.05).

Table 4.3. Tests of fixed effects on sinking depth along wombat tracks. Sample size is
379 observations from 17 individual tracks.
Effect

d.f.

F

P

Activity

1, 352

2.64

0.105

Habitat

4, 352

6.77

<0.001

Activity x habitat

4, 352

3.97

0.004

14

Sinking depth (cm)

12
10
8
Feed
Move

6

4
2
0
Open

Tree

Mixed Veg

Rock

Linear

Habitat

Figure 4.2. Mixed-effects model comparison of sinking depths (least-squares mean ±
standard error) in different habitats along tracks of wombats at relocation points where
the wombat was moving or feeding.
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As snow depth increased along the gradient, deeper snow was encountered at feeding
points (r = 0.779, 10df, P < 0.01) and, consequently, digging depths also increased (r =
0.704, 10df, P < 0.05). Up to 66 cm of snow was excavated at feeding points to reach
low vegetation, although digging depths were most frequently less than 30 cm (Fig.
4.3). Not all snow needed to be removed to reach the tips of ground-based vegetation
for feeding. Snow craters that were abandoned (i.e. unsuccessful feeding points) were
on average 29 cm deep (maximum 45 cm). More snow was removed by wombats to
reach ground-based vegetation when the snow was deeper because of the relationship
between snow depth and digging depth at a feeding point (r = 0.669, 80df, P < 0.01),
but the size (m2) of the snow crater was not significantly correlated with snow depth (r
= -0.089, 80df, P > 0.05).

Figure 4.3. Frequency histogram of digging depth (or ‘crater’ depth) at feeding points
along wombat tracks. The solid line is the normal distribution curve.
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4.3.2

Feeding point attributes

Feeding points were located in open habitats (32.7% of records), at the base of trees
(29.4%), shrubs (17%), boulders (9.2%), eucalypt saplings (4.6%), or along
watercourses (3.9%). Almost half (48%) of all feeding points involved no cratering
(Fig. 4.3). At these sites, grasses or shrubs projected above the snow or were exposed
around tree bases or rocks where the snow had melted and wombats were able to feed
without digging through the snow. However, even along tracks where the snow cover
was patchy, such as at lower elevations or on northerly aspects, wombats still selected
points to forage where some cratering of the snowcover was required. Single craters
occurred at 41% of feeding points, averaging 0.4 m2. Trenches or more extensive
cratering activity occurred at 11% of feeding points and were up to 10 m2 in area.
4.3.3

Spatial patterns of foraging

Foraging occurred along fairly direct routes between burrows, often with multiple
burrows visited en route. The average distance between burrows visited along tracks
was 211 ± 27 m, while the mean distance between feeding points ranged from 8 m to 40
m. The movement path was roughly linear with a mean turn bias of 9.9° and mean
deviation from the bearing of 52.2°. The movement path rarely crossed over itself,
except in some small patches of aggregated feeding points.
The movement path appeared to be directed in many instances towards visual
landmarks, such as trees and rocks, where more accessible forage might be found. The
mixed-effects model showed that deviation angles at feeding points were significantly
greater than at relocation points where the wombat was moving (least-squares means =
67.8 ± 5.5º and 38.5 ± 4.9º respectively; Table 4.4) with the inclusion of differences
among tracks reducing residual variance by 11 %. However, there was no influence of
habitat on the direction of the movement path, with similar deviation angles at open
habitats compared with other habitats, and there was no significant interaction between
habitat and wombat activity (Table 4.4).
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Table 4.4. Tests of fixed effects on deviation angles along wombat tracks. Sample size
is 379 observations from 17 individual tracks.
Effect

d.f.

F

P

Activity

1, 339

31.97

<0.001

Habitat

1, 339

0.00

0.981

Activity x habitat

1, 339

0.48

0.489

Deviation at feeding points (º)

140
120
100
80
60
40

20
0
0

20
40
60
80
Snow depth on tracks (cm)

100

Figure 4.4. Mean path deviation at feeding points in relation to mean snow depth along
the track. Error bars represent standard errors. Tracks with fewer than 5 feeding points
were excluded.
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Deviation angles at feeding points were positively correlated with snow depth along the
track (r = 0.874, 10df, P < 0.01), such that the movement path was straighter through a
feeding point at shallower snow depths (Fig. 4.4). This suggests that wombat foraging is
more opportunistic along a set route (such as a trail between burrows) where the snow is
shallower, but as snow depth increases wombats must be more active in seeking out
feeding points.
Wombats foraging at higher altitudes dug fewer craters per 100 m of track (r = -0.549,
15df, P < 0.05; Fig. 4.5), but this relationship did not hold with snow depth (r = -0.177,
15df, P > 0.05). Digging depth was greater on tracks with fewer successful feeding
points, standardised for track length (r = -0.583, 13df, P < 0.05; Fig. 4.6), indicating that
wombats increased the time spent foraging where fewer feeding sites were encountered.

Number of feeding sites per 100 m

4.5
4.0

3.5
3.0
2.5
2.0
1.5

1.0
0.5

0.0
1500

1550

1600

1650

1700

1750

1800

1850

1900

Altitude

Figure 4.5. Relationship between altitude and frequency of feeding sites (standardised
per 100 m) along wombat snow tracks (n = 17).
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Average digging depth at successful feeding sites

Figure 4.6. Relationship between average digging depth (cm) and the number of
successful feeding sites (standardised per 100 m) along wombat snow tracks (n = 15).
4.3.4

Diet

Food items identified at successful feeding points included grass Poa spp. (62% of
observations), other grass (15.5%), shrub (13.2%; predominantly dusty daisy bush
Olearia phlogopappa as well as leafy Bossiaea Bossiaea foliosa and cascade everlasting
Ozothamnus secundiflorus), flax lily Dianella tasmanica (1.6%) and rush (0.8%). Other
feeding points included a mix of grasses and shrubs. There was a trend for a greater
percentage of shrubs taken at feeding points on tracks with deeper snow, but this
relationship was not significant (r = 0.242, 12df, P > 0.05). However, the snow depth
was significantly greater at feeding points where shrubs were taken (least-squares mean
= 46.0 ± 7.8 cm) compared with feeding points where Poa, other grass or other food
items were taken (least-squares mean = 32.4 ± 6.2 cm, 29.3 ± 7.4 cm and 30.2 ± 7.9 cm
respectively; F3,111 = 3.12, P = 0.03, Fig. 4.7), with the differences among tracks
reducing residual variance by 66 %.
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Figure 4.7. Least-squares mean snow depth (± standard error) at each feeding point of
wombats in relation to the type of forage taken.
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Figure 4.8. Percentage dicot in the diet of wombats foraging along tracks with
relatively shallow (<30 cm) or deep (30 cm +) snow at feeding points. Error bars
represent standard errors.
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Scat analyses conducted on the percentage of monocot vs. dicot in the diet confirmed
that monocots made up the majority of the wombat diet (93.3

1.3 %). However, some

individuals consumed up to 26% dicots, and there was a trend for more dicot in the diet
of individuals foraging in snow depths greater than 30 cm (t = 2.1, 7df, P = 0.08, Fig.
4.8). The percentage of dicot identified in each scat was positively correlated with the
percentage of shrub identified at successful feeding points along the track (correlation
on arcsine transformed data; r = 0.347, 32df, P < 0.05).

4.4

DISCUSSION

Snow depth was an important variable in the selection of feeding points by wombats.
Wombats selected locations along their tracks where the snow was shallower to access
forage. Snow depths up to about 30 cm were preferred for foraging. Evidence for this
came from 1) their selection for feeding points where snow depths averaged 35 cm, 2)
crater depths were most frequently less than 30 cm, and 3) unsuccessful feeding points
were abandoned when digging depths reached, on average, 29 cm. The influence of
snow quality (as indicated by sinking depths) was less apparent because it was
correlated with snow depth, with shallower snow at feeding points also being harder or
more compact.
Previous authors (e.g. Triggs 1996; Green & Osborne 1994; Green 2005) have noted
that wombats may preferentially forage in exposed areas when the snow cover is deep,
such as along streams, roads and north-facing slopes. This preference for exposed sites
was supported in this study, but the exposed bases of trees, shrubs and boulders were
more frequently used. Trees and boulders may act as visual landmarks to direct foraging
movements, but the snow depth at these habitats still determined their suitability for
feeding. Feeding occurred in all habitats, including open areas, but it occurred at points
where the snow depth was shallower than average.
How wombats choose points of shallower snow is unknown, but they may be based on
visual or olfactory cues. Visual cues could include a depression in the snow from
melting around trees and boulders, or places where vegetation projected through the
snow cover. Ihl & Klein (2001) found that ungulates in their study site showed a greater
tendency to crater in places where vegetation projected through the snow. In the present
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study, signs of wombats feeding in similar locations were observed. Alternatively,
olfactory cues could be used to locate forage. For example, studies on caribou have
shown that they can apparently smell lichens growing beneath shallow snow (Marchand
1996). Wombats regularly use olfactory signals for communication (Triggs 1996), and
they were observed to mark successful feeding sites with their faecal pellets. Thus,
rather than smelling forage beneath the snow, wombats may place their own cues for
returning to high-quality forage sites. This strategy would optimise foraging in a snowcovered environment where digging is energetically expensive and the reward is
uncertain.
The quality of a forage site may also be determined by characteristics such as plant
mass, dry matter digestibility and potential energy intake rates. These forage
characteristics, in combination with snow characteristics, may influence foraging
decisions of herbivores, and this has been shown in studies of bison and elk (Fortin
2003; Fortin et al. 2005). Very little is known about how variation in these
characteristics influence foraging by wombats, but it is known that wombats have very
different energy requirements to ungulates. Wombats persist on poor-quality grasses,
have low feeding rates and very low field metabolic rates, which are lower than other
marsupials and well below that predicted for a herbivorous mammal (Evans et al. 2003;
2006). This may give wombats an advantage in the snow where access to forage is
limited.
4.4.1

Changes in foraging behaviour with increasing snow depths

Animals may use different search tactics to cope with changes in environmental
variables (Bell 1991) and in this study, wombats were found to use different foraging
patterns as snow depth increased. In general, wombat tracks were roughly linear and
followed fairly direct routes between burrows, with few path crossings. However, when
wombats were in deeper snow, they appeared to be more active in seeking out feeding
points, and the number of feeding points along the track declined with increasing
altitude. Furthermore, as digging depth increased, and hence foraging conditions were
more severe, the number of feeding points per track declined. Wombats may invest
more time at a feeding point where the snow is deeper to maximise yield in patches
where the energetic cost of locating available forage is high. This finding supports the
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work of Schaefer & Messier (1995b) who found muskoxen to use fewer feeding stations
per patch during mid-winter when snow cover was greatest, but remain at those feeding
stations for longer so that overall patch residence time remained the same.
An alternative strategy to digging in deep snow is to feed on above-ground forage. In
this study over 10% of food items identified were shrubs, predominantly dusty daisy
bush Olearia phlogopappa. These shrubs often protruded from the snow, making them
easy access for foraging by wombats. Green (2005) also found wombats to feed on this
shrub species during winter in the Snowy Mountains, but other studies of wombats have
not recorded shrubs in the diet (e.g. Rishworth et al. 1995; Evans et al. 2006; Davis et
al. 2008). Dietary analysis confirmed that shrubs were taken, and up to 26% of the diet
was identified as dicot. It remains to be seen whether this is part of the diet during
summer in the Snowy Mountains or whether wombats change their food preferences
during winter to cope with a reduction in the availability of grasses. Trends between
snow depth and the amounts of dicot in the diet suggest that a seasonal shift in diet is
likely. Some obligate grazers also consume some browse during winter snow conditions
(e.g. bighorn sheep, Goodson et al. 1991), while dietary shifts from grazing to browsing
when snow depth increases is well known in elk and caribou (Marchand 1996).
However, the high individual variability in the amount of dicot taken by wombats in this
preliminary analysis suggests that any seasonal comparison should aim to examine
foraging selection of marked animals to take into account individual preferences. The
generality of these dietary findings to other locations in Australia where wombats occur
in snow also needs to be determined.
4.4.2

Limits of tolerance

Whilst changes in foraging behaviour were observed as snow depth increased, and
wombats were able to feed in snow depths considerably greater than their preference, no
feeding occurred where snow depths were greater than 100 cm. Craters were dug to a
maximum of 66 cm, and this would appear to be the threshold at which the benefits of
digging for ground-based vegetation are outweighed by the energetic costs.
In contrast to cratering, wombats were able to move among foraging sites in snow as
deep as 187 cm. This was greater than the maximum snow depth recorded for the
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season on the Spencer’s Creek snowcourse and suggests that wombats are not prevented
from moving between burrows and foraging areas even at the highest elevations. Snow
conditions in Australia differ quite markedly from sites where most work has been done
in the northern hemisphere where very soft snow and crust are a hindrance to animals
(Formozov 1946). Nevertheless, the presence of snow must be energetically demanding
for a wombat as they do sink to depths greater than their chest height (< 20 cm, author’s
unpublished data). In this study, sinking depths were up to 35 cm, while 3 to 15 cm
were frequently recorded. To move through the snow at these maximal sinking depths, a
wombat must lift its legs almost to shoulder level, use a more energetically-demanding,
bounding gait, or simply push through the snow (bulldoze it). Consequently, the range
of wombat movements during winter is likely to be restricted.
This study was undertaken in the Snowy Mountains during a year of below-average
snow depth. Changes in foraging behaviour may be more pronounced in years of very
deep snow, and if the limit of tolerance is exceeded, then this may impact on wombat
survival. In the winter of 1981, when the recorded maximum snow depth was 360 cm,
many wombats were thought to have perished (Green & Osborne 1994). It is likely that
wombats at higher elevations would have had limited access to sites where the snow
was shallower than 100 cm for many weeks during that winter.
4.4.3

Conclusion

This was the first study to provide a quantitative measure of the influence of snow on
the fine-scale movements and foraging patterns of wombats. The findings demonstrate
that wombats can adjust to a snow-covered environment by altering their foraging
behaviour. This was observed in three ways: 1) wombats selected sites in the landscape
with shallower snow to forage, 2) wombats adjusted their foraging patterns, including
movements and cratering, in deeper snow and 3) wombats included in their diet some
shrub species. Nevertheless, snow deeper than about 100 cm is a hindrance to wombat
foraging.
In the Snowy Mountains, some wombats were able to inhabit high elevation sub-alpine
sites because snow depth varied within the landscape due to topographic, climatic (wind
speed and direction), and microhabitat variations, and patches of snow shallower than
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100 cm could be found. However, in areas where snow depths are consistently greater
than 100 cm wombats will be limited. Under future climate change scenarios of
declining snow cover (Hennessy et al. 2003), wombats may be able to forage and
inhabit higher altitudes than where they currently occur. This has implications for the
grazing-sensitive alpine ecosystem (Bridle & Kirkpatrick 2001) and future research will
need to address possible impacts from grazing wombats and other herbivores. Other
native species (e.g. kangaroos and wallabies) and introduced species (e.g. rabbits and
deer Dama dama and Cervus spp.) may similarly increase their altitudinal range with
climate change, but predicting the extent of range shift will require knowledge of their
species-specific foraging thresholds in Australian snow conditions.
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HOME RANGE AND MOVEMENTS OF COMMON
WOMBATS IN THE SUBALPINE ZONE OF THE
SNOWY MOUNTAINS

5.1

INTRODUCTION

A predicted consequence of climate warming is that some species will shift their range,
either polewards or to higher altitudes (Walther et al. 2002; Parmesan & Yohe 2003;
Root et al. 2003), but field data on the movements of individuals at the range boundary
are sparse (Kanda et al. 2009). These data are needed to make better predictions on their
ability to move with changing conditions. Common wombats Vombatus ursinus in the
Snowy Mountains are at their altitudinal limit at high subalpine elevations (Chapter 3)
and movements beyond the treeline into the alpine zone are rare (Green 2005).
However, climate predictions suggest large changes in the timing, depth and extent of
seasonal snow cover over this area (Green & Pickering 2002; Hennessy et al. 2003) and
wombats, and other animals currently limited by snow, may be able to inhabit higher
alpine elevations year-round, provided that the habitat is suitable and they have the
physical capability to disperse (Green & Pickering 2002; Gaston 2009).
If winter snow is limiting the range of wombats, then the presence of snow should have
a significant influence on their movement patterns. In seasonally snow-covered
environments, winter home ranges of animals are often smaller than in summer because
animals reduce their activity and movement to conserve energy, or because snow
restricts their mobility or access to particular habitats (Krasińska et al. 2000; Luccarini
et al. 2006; Sanecki et al. 2006c). Furthermore, the winter home range size depends on
the severity of the winter, with deeper snow constraining animals to smaller home
ranges (Grignolio et al. 2004; Poole et al. 2009). However, the reverse pattern can also
be true; in areas where the availability and quality of forage is reduced by snow cover,
animals must range over a larger area to meet their nutrient requirements (Anderson et
al. 2005; Kauhala et al. 2005; Saïd et al. 2009). Landscape elements may also influence
characteristics of their searching behaviour for food, such as speed and tortuosity
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(Valeix et al. 2010). At a fine-scale, wombats adjusted their foraging patterns in deeper
snow, including their direction of travel (Chapter 4).
The aim of this study was to determine how snow influences the home range use and
movements of common wombats at various altitudes above the winter snowline. There
have been few home range studies of common wombats, because radiotracking is
particularly labour-intensive for this nocturnal, burrowing species. Previous
radiotracking studies have been limited to few nights per animal (McIlroy 1976; Taylor
1993; Buchan 1994), or to short periods per season (Evans 2008). GPS tracking is ideal
for studying wombat movements because it is not restricted by weather, season or
fieldwork constraints, and multiple locations per day with a higher positional accuracy
can now be recorded over many months of the year without interference to the animal’s
natural behaviour. Furthermore, previous studies of wombat home range have been
conducted over small areas with a relatively high density of burrows. GPS collars allow
movements to be studied in locations where burrows and individuals are more
dispersed, such as in the present study area.
The hypothesis tested was that snow cover has a significant influence on the movement
patterns of wombats in the Snowy Mountains. Specific objectives were to: 1) define
annual home ranges of wombats at different altitudes above the winter snow line; 2)
examine seasonal site fidelity of home ranges and their use of habitats in different
seasons; 3) quantify movement rates and travel distances, and compare movement
characteristics during snow and snow-free periods.

5.2

METHODS

5.2.1

Home range calculations

GPS data from eleven wombats (six male, five female) were used for annual home
range estimates. These data were screened for precision, the presence of improbable
locations, and unusual movements during the night of release. Home ranges were
calculated using the minimum covex polygon (MCP) method (Mohr 1947) and the fixed
kernel technique (Worton 1989), because these methods can produce different estimates
of home range size and both are useful for comparisons with other studies (see
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Appendix 5.1). All high precision fixes (horizontal dilution of precision (HDOP) values
< 5) were included in home ranges estimates using the MCP method. For estimates of
annual home range using the fixed kernel technique, one fix per day (night) was used
with a minimum of 50 fixes in total (Seaman et al. 1999). Kernel home range estimates
were generated five times by randomly selecting one fix per day from the set of GPS
fixes to standardize sampling intervals and minimize bias in the estimate from ‘bursts’
of fixes separated by longer time intervals (De Solla et al. 1999; Borger et al. 2006).
Random selection of fixes and MCP estimates were performed using Hawth’s Analysis
Tools (Beyer 2007) in ArcGIS 9.2. Kernel home ranges were calculated using the
Animal Movement Extension (Hooge & Eichenlaub 1997) in ArcView 3.3, with
probability distributions generated using the ad hoc calculation of the smoothing
parameter based on Silverman (1986 cited in Hooge & Eichenlaub 1997). While it is
often recognised that least-squares cross-validation (LSCV) is the best method for
calculating the smoothing parameter (Seaman et al. 1999; Powell 2000), it may only be
appropriate for data at sample sizes less than 100 and for animals with uniform ranges
(Hemson et al. 2005). Since wombats repeatedly used burrow sites, and often more than
100 locations were obtained from the GPS collars, LSCV was considered inappropriate
for this study. The probability distributions were plotted at 95% and 50% contour
intervals to represent the total and core areas of the home range, respectively. These
values are arbitrary, and may not represent the best method for defining biologically
meaningful areas of the wombat’s home range, but a standardised level is needed for
comparison among individuals. They are also the most commonly used probability
levels and, consequently, provide a useful comparison with other studies.
Seasonal comparisons of wombat home range were estimated for five wombats (three
male, two female). Kernel home ranges were generated with a minimum of 29 fixes for
the winter period when snow was typically present in the study area (July – September).
For comparison with the non-winter period, the number of fixes from October – June
was restricted to equal that used in calculations of the winter home range for each
wombat, so that the seasonal estimates of home range were not biased by sample size.
Variation in home range size was assessed using multiple regression. Variables entered
in the model included altitude, sex, body-mass and duration of tracking. The stepAIC
function in S-Plus 8.0 (Insightful Corp. 2007) was used to select variables for inclusion
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in the model based on the lowest Akaike’s Information Criterion (AIC). The MCP
estimate of home range was log-transformed to correct for heteroscedasticity and reduce
the effect of outliers.
5.2.2

Site fidelity calculations

Two measures of site fidelity were used to compare wombat home ranges in winter and
non-winter periods: (1) home range overlap, and (2) centroid shift. These are simple
measures that are appropriate for small sample sizes (Fieberg & Kochanny 2005). Home
range overlap is an area-based measure used to quantify the proportion of home range
area in one season that is overlapped by the other season. Since these measures are
asymmetrical (i.e. the proportion of the winter home range that is overlapped in nonwinter is typically not equal to the proportion of the non-winter home range that is
overlapped by winter), both indices are presented. Home range overlap was calculated
for both the 95% and 50% kernel home range areas to represent the degree of fidelity in
the total home range and core areas. The centroid shift provides a more direct
comparison of the location data (Fieberg & Kochanny 2005). However, it will not detect
any shift if the range expands or contracts and the core area remains constant (Kernohan
et al. 2001). Mean centres of the fixes in the winter and non-winter periods were
calculated to determine the distance in location shift.
5.2.3

Seasonal habitat use calculations

Wombat home ranges were overlayed on a 25 m digital elevation map (DEM) to
quantify seasonal use of altitude, slope and aspect, with relative northness and eastness
derived from aspect using circular statistics. The zonal statistics tool in ArcGIS was
used to summarise the values of each habitat variable within the kernel 95% and kernel
50% home range polygons in the winter and non-winter seasons.
5.2.4

Movement calculations

Point locations of wombats from GPS fixes were converted to movement paths using
Hawth’s Analysis Tools. Calculations of the speed of movement were made using only
those path segments (steps) that were generated from fixes separated by one hour. For
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calculations of the distance wombats travelled per night, all step lengths between the
first fix to the last fix in the night were used. The GPS collars were programmed to
generate fixes each hour for eight hours during the night, but many fixes were not
obtained or had poor precision and were eliminated from analyses. Thus, calculations of
nightly movements depend on the number of fixes obtained and their temporal
separation.
For seasonal comparisons of movements, analyses were restricted to those individuals
for which both winter and non-winter movement data were available, and to those
nights with six hours of continuous fixes (one location every hour). Night paths of five
step lengths were created (thus eliminating some data from night paths longer than five
steps) to ensure comparisons were made among similar path lengths. Hawth’s Analysis
Tools was used to extract the following movement parameters: step length (equivalent
to speed (m/h) because each fix was separated by one hour), deviation angle (the
absolute value of the turning angle, between 0º and 180º), path length (the sum total of
five step lengths, measured in metres), and net displacement (the distance in metres
between the start and end locations of the night path). A straightness index (net
displacement/path length) was calculated as a measure of path tortuosity (Valeix et al.
2010). An alternative measure of path tortuosity, mean fractal dimension, was
calculated using Fractal v. 5.05 (Nams 2005; available at
http://www.nsac.ns.ca/envsci/staff/vnams/fractal.htm). This measure ranges between 1
(a straight line) and 2 (the path is most tortuous) and may vary with similar straightness
indices depending on how much the path covers a plane (Valeix et al. 2010).
Differences in movement parameters between winter and non-winter were examined
using a univariate mixed-model analysis with season as a fixed factor and wombat as a
random effect. For comparisons of step length and deviation angle, data from each night
were pooled.
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5.3

RESULTS

5.3.1

GPS data

GPS data were available for home range and movement analyses from ten wombat
collars recovered from the field, and from one collar downloaded part-way through the
study. From the ten recovered collars, the GPS successfully recorded locations for an
average duration of 167.7 nights (range = 26 – 346), with a mean of 790.5 fixes per
collar (range = 40 – 2235), as shown in Table 5.1. Data from the collar downloaded
part-way through the study provided a further 322 fixes over 48 nights. Thus the total
number of locations collected was 8227 from 11 collars.
Most fixes were obtained between 20:00 h and 04:00 h, which is consistent with the
duty cycle programming of the collars (Fig. 5.1). The horizontal dilution of precision
(HDOP) from the 11 collars was 3.5 ± 2.7 SD (Table 5.2). Between 3 % and 22 % of
fixes per collar had HDOP values ≥ 5; these fixes were removed from analysis.

14
12

% Fixes

10
8
6
4
2
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hour

Figure 5.1. Percent of GPS fixes obtained per hour for eleven collared wombats. GPS
fixes were programmed on a duty cycle of 8 hours on to 16 hours off and were started
usually around 2100 – 2200 h. Fixes obtained beyond this 8-hour period was due to the
collars shifting duty cycle during the deployment period. Nevertheless, these fixes
represent above-ground periods of activity of the wombats, because GPS units would
not work within a burrow.
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Table 5.1. Summary of wombat GPS collars.
Winter
season
2008

2009

Collar
number
8

Sex

Date deployed
11/03/08

Scheduled
drop-off
28/02/09

GPS duration
(nights)
309

Total fixes*
(n)
1142

F

9

F

5/04/08

28/02/09

26

70

11

M

6/04/08

28/02/09

189

266

151

Retrieved above ground

14

M

30/04/08

28/02/09

271

730

253

Retrieved from burrow

12

F

1/05/08

28/02/09

1

F

20/10/08

30/09/09

10

M

21/10/08

30/09/09

2

F

21/10/08

30/09/09

57

104

Retrieved from burrow

3

M

22/10/08

30/09/09

71

293

Retrieved from burrow

13

F

22/10/08

30/09/09

59

328

Retrieved above ground

4

M

25/10/08

30/09/09

61

37

Retrieved from burrow

5

M

25/10/08

30/09/09

284

1719

6

M

5/03/09

30/09/09

47^

264

* Number of high-quality fixes with HDOP <5; ^ GPS data downloaded prior to release.

Winter fixes*
(n)
356

Fate of collar
Retrieved above ground
Retrieved above ground

Failed VHF signal
346

1824

381

Retrieved above ground
In burrow

148

Retrieved above ground
Failed release

Table 5.2. GPS collar performance and data quality for individual male (M) and female (F) wombats.
Measure

2008
F9
M 14
26
275

M 11
189

F1
346

F2
57

F 13
59

2009
M3
71

871

329

2235

135

379

364

40

2006

322

20

195

86

338

23

57

58

31

281

48

25

6

80

103

8

34

2

13

30

3

0

5.1

4.5

4.5

3.8

6.6

5.9

6.7

6.3

1.3

7.1

6.7

% fixes with 3 satellites

51.2

71.1

40.0

55.3

48.0

57.0

49.1

43.1

10.0

36.8

50.6

% fixes with 4 satellites

29.6

24.4

28.7

23.7

25.6

29.6

24.5

29.9

17.5

24.5

25.5

% fixes with 5 satellites

11.5

3.3

15.2

11.6

13.5

8.9

13.7

15.1

15.0

18.5

12.7

% fixes with 6 satellites

4.8

1.1

10.6

7.0

8.0

2.2

9.0

7.4

15.0

10.6

7.8

% fixes with 7+ satellites

2.9

0.0

5.6

2.4

4.9

2.2

3.7

4.4

42.5

9.6

3.4

HDOP mean

4.0

4.2

3.3

3.6

3.6

4.2

3.4

3.8

2.0

3.2

3.6

5 (poor)

22.0

22.2

16.4

17.3

19.3

23.7

14.2

20.6

2.5

14.9

19.3

% fixes HDOP < 5 (good)

78.0

77.8

83.6

82.7

80.7

76.3

85.8

79.4

97.5

85.1

80.7

duration (days)

F8
309

# fixes

1456

90

284

# nights without fixes
# fixes / night

# nights with fixes

% fixes HDOP

* part data retrieved from collar – ongoing (not released)
HDOP, horizontal dilution of precision

M4
61

M5
284

M6*
48
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5.3.2

Home range

Home ranges of wombats varied greatly in size between 18.9 ha and 1195.4 ha (MCP
method; Fig. 5.2; Table 5.3). Mean home range size calculated with the MCP 100% (n =
11) and kernel 95% (n = 7) methods, was 187.8 ha and 172.1 ha, respectively. Core
home range areas (kernel 50%) averaged 14.6 ha (n = 7), often involving multiple
centres of activity (mean = 2.1, max = 4).

Figure 5.2. GPS locations and home ranges (MCP) of eleven collared wombats,
showing their variation in size, shape and proximity.

87

Table 5.3. Home ranges (ha) of individual female (F) and male (M) common wombats fitted with GPS data-logging collars 2008-2009. Significant
differences between winter and non-winter home range estimates of individual wombats are shown.
Wombat
F1

Annual Home Range
n
MCP
n
1824
44.9 338

F2

104

208.4

F8

1142

35.5

F9

67

18.9

F13

328

22.6

Subtotal Female

278
57

KHR_50
6.6 ± 1.5

n.d.

n.d.

11.5 ± 0.5

1.4 ± 0.5

n.d.

n.d.

n.d.

23.2 ± 2.1

2.4 ± 0.8

n.d.

24.5

3.4

22.3

4.0

n.d.

57

52.1

4.6

n.d.

n.d.

30

40.0

5.0

6.8

32

n.d.

47

788.8 ± 115.1

29
61

66.1

M3

293

47.6

M4

37

40.2

M5

1719

146.6

M6

264

60.2

M11

266

1195.4

77

M14

730

245.3

192

57

52.1

4.6

8.3

n.d.
281

Winter season
Non-winter season
n
KHR_95
n
KHR_95
88
36.5 ± 2.0 88
39.2 ± 2.8

KHR_95
38.9 ± 0.9

85.4

2.8

9.8

3.3

n.d.

n.d.

867.3 ± 82.3

59.4 ± 15.6

126.2

6.2

14.3

2.5

t4
1.68

P
0.17

9.27

<0.01

3.42

0.03

881.1 ± 72.9

2.68

0.06

137.7

6.69

<0.01

n.d.
89

32

29
61

8.1 ± 0.5

70.3

78.6

7.6

n.d.
89

12.7 ± 0.7
n.d.

57

23.2 ± 2.1
25.0

95.9
34.4

15.0
5.8
17.6

Subtotal Male

289.2

282.7

23.0

312.6

206.9

TOTAL

187.8

172.1

14.6

196.4

146.3

For calculations of home range using minimum convex polygon (MCP), all high-quality fixes (HDOP value < 5) were used. For calculations of kernel home range (KHR), 1 fix / day
was used with a minimum of 50 fixes in annual home ranges and 25 fixes in seasonal home ranges, generated by random selection five times to provide the estimate standard
deviation.
n, number of fixes used in the home range estimate.
KHR_95, 95% probability contour representing the total home range area (ha).
KHR_50, 50% probability contour representing the core home range area (ha).
Winter season, when snow is typically present in the study area (July, August, September).
Non-winter season, all other months without snow (number of fixes standardised to winter season).
n.d., no data.
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Variation in home range size was significantly influenced by altitude, with larger range
sizes at higher altitudes (r = 0.81, 9 d.f., P < 0.05), as shown in Fig. 5.3. Mean male
home ranges (MCP 100%; n = 6) were 4.4 times larger than female ranges (n = 5),
however, there was no significant difference in home range size according to sex (t5 =
1.22, P = 0.28), perhaps due to high individual variability and low sample sizes. Linear
modelling of the variation in home range size (log(MCP)) found that the best model
(with the lowest AIC) included altitude and duration (number of nights tracking) as
predictors. However, the partial regression coefficient between home range size and
duration of tracking was not significantly positive (Table 5.4). This suggests that the
main contributing factor to home range variation was altitude.
Seasonal differences in home range size were examined for five wombats whose home
ranges were estimated during both seasons. During winter, home range sizes declined
by 7 – 43% (Table 5.3). Consequently, winter home ranges of wombats were
significantly smaller than their non-winter home range (t4 = 2.15, one-tailed P < 0.05).
However, winter home ranges were significantly smaller for three individuals,
marginally smaller for one, and not significantly different from the non-winter home
range for another (Table 5.3).

Table 5.4. Partial regression coefficients and the level of significance for each variable
included in the best model of home range size (log(MCP)) (multiple r2 = 0.78, adjusted
r2 = 0.72). Variables entered in the stepwise multiple regression included altitude, sex,
body-mass and duration of tracking.
β

SE

t

P

(Intercept)

-19.746

4.666

-4.232

0.003

Altitude

0.015

0.003

5.122

0.001

Duration

0.002

0.002

1.462

0.182
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Figure 5.3. Relationship between home range size and the mean altitude of wombats.
The trend line shows a significant regression on log-transformed data (r = 0.81). Open
triangles are female wombats and closed diamonds are males.

5.3.3

Site fidelity and seasonal variation in habitat use

Wombats were generally faithful to their non-winter home range area during winter, but
they shifted their centre of activity (Fig. 5.4). Most (63 – 99%) of the winter total home
range area was contained within the non-winter total area, but core areas were more
exclusive between seasons with just 14 – 39% of the non-winter core area overlapped
by the winter core area (Table 5.5). Distances between the centroid of locations in
winter and non-winter ranged from 58.4 m to 670.3 m.
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Figure 5.4. Seasonal home ranges (kernel 95% and 50%) of five wombats in the Snowy
Mountains. Solid lines are non-winter ranges and dotted lines are winter ranges. The
95% contour is in bold. Australian grid coordinates (AGD66 Zone 55) are provided on
the axes.
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Table 5.5. Seasonal site fidelity of wombats between winter and non-winter periods. HRw,n-w is the proportion of the winter home range area that is
overlapped by the non-winter home range area (and vice versa for HRn-w,w) for the total (95%) and core (50%) kernel home range areas. Centroid shift
is the distance between the mean centre of locations in winter and the mean centre of locations in non-winter.
Wombat
F1

HR95w,n-w
0.95

HR95n-w,w
0.89

HR50w,n-w
0.61

HR50n-w,w
0.34

Centroid shift (m)
58.4

F8

0.86

0.57

0.36

0.31

75.6

M5

0.99

0.62

0.65

0.32

59.7

M11

0.63

0.74

0.71

0.39

670.3

M14

0.98

0.49

0.68

0.14

135.1
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Seasonal differences in mean altitude, slope, northness and eastness within the kernel
95% and kernel 50% home ranges were examined for five wombats whose home ranges
were estimated during both seasons. Relative northness was the only habitat variable to
show significant seasonal differences (Fig. 5.5). Core home ranges (50% kernel) were
located predominantly on northerly aspects during winter for four of five wombats (Fig.
5.5) and a seasonal difference in relative northness was significant when male 11 was
excluded from analysis (non-winter mean = 0.26, winter mean = 0.71, paired t = 3.82, P
= 0.03).

2000
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Mean altitude (m)

SD
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Non-winter95
Winter95
Non-winter50
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1700
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1500
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Wombat
30

Slope

Mean slope (º)

SD

25
20
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Non-winter50
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5
0
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Wombat
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M14
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1.5
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Mean northness
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1
0.5

Non-winter95
Winter95
Non-winter50
Winter50

0
-0.5
-1
-1.5
F1

F8
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Mean eastness
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1
0.5

Non-winter95
Winter95
Non-winter50
Winter50

0
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-1
-1.5
F1

F8

M5

M14
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Wombat

Figure 5.5. Seasonal habitat use within the total (kernel 95%) and core (kernel 50%)
home ranges of five wombats in the Snowy Mountains. (a) altitude, (b) slope, (c)
relative northness, (d) relative eastness.
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5.3.4

Movement characteristics

The mean speed of movement varied tenfold among individuals, from 68 to 680 m h-1
(Table 5.6). Mean nightly travel distances also varied from 261 to 1859 m. Male 11,
with the largest home range, also travelled considerably quicker and further per night
than other wombats, moving up to 2747 m h-1 and up to 6562 m in one night (Table
5.6). Movement characteristics also varied over the altitudinal gradient. The mean speed
of movement increased significantly with altitude (r = 0.85, 9 d.f., P < 0.05), as shown
in Fig. 5.6. Mean nightly travel distances also increased significantly with altitude when
weighted by the mean number of steps per night (r = 0.74, 9 d.f., P < 0.05).
Seasonal comparisons of night path movement parameters showed no significant
differences between non-winter and winter seasons for any parameter. However, there
were significant interactions between season and wombat for step length (or speed),
path length and net displacement (F3,262 = 3.6, 3.6, 2.6 respectively, P < 0.06), as shown
in Fig 5.7. The speed of movement was slower in winter compared with non-winter for
three of the four individuals in this analysis. The night path length was also shorter in
winter compared with non-winter for the same three individuals. Net displacement was
lower in winter compared with non-winter for the two male wombats in this analysis,
but there was no significant difference in net displacement for the two females (Fig 5.7).
Seasonal comparisons of all nightly locations showed that the mean altitudinal range
travelled in one night in winter was significantly less than in non-winter for two of the
five wombats whose movements were recorded in both seasons (Table 5.7).
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Table 5.6. Movement statistics of individual common wombats fitted with GPS datalogging collars 2008-2009.
Wombat
F1
F2
F8
F9
F13

Speed^ (m h-1)
mean se (max)
126.8 2.8 (574.6)
113.4
67.7
82.7
95.9

Female mean
M3
M4

14.4 (416.3)
2.5 (477.9)
12.0 (271.3)
4.8 (406.2)

Nightly travel distance* (m)
mean se (max)
644.7 21.7 (1932.7)
584.5
265.4
260.9
516.3

97.3
133.9
270.8

Mean steps / night
4.5

122.6 (2276.8)

3.9

14.0 (1189.4)

3.5

37.8 (648.4)

2.9

37.6 (1270.3)

4.9

454.4

7.8 (872.9)

687.4

51.9 (1433.5)

4.6

38.6 (411.8)

490.1

161.4 (958.0)

2.0

M5

118.2

3.0 (780.5)

679.8

25.1 (1762.2)

5.2

M6

124.8

7.6 (616.0)

664.9

56.8 (1591.5)

4.6

244.4 (6562.4)

3.9

33.3 (2027.1)

3.3

M11
M14
Male mean

679.7
148.6

73.4 (2747.0)
6.8 (741.1)
246.0

1858.6
517.5

816.4

^Speed was calculated from the straight-line distance between fixes separated by just one hour.
*Nightly travel distance was calculated from the sum of all step lengths in the path from the first to the last fix in the night.

Table 5.7. Vertical distance (m) travelled per night in winter and non-winter seasons for five wombats fitted with GPS collars. Values are means ±
standard errors.
Wombat

Winter

Non-winter

t

d.f.

Significance

F1

16.57 ± 1.28

19.15 ± 0.57

-1.84

118

n.s.

F8

13.08 ± 0.89

14.42 ± 0.69

-1.15

245

n.s.

M5

25.06 ± 3.86

48.51 ± 1.70

-4.69

276

P < 0.05

M11

172.73 ± 34.74

121.95 ± 17.10

1.31

36

n.s.

M14

39.96 ± 4.46

59.28 ± 4.44

-3.07

134

P < 0.05
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Figure 5.6. Relationship between the mean speed of movement (m h-1) and the mean
altitude of wombats. The trend line shows a significant regression (r = 0.85). Open
triangles are female wombats and closed diamonds are males.
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Figure 5.7. Comparison of night path movement parameters (mean ± se) of individual
male (M) and female (F) wombats in non-winter and winter seasons. *, indicates
significant seasonal difference (t-test, P < 0.05).
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5.4

DISCUSSION

The home ranges of wombats in the Snowy Mountains were far greater than previously
reported from forest or agricultural areas throughout the species’ range in eastern
Australia (Appendix 5.1). The average home range size in this study was 172 ha (95%
kernel method) and one male ranged over an area of 867 ha. Before this study, the
largest home range reported for a wombat was 104 ha (95% kernel method) in the
Snowy Mountains at 1640 m asl (Green 2005) and this was considerably larger than the
largest home range size of 32 ha (95% harmonic mean method) reported by Evans
(2008) for a wombat in forested country at 1300 m a.s.l. Thus the findings from this
study disagree with the suggestion that wombats cannot range over large distances
because they are tied to their burrows for diurnal shelter (Banks et al. 2002a). Multiple
burrows are used within the home range (Evans 2008; author’s unpublished data) and
this allows wombats to range widely and cover different parts of their home range over
a number of nights. While some individuals do maintain small home ranges that are
smaller than expected for a mammal of their size (Evans 2008), others have home
ranges that are even larger than expected (i.e. 87 ha is predicted for a 30 kg mammal in
North America from the allometric equations of Harestad & Bunnell 1979).
The larger home ranges of wombats in this study may be explained by the Snowy
Mountains being an area of poorer quality habitat. In subalpine environments, there is a
limited amount of energy available for photosynthesis and plant growth (Costin et al.
2000) and wombats may need to range over a larger area in order to meet their energy
requirements. Higher altitudes are presumed to be of lower food quality and, as the
results here show, wombat home range increased with increasing altitude, providing
support for the hypothesis that low food availability leads to larger home range sizes in
mammals (e.g. Jones 1990; Tufto et al. 1996; Mysterud 1999; Kauhala et al. 2005). The
data provided in Green (2005) on wombat winter ranges in the Snowy Mountains also
shows a positive trend between home range size and altitude (r = 0.63, 7 d.f., P = 0.07).
However, the limiting resource that determines home range size is not always food
(Powell 2000). At higher altitudes wombats are less numerous and burrows are more
widely distributed. Thus, each of these factors (low population density and shelter
availability) could equally contribute to larger home range sizes through changes in
behavioural interactions, or to meet physiological or breeding requirements. Teasing
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these competing hypotheses apart is difficult, and there may be no single factor that
provides a good explanation for variation in home range size with elevation (Ruby &
Dunham 1987).
Intra-specific variation in home range size may also be a consequence of demographic
parameters, such as sex, age, body size, and reproductive status (Anderson et al. 2005;
Saïd et al. 2009). In this study, the home ranges of male wombats was 4.4 times larger
on average than those of female wombats. However, males were captured at higher
average altitudes, and when this was taken into account, sex was not found to be a
significant factor in home range variation. Capture of wombats was opportunistic, so it
is not known whether females also inhabit the highest subalpine altitudes and range over
much larger areas in those environments. Previous studies of common wombats have
yielded different results regarding an individual’s sex and home range size. For
example, Skerratt et al. (2004) recorded male wombats moving further than females on
a nightly basis and males also covered larger areas during 3 – 9 nights of spool tracking,
but the more comprehensive radiotracking study by Evans (2008) found similar home
range sizes for males and females. Larger home range sizes in the Snowy Mountains
may also be a result of relatively larger body size compared with wombats at lower
elevations. Body mass of wombats used in home range estimates in this study averaged
32.5 kg (Appendix 2.1) which is heavier than the average mass (26 kg) across the
species’ range (McIlroy 2008). Being larger in colder environments is consistent with
Bergmann’s rule, and has been observed in other Australian mammals (Yom-Tov & Nix
1986). Whilst larger body size may account for differences with other studies, there was
no influence of individual body weight on home range size within the study area.
Differences between the estimates in home range size obtained in this study and those
obtained previously may also be the result of differences in methods. Home range sizes
can vary with the methods used to collect locational data, the number of fixes or
duration of study, and the statistical estimates used to derive home ranges. Previous
studies of wombat home range and movements have used VHF tracking (McIlroy 1976;
Taylor 1993; Buchan 1994; Skerratt et al. 2004; Evans 2008), spool tracking (Buchan
1994; Skerratt et al. 2004) and tracking in snow (Green 2005), whereas this study used
GPS tracking. GPS tracking allows a higher number of locations over a longer period of
time and captures more of the wombat’s foraging movements. However, some
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comparisons of home ranges estimated from VHF and GPS locations have found that
they were of similar size, despite considerably smaller sample sizes for VHF locations
(Pellerin et al. 2008 cited in Saïd et al. 2009; Kochanny et al. 2009). In the present
study there was large variation in home range size. The smallest home ranges using
GPS data (min = 11.5 ha) were equivalent in size to home ranges of wombats in other
locations using alternative techniques (Appendix 5.1). Thus, while there may be some
parts of the wombat’s movements that are not detected with conventional radiotracking,
the differences seen in home range size in this study are more likely to be a response to
the different habitat in the subalpine environment. Other GPS tracking studies have
shown that extreme intraspecific variation in home range size also exists in other
mammal species (e.g. Burdett et al. 2007; Claridge et al. 2009; Moseby et al. 2009).
5.4.1

Seasonal differences in home range size, location and movements

Of the five wombats in this study whose home ranges could be examined in both
seasons, three contracted their range in winter to more northerly aspects; one shifted its
range to include lower altitudes, but its range size remained similar; and one wombat
that was situated at the lowest elevation with only patchy snow showed no difference in
range size, but its centre of activity shifted to more northerly aspects. Thus, there were
different individual behavioural responses in home range size, movement characteristics
and use of resources, but each wombat responded in some way to the change in season,
characterised by the presence of snow in the study area. Seasonal variation in home
range size has been found for animals in harsh environments, but it has not been evident
in more productive areas (Kauhala et al. 2005). At lower elevations, wombats can adjust
their field metabolic rates to cope with changes in forage quality and thus maintain
similar home ranges in different seasons (Evans et al. 2003; Evans 2008). At the higher
elevations in the Snowy Mountains, foraging becomes more difficult in the harsher
environment where they must dig through the snow to reach ground-based vegetation.
Wombats prefer to forage in shallow snow less than 35 cm deep (Chapter 4) and this
preference appears to be reflected in their ranging behaviour with northerly aspects or
lower elevations used more frequently during winter.
During winter, some wombats decreased travel speeds, the total distance travelled and
net displacement per night, but there was no influence of season on the tortuosity of the
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movement path (i.e. deviation angle, straightness index or fractal dimension). At a finerscale, deviation angles at foraging sites increase with increasing snow depth (Chapter
4), but this was not evident from the broader scale of the night path. The shorter
movements during winter (both horizontal and vertical) indicate that the energetic costs
of travel and digging through snow slows a wombat’s foraging speed, rather than
changing its direction. There were some individual differences in seasonal movement
characteristics that suggest greater seasonal differences at increasing snow depths. For
example, at the lowest elevation, where the snow cover was very patchy during 2009,
female 1 showed no change in movement characteristics during winter, while at the
highest elevation, where the snow was relatively deep, male 14 showed the greatest
reductions in speed and distance travelled (total path length and net displacement)
during winter. However, sample sizes were too small to allow adequate comparisons
along the altitudinal gradient, with sexual differences in response to snow also possible.
5.4.2

Conclusions

Snow appears to restrict both the home range and movement characteristics of wombats
in the Snowy Mountains. During winter, individuals were faithful to their non-winter
home ranges because these encompassed northerly aspects or lower elevations where
they could forage during periods of deeper snow. Complete home ranges are therefore
unlikely to be established at higher elevations because this would necessitate migration
out of their non-winter range during periods of snowfall, which is not part of their
normal movement behaviour. However, if the snow cover declines as predicted with
climate change (Hennessy et al. 2003), this no longer becomes a constraint on their
altitudinal limit. Establishment in the alpine zone would then be determined by their
capability to disperse and the suitability of the habitat, such as for burrowing (Gaston
2009).
This study has shown that wombats at their upper range limit have a surprising capacity
for long-range movements, despite their need to burrow. Previous observations of
wombats making occasional forays into the alpine area also shows that they can access
these sites, but they are currently making decisions not to settle. Nevertheless, these
movement data indicate that wombats do have relatively high vagility that would allow
them to extend, or shift, their home ranges over time. The total alpine area in the Snowy
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Mountains is just 135 km2 within a surrounding subalpine area of 1265 km2 (Green
2010) and consequently, the entire alpine zone could be reached and occupied by
wombats.
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RESOURCE SELECTION OF COMMON WOMBATS
IN THE SUBALPINE ZONE OF THE SNOWY
MOUNTAINS

6.1

INTRODUCTION

Resource selection is defined as an animal‘s disproportionate use of resources in the
environment in relation to their availability (Manly et al. 2002). Resource selection is
based on the premise that animals do not use resources in the environment randomly or
according to availability, but they select resources that are important to their survival,
whilst avoiding resources that are not important or detrimental. Resource selection can
vary with season; many studies examine selection on a seasonal basis, particularly
winter habitat selection. However, Boyce (2006) recognised that in some situations
bridging temporal scales might be necessary, such as when winter habitats are important
determinants of summer home range selection. In snow-covered environments, the
suitability of the habitat for winter occupation will be critically important for animals,
such as wombats, that do not move to separate winter ranges.
The selection of habitats by animals may occur over a number of scales. Johnson (1980)
categorised scales of selection into: first-order selection (selection across the geographic
range), second-order selection (home range selection within the geographic range),
third-order selection (selection of areas within the home range), and fourth-order
selection (selection of particular food items). However, the selection of particular
habitats at one scale of selection does not necessarily hold at another (e.g. Anderson et
al. 2005; Gustine et al. 2006; Ciarniello et al. 2007; Zweifel-Schielly et al. 2009). This
is most likely due to the availability of habitats at different scales. For example, alpine
habitats may be avoided by wombats at the scale of the population range because they
are covered by deep snow during winter, but alpine habitats are not available within the
home range of wombats at lower altitudes where other aspects of the environment are
likely to be important. Occupancy models of wombats showed that maximum snow
depth during winter was a major factor preventing wombat occurrence at higher
altitudes (Chapter 3). However, topographic, vegetation and fire history features were
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also identified as being important and these local habitat factors may constrain the range
of wombats even if snow depth declines.
This chapter examines the within-home range resource selection of wombats in the
subalpine zone to provide finer detail of the habitats important to them, and to build a
model of habitat suitability over the landscape. Variation in snow conditions over the
altitudinal gradient can be expected to lead to high variation in the selection of resources
by individual animals within the population, and this, in turn, will be important in
identifying the mechanisms of selection (Gustine et al. 2006). Thus, the two main
objectives of this study were to (1) develop estimates of habitat selection of individual
wombats to determine which resources were important to their survival, and (2) identify
common selection strategies in order to map selection over the landscape and predict
areas with a high probability of use.

6.2

METHODS

6.2.1

Animal data and design

GPS data from 11 wombats (five females, six males) tracked during 2008 and 2009
(Chapters 2, 5) were used for resource selection analyses. All GPS locations gathered
over the year were used in analyses, without stratification by season, because wombats
were shown to be faithful to their home range throughout the year (Chapter 5). This
assumes that annual resource selection will incorporate winter habitats that are
important for wombat survival. Resource selection was examined in a used-available
design (Manly et al. 2002) at the scale of individual movements (Johnson et al. 2004;
Gustine et al. 2006)—a form of third-order selection (Johnson 1980), but one that
allows the domain of availability to be a subset of the home range according to where
the animal is, and how far it can move in the next time interval (Forester et al. 2009).
Within the used-available design, the ―used‖ sample was taken from wombat GPS
locations. However, to avoid problems of spatial autocorrelation between hourly fixes
that could lead to inappropriate conclusions from the models (Nielsen et al. 2002), the
GPS locations were randomly sub-sampled to one location per day. This resulted in a
dataset of 1397 locations, ranging from 18 to 338 locations per individual (Table 6.1).
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Table 6.1. Movement parameters of individual wombats used to define the domain in which available locations were selected for resource selection
analyses, and the maximum number of parameters included in candidate models (based on the m/10 rule-of-thumb, after Guisan & Zimmerman 2000).
Wombat

95% move distance (m)^

# used

# available

Maximum model parameters

F1

328

338

3380

34

F2

373

23

230

2

F8

192

278

2780

28

F9

253

18

180

2

F13

226

57

570

6

M3

321

57

570

6

M4

400

29

290

3

M5

321

281

2810

28

M6

310

47

470

5

M11

2283

77

770

8

M14

456

192

1920

19

1397

13970

Total
^ 95th percentile distance moved over one hour
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The ―available‖ sample was generated by randomly selecting, in a geographic
information system (GIS), ten locations for each ―used‖ location. These ten available
locations were randomly selected from the area inside a circle, centred on each used
location, with the radius of the circle equal to the 95th percentile movement distance
over one hour for that animal (Johnson et al. 2006). Thus, the parameters of movement
of each individual (Chapter 5) were used to define the domain of availability (Table
6.1). Movement distances, buffer areas, and random locations were generated using
ArcGIS v. 9.2 (ESRI Inc.) and Hawth‘s Analysis Tools v. 3.27 (Beyer 2007).
6.2.2

Model development

For each individual wombat, the animal location information was combined with habitat
data (see section 6.2.3) to generate predictive models of resource selection, using
resource selection functions (RSF). The RSF (relative probabilities of use) were
estimated by the exponential model:

with

resource (predictor) variables and

model coefficients (Manly et al. 2002).

Model coefficients were computed using conditional fixed-effects logistic regression,
sometimes called matched-case or paired logistic regression (Boyce 2006). Conditional
fixed-effects logistic regression differs from regular logistic regression by grouping data
in a matched case-control design (Johnson et al. 2004; McLoughlin et al. 2010). This is
considered appropriate for studies that aim to account for differences among individuals
and groups within the population (e.g. high vs low altitude) in selection of resources
(McLoughlin et al. 2010). In these analyses, use and availability were matched for each
animal location. Models were fitted in R (R Development Core Team 2005) using the
clogit {survival} function, with animal location ID included as the strata.
6.2.3

Habitat data

Resource variables for the RSF included a number of topographic, vegetation, fire and
other habitat features important to wombats (Chapters 3 – 5 and previous studies, Table
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6.2). Topographical, vegetation and fire variables were derived from 25 m resolution
raster GIS data. A digital elevation model (DEM) was used to create mapped variables
of slope, northness and eastness (i.e. two continuous variables for aspect as described in
Chapter 3), as well as two topographic indices: a topographic ruggedness index (TRI),
and a steady state wetness index—commonly known as the compound topographic
index (CTI). TRI quantifies topographic heterogeneity based on a measure developed by
Riley et al. (1999). CTI is a function of slope and upstream contributing area, and may
be highly correlated with soil attributes (Moore et al. 1993). The TRI and CTI grids
were created using Arc Macro Language (AML) scripts written by Jeffrey Evans
(available at http://arcscripts.esri.com). Point solar radiation at each location was
calculated using the Point Solar tool for the whole year, being either 2008 or 2009,
depending on the year the wombat was collared.

Table 6.2. Explanatory map variables used to assess resource selection by wombats.
Variable code

Description

Min – Max

Elev

Elevation of location (m)

1127

North

Relative northness

-1

1

East

Relative eastness

-1

1

Slope

Slope (º)

0

36

Psolar

Point solar radiation (J/m2 per year)

Dwater

Distance to water (m)

0

793

Droad

Distance to road (m)

0

2060

TRI

Topographic ruggedness index

1

5

CTI

Compound topographic (wetness) index

4

19

Burn

Proportion of area burned within 100 m

0.0

1.0

Grass

Proportion of area containing grassland within

0.0

1.0

0.0

1.0

2043

1.0 x 106 1.8 x 106

100 m
Wood

Proportion of area containing subalpine
woodland within 100 m
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Linear features, such as roads and rivers, were mapped at 1:25 000 and converted to
raster layers with a grid size of 25m. The predictor variables of distance to roads and
distance to water were then calculated using the straight-line distance function in the
Spatial Analyst extension.
Neighbourhood statistics (i.e. focal functions) were used to derive the proportion of the
most prominent mapped vegetation classes (grassland and subalpine woodland) within
100 m of the point location from a forest ecosystems layer (National Parks and Wildlife
Service). Grassland was derived from the mapped class 129133 ‗Alpine Wet Herbfield
& Sub-alpine Wet Herb/Grassland/Bog‘, and subalpine woodland was derived from
mapped classes 128 ‗Sub-alpine Dry Shrub/Herb Woodland - E. niphophila‘ and 130
‗Sub-alpine Shrub/Grass Woodland - E. niphophila‘. Neighbourhood statistics were also
used to derive the proportion of burned area within 100 m of the point location from a
fire severity map of the extensive 2003 fires (NPWS Kosciuszko Fire Severity Model)
reclassed as burned (i.e. low to very high severity categories) vs not burned.
6.2.4

Model selection and validation

Environmental predictors were first tested for collinearity using Pearson‘s correlation.
Highly correlated variables (r > |0.6|) were identified and the variable with the strongest
response to the dependent was retained, except Slope was always retained over TRI
because it is a continuous variable, and North was always retained over Psolar because
it can be mapped more easily. Quadratic terms for slope and elevation were included in
candidate models because they can be important in resource selection by animals in
mountainous areas (e.g. Johnson et al. 2004; Poole et al. 2009).
All combinations of the final predictor variables were evaluated in the model set using
Akaike‘s Information Criterion corrected for small sample sizes (AICc), after Burnham
& Anderson (2001; 2002). However, the maximum number of predictors included in a
model was restricted to m/10, where m is the number of used locations, because some
wombats had small sample sizes (Guisan & Zimmerman 2000; Table 6.1). Models were
ranked based on their difference from the model with the lowest AICc ( i) to indicate
their relative support. Models having

i

≤ 2 were considered to have substantial support

(Burnham & Anderson 2001; 2002) and were examined for similarities among
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individual wombats in their selection strategies. Significant selection or avoidance was
inferred if the confidence intervals of the model coefficients did not overlap 0 (Johnson
et al. 2004). The most parsimonious model was selected for evaluation, as described
below.
The predictive performance of the RSF was evaluated using the validation method of
Johnson et al. (2006):
1. Location data were partitioned into model training (80%) and model testing
(20%) datasets.
2. Conditional logistic regression was used to estimate the model coefficients of
the RSF with the model-training data.
3. RSF values were predicted in ArcGIS using the raster calculator, and the pixels
reclassified into 10 ordinal bins (if possible) using quantile breakpoints. The
extent of the predictive map was based on the MCP home range of the wombat
(see Chapter 5) with a buffer equal to its 95% movement distance (Table 6.1).
4. The total area (count of pixels) for each ordinal bin was queried from the
resulting grid.
5. The midpoint values of raw RSF scores were determined for each ordinal bin
using Hawth‘s Tools zonal statistics.
6. The utilization U(xi) value for each bin i was determined using the formula

where w(xi) is the midpoint RSF of bin i and A(xi) is the area of bin i.
7. The expected number of validation observations within each bin (Ni) was
estimated using,
where N is the total number of model-testing used observations.
8. The observed number of validation observations within each bin was determined
by intersecting the model-testing data (used locations) with the predicted RSF
map.
9.

Expected and observed numbers were converted into proportions to assess the
relationship between expected and observed frequencies using linear regression.
A model that is proportional to the probability of use would have a slope
different from 0, but not different from 1, an intercept of 0, and a high R2 value
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with a nonsignificant
6.2.5

2

goodness-of-fit value (Johnson et al. 2006).

Habitat suitability mapping

Data for individual wombats were pooled to estimate resource selection over the
landscape. The same procedure used to estimate individual models (see section 6.2.4),
was used for this global model. However, validation of the final model was also made
using an independent dataset of 352 wombat burrow locations (collected by A.
Matthews & K. Green). The study area was defined by the extent of these burrow
locations with a 500 m buffer. The burrows extend beyond the range of the collared
wombats and therefore test the predictive performance of the model to areas outside the
calibration range.

6.3

RESULTS

6.3.1

Individual models

The top models included topographic, vegetation, fire and distance variables as
predictors, but they varied for each wombat (Table 6.3). Slope was included in 7 of the
11 individual top models, with mid-slopes or steeper slopes preferred. Distance to road
was also included in seven individual models, with wombats selecting locations closer
to the road. Subalpine woodland was selected in five individual models showing
preference by wombats for locations with a higher proportion of cover. Other variables
included in top models were selected by some individuals and avoided by others. This
was particularly the case for the aspect variables of relative northness and relative
eastness, and possibly depended on the broader scale of their home range location on
the landscape, i.e. whether the wombat was located on the north or south face of a hill.
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Table 6.3. Top resource selection function (RSF) models of individual female (F) and male (M) wombats, variables included and characteristics of the
accuracy of each model.
F1

F2

F8

F9

F13

M3

M4

M5

M6

M11

M14

Variable:
Elev
Elev2
North

/

/

East

/

Slope

/

Slope2

/

/

Dwater
Droad

/

CTI

/

Burn

/

Grass
Wood

/

Rank (spearman) correlation*:
rs

0.827

0.110

0.872

0.674

0.610

0.737

0.562

0.781

0.954

0.634

0.825

P

0.003

0.795

0.001

0.033

0.061

0.015

0.091

0.008

0.001

0.049

0.003

F1

F2

F8

F9

F13

M3

M4

M5

M6

M11

M14

Regression (expected vs. observed):
b0

0.008

0.117

0.029

-0.004

0.002

0.012

-0.002

-0.030

0.004

-0.007

-0.076

b1

0.924

0.063

0.708

1.605

0.883

0.386

1.204

1.302

0.832

1.268

1.758

R2

0.779

0.002

0.342

0.292

0.697

0.138

0.774

0.745

0.962

0.799

0.733

2

12.885

41.873

25.070

6.617

6.225

10.924

5.863

8.115

2.856

6.198

20.382

d.f.

9

7

9

9

9

9

9

9

6

9

9

0.168

0.000

0.003

0.677

0.717

0.281

0.754

0.523

0.827

0.720

0.016

Goodness-of-fit:

P

*rs correlations are between the expected vs observed proportion of validation observations in the RSF ordinal bins
significant selection (model coefficents (β) are positive and 95% confidence intervals do not overlap 0)
significant avoidance (model coefficents (β) are negative and 95% confidence intervals do not overlap 0)
/ no significant avoidance or selection (95% confidence intervals overlap 0), but variable is included in the model
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Rank correlations between the model predictions and the used proportions from the
evaluation datasets was high and significant for 8 of the 11 individual models, showing
good internal consistency and predictive performance for many RSF models (Table
6.3). The poorest model (F2) had a very small sample size (Table 6.1). Individual RSF
models that fit the criteria for being approximately proportional to the probability of
use, based on linear regression and the

2

goodness-of-fit test (see 6.2.4), include F1,

F13, M4, M5, M6, and M11 (Table 6.3).
All models within 2 AICc units of the top model for individual wombats were then
examined for commonalities to group individuals into common selection strategies.
Grouping of individuals was based on their selection or avoidance of particular
resources. Four groups could be broadly identified, and were categorised based on their
elevation (high or low) as well as their position in relation to the main Kosciuszko Road
(north or south), as shown in Fig. 6.1: (1) Wombats occurring in low-south locations
(F1, F8, F13) selected sites with mid-elevations, mid-slopes, further from water, closer
to roads, on drier soils, with more of the area burned, and less grassland; (2) wombats
occurring in low-north locations (F2, F9, M3) selected sites with more southerly
aspects, on flatter slopes, and closer to roads; (3) wombats situated in high-south
locations (M5, M11) selected sites on higher elevations, more easterly aspects, on
steeper slopes, closer to water, closer to roads, on wetter soils, and with more of the area
burned; (4) wombats occurring in high-north locations (M4, M6, M14) selected sites on
more northerly and westerly aspects, on steeper slopes, closer to water, closer to roads,
on drier soils, and surrounded by more subalpine woodland.
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Figure 6.1. Individual wombats grouped into common selection strategies. Each
individual wombat is identified by sex (M, F) and its individual number.
6.3.2

Global model

All individual wombat locations were pooled into a global model for predictive
mapping. There were two models with substantial support (

i

≤ 2), indicating good

model certainty. Both included quadratic terms for elevation and slope, distance to
water, distance to road, the compound topographic index, and grass (Table 6.4). The top
model also included relative northness (Table 6.4), but the confidence intervals
overlapped 0, indicating that it was neither significantly selected or avoided (Table 6.5).
Selection for mid-elevations and mid-slopes was indicated by positive model
coefficients for the linear term and negative coefficients for the squared term (Table
6.5). Because the RSF was based on the scale of individual movements, these
predictions for mid-elevations and mid-slopes is site-specific and suggests that wombats
are selecting locations on the side of hills. Like the individual models, the global model
also showed selection for locations closer to roads (Table 6.5). Avoidance of grasslands
in the global model (Table 6.5) was similar to the selection of areas with a higher
118

Chapter 6: Resource Selection

proportion of subalpine woodland in the individual models, since Grass and Wood were
highly negatively correlated (r = -0.872). In the global model, locations closer to water
courses and with drier soils (lower CTI) were selected (Table 6.5).

Table 6.4. Model selection results for the global RSF model of wombats (pooled
individuals).
Variables in model*

K

Elev2 + North + Slope2 + Dwater + Droad + CTI + grass

AICc

10

0.00

Elev + Slope + Dwater + Droad + CTI + grass

9

0.43

Intercept

1 175.18

2

2

*models with a quadratic term also include the linear term

Table 6.5. Model coefficients and 95% confidence intervals of the most parsimonious
global RSF model of wombats.
Variable

β coefficient

± 95% confidence interval

Elev

0.0527003

0.0265011,0.0788995

Elev2

-0.0000161

-2.42e-05,-8.1e-06

North

0.0974323

-0.0252682,0.2201329

Slope

0.1086489

0.0693165,0.1479813

Slope2

-0.0031245

-0.0046427,-0.0016064

Dwater

-0.0009692

-0.0017496,-0.0001889

Droad

-0.0017377

-0.0022492,-0.0012263

CTI

-0.0651041

-0.1134911,-0.0167171

grass

-0.5254448

-0.7525581,-0.2983316

There was good internal consistency in the global model, shown by a high rank
correlation between the predicted and evaluation datasets (rs = 0.954). The regression
model (y = -0.028 + 1.276x) also suggested that the RSF model was good overall, with a
slope significantly different from 0, but not different from 1 (95% CI: 1.052 – 1.500),
and with an intercept close to 0 (95% CI: -0.062 – 0.007). The R2 value was high
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(0.956), but the chi-square test indicated that the fit was not as good as expected (

2

=

53.13, p <0.001). The predictive performance of the RSF based on the independent
burrow location data was also reasonable, with a high rank correlation (rs = 0.939) and
model fit from the linear regression (R2 = 0.878). However, the model was not
proportional to the probability of use, with a slope that was significantly different from
1 (b1 = 1.581, 95% CI: 1.101 – 2.061). This was primarily due to the individual bin fit,
with a significantly higher proportion of burrows than expected in the highest bin class.
Pooling the bins into 5 classes provided a model that was approximately proportional to
the probability of use for the independent data set (b0 = -0.560, 95% CI: -1.863 – 0.743;
b1 = 1.443, 95% CI: 0.748 – 2.138; R2 = 0.936;

2

= 86.79, p <0.001). The mapped RSF

model is shown in Figure 6.2.
The suitability map of wombat habitat (Fig. 6.2) shows that the majority of the alpine
area has a low relative probability of use. Eighty-five percent of the alpine area above
1900 m was predicted to contain the two lowest RSF bin classes (Table 6.6). This global
model is based on predictor habitat variables that are independent of snow cover (Table
6.4). Thus, the suitability map indicates that the alpine area will be unsuitable for
occupation by wombats even if the snow cover declines. However, there are some
habitats, such as around Charlotte Pass, that were predicted to have a high probability of
use, but where wombats do not occur. These areas are potential future habitat of
wombats.

Table 6.6. The percentage of each RSF bin class within the alpine area (> 1900 m a.s.l.)
of the study area.
Global RSF bin class

Total area

Area within alpine % within alpine

(ha)

(ha)

1 (Low relative prob. of use)

8876

2251

63

2

8871

782

22

3

7690

381

11

4

7194

156

4

5 (High relative prob. of use)

6552

2

0

Total

39182

3571

100
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Figure 6.2. Suitability map of wombat habitat, categorised into five classes of relative
probability of use. This map is the product of patch-scale resource selection in the
subalpine zone, extrapolated beyond the range of the population, to predict the
distribution of suitable habitats if snow conditions were homogenous across the study
area.
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6.4.

DISCUSSION

The selection of resources varied among individual wombats in the study area. This was
not surprising given the high variability in their home range sizes and movement rates
(Chapter 5), which may be largely dependent on the availability or quality of the habitat
(Gustine et al. 2006). Home range sizes of wombats increased significantly with altitude
(Chapter 5), and although selection strategies showed some commonalities among
individuals located at different altitudes, there also appeared to be variation in resource
selection according to the wombat‘s general geographic location of their home range.
Slope was one of the most consistent factors included in individual models, with
wombats selecting either mid-slopes or steeper slopes within the home range. Slope was
highly correlated with the terrain ruggedness index, and this result is consistent with a
preference for high-relief terrain within the landscape (Chapter 3). Steeper slopes may
hold less snow (D‘Eon 2004) and provide wombats greater opportunities for foraging
during winter. Alternatively, the burrows of wombats are generally located on slopes
and steep embankments (McIlroy 1973; Evans 2008) and this selection for higher slopes
may be due to their selection for suitable burrow sites. A number of burrows can be
visited during a night of foraging (Skerratt et al. 2004; Evans 2008; Chapter 4) and thus
their movements will be directed around suitable burrow habitat. Flat land within the
study area would be particularly unsuitable for burrow sites because they would have a
high probability of being flooded during the thaw. Strong selection for topographic
variables, such as slope and terrain ruggedness, by other herbivores in snow-covered
environments has also been attributed to its value as an escape terrain from predators
(Poole et al. 2009). Whilst there are few predators of wombats in the study area because
wild dogs rarely occur at subalpine altitudes (Green 2005), wombats are wary of danger
and will escape to the nearest burrow if alarmed (Triggs 2009). During the study, steep
slopes were typically used as escape routes in our attempts to capture them with a net.
The distance to roads was another important attribute in resource selection of individual
wombats. Wombats selected locations closer to roads during their movements within
the home range. Even the widest ranging individual (male 11, Chapter 5) that was
located during the monitoring period up to 1.2 km from the nearest road, showed
selection for habitats closer to the road. However, it is possible that these results are
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biased towards individuals in the population with an affinity to roadside habitat, because
all wombats in the study were either captured by net along various roads or trapped at a
burrow near the road. Roadsides are regularly used by wombats for foraging, and in
winter, when the roads are cleared of snow, they provide easily accessible forage. Roads
up to the ski resorts are also salted during winter to keep them clear of snow, and this
creates an artificial salt lick that may be attractive to wombats. Roads may also provide
good habitat for wombat foraging because culverts can be used as an alternative escape
terrain to burrows (pers. observ.). Roadside habitat can be attractive to animals (e.g.
Mace et al. 1996), but this attraction can be detrimental to the population if there is a
high mortality from animal-vehicle collisions (Forman & Alexander 1998; Roger et al.
2007).
A higher cover of woodland was also consistently selected by a number of individual
wombats. This species is often associated with edge habitat, where burrows are located
under forest cover and foraging extends into open grassland or pasture (McIlroy 1973;
Buchan & Goldney 1998; Skerratt et al. 2004; Evans 2008). These models suggest that
wombats avoid foraging too far from the cover of woodland. This influence of
woodland cover was not observed in the population occupancy models in Chapter 3, but
at the fine-scale it appears to be an important attribute. Many authors have documented
the importance of scale in resource selection (e.g. Anderson et al. 2005; Gustine et al.
2006; Ciarniello et al. 2007; Zweifel-Schielly et al. 2009).
The global model developed in this study essentially represents an average wombat, and
other authors have pointed out the importance in determining whether this properly
represents the population (Gustine et al. 2006). In this study, there was variation among
wombats in which variables were included in each individual model, but there were
similar patterns in the direction of selection of most variables included in the final
model, including elevation, slope, distance to water, distance to roads, and grassland
cover (or conversely woodland cover). Since the importance of most of these habitat
variables have also been identified in other studies of wombats (McIlroy 1973; Buchan
& Goldney 1998; Skerratt et al. 2004; Roger et al. 2007; Evans 2008), the global model
is likely to provide a robust pooled model of the population.
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In the global model, the selection for drier soils (lower CTI) within the home range was
one variable that represented an average of the individual models, since there was both
selection and avoidance of this attribute by individual wombats. However, the selection
of drier soils in the global model was consistent with occupancy models (Chapter 3) that
showed higher soil bulk densities predicting their distribution within the subalpine zone.
A number of individual models also included the amount of burnt cover as a predictor
of selection. However, some wombats avoided burnt areas within the home range, while
other individuals selected burnt areas. Consequently, this habitat attribute was not
included in the averaged global RSF model, but it clearly has an influence in the spatial
patterns of some wombats. The occupancy models in Chapter 3 also showed an
influence of burnt grass on the distribution of the population.
Generation of the habitat suitability map from the global model relied on these GISderived variables of habitat selection. However, other fine-scale field measurements
may be important predictors of wombat distribution (e.g. Chapter 3; López et al. 2010).
The outcome is therefore dependent on which habitat parameters were chosen in the
initial stages of analysis. Nevertheless, the model evaluations suggest that these GISderived habitat variables were predictive of habitat selection when examined against
independent burrow data.
The global RSF model provided the spatial distribution of habitat selected by wombats
within the subalpine zone, projected over the study area. Using RSF models in this way
to predict beyond the range of the sampled population can be problematic (Johnson et
al. 2004), and it is acknowledged that different habitat attributes can be selected in
different locations. However, the purpose of this aspect of the study was to examine
whether patch-scale habitat attributes selected by wombats occur within the alpine zone.
At present, snow covers this area during winter making it unsuitable for occupancy, but
regardless of snow depth, the habitat attributes selected by wombats in the subalpine
zone were found to be absent in the alpine zone.
6.4.1

Conclusion

Results of this study suggest that site topography, canopy cover and the proximity to
water courses and, possibly, roads are the most important factors influencing wombat
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habitat selection within the home range. These habitat features are prominent within the
subalpine area, but largely absent within higher, alpine areas. Thus, it can be concluded
from these results that wombats are unlikely to inhabit alpine areas under given climate
change scenarios of less snow cover, because the area does not presently contain
suitable resources necessary for their survival.
However, the pattern and distribution of plant communities within the alpine area is also
expected to be highly affected by climate change (Pickering & Armstrong 2003). For
example, woody shrub species from heath communities are expected to encroach on
areas of current tall alpine herbfields, and these changes may produce enough cover for
wombats to exploit alpine areas in the absence of other canopy cover, if the position of
the treeline remains stable (Green 2009). Further changes to local resources are also
expected with changes in disturbance regimes (e.g. fire and other biotic changes), which
may also influence the potential for wombats to exploit alpine areas into the future.
Other factors identified in these analyses that were important to wombat resource
selection were topographic, but these will not alter with climate change. Whether these
topographic features are currently selected as a response to snow cover, or are necessary
for other activities (such as burrowing or predator avoidance), will partly determine the
extent to which these current predictions of subalpine resource selection can be used to
determine the suitability of future alpine habitat conditions. Nevertheless, these resource
selection factors can now be incorporated into predictive models that also take into
account habitat factors that determine wombat occupancy across the study area and
changes in snow depth with climate change (see Chapter 7).
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SYNTHESIS AND PREDICTIONS

7

SYNTHESIS AND PREDICTIONS

7.1 INTRODUCTION
In Australia, a number of large marsupial herbivores occur at lower subalpine
elevations. A shift in the distribution of these species to higher altitudes due to climate
change will result in increased grazing of the vegetation of the alpine area (Pickering &
Armstrong 2003). Range shifts of species that are consistent with climate warming have
already been observed across a wide range of taxonomic groups and geographical
locations (Walther et al. 2002). In subalpine and alpine areas, species that are limited by
snow are expected to move to higher altitudes as the snow cover declines (Green &
Pickering 2002). In this thesis, common wombats Vombatus ursinus were studied
because there is anecdotal information that they have moved to higher sites during
recent years of poor snow cover. The main aim of this study was to determine how
snow, and other environmental factors, influence the upper range limit of wombats in
the Snowy Mountains. This knowledge could then be used to make predictions about
future range shifts of wombats with changing climate.

7.2 RESEARCH SYNTHESIS
The initial objective of this study was to conduct a survey of the wombat population
over the altitudinal gradient to define its distribution, and to determine the factors that
limit its present range in the subalpine zone (see Chapter 3). The results showed a
decline in the probability of wombat occurrence with increasing elevation. Wombats
were prominent at lower subalpine elevations, but they were more likely to be absent at
altitudes above about 1700 m. The upper limit of the range corresponds with the treeline
at approximately 1900 m. The survey also showed seasonal differences in the
occurrence of wombats over the altitudinal gradient. In summer, there was a greater
probability of wombats occurring at higher subalpine altitudes compared with winter,
and this was most likely due to snow restricting the movements of wombats during
winter. These results set a benchmark, and a standardised design, for future surveys to
compare changes in the altitudinal range of wombats over time (Shoo et al. 2006).
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A decrease in the number of animals with increasing altitude in the subalpine
environment is thought to be due to the presence of snow (Green & Osborne 1998). In
Chapter 3, logistic habitat models showed that maximum snow depth was a major factor
defining the distribution of the wombat population, but it did not fully explain their
upper range limit. Other habitat factors were found to be important, including
topographic, vegetation, soil and fire variables. More rugged, high relief terrain was
important to wombats in winter, and this is typical of habitat requirements of grazing
animals living in the snow (e.g. Pearson et al. 1995; Nellemann & Reynolds 1997;
Poole et al. 2009). Since snow depth varies not only with altitude, but also aspect, slope,
canopy cover, wind speed and direction (D‘Eon 2004; Sanecki et al. 2006a), a more
rugged terrain would allow wombats a greater choice of habitats where the snow is
shallower. In summer, wombat occurrence was influenced by soil bulk densities, with
lower soil bulk densities associated with peats in wetter habitats where wombats did not
occur. In both seasons, wombat occurrence declined where there was a higher cover of
burnt grass. These results demonstrated that local habitat factors play a role in defining
the distribution of a species even where there are strong regulating environmental
factors, such as snow.
Snow may influence a species‘ distribution by reducing forage availability, restricting
movements, or limiting opportunities for mating. Pickering et al. (2004) attributed the
decline in number of wombats at higher altitudes to snow preventing access to groundbased food, so the influence of snow on the foraging behaviour of wombats was
examined in Chapter 4. This study found that wombats preferred to feed where the snow
was shallower than 35 cm, but wombats adapted to deeper snow by adjusting what they
ate and where they foraged, up to a threshold snow depth of 100 cm. In shallow snow,
wombats generally foraged along fairly direct routes between burrows, but in deeper
snow they deviated more from their path to find suitable feeding locations. These
included more exposed sites around the bases of trees and rocks, where they could feed
on grasses without having to dig through the snow. To avoid digging, wombats also
included in their diet some shrub species that protruded above the level of the snow.
This was the first study to quantify the snow depths at which wombats can successfully
feed, and the limits of their tolerance. These measurements can now be used in a rulebased modelling approach that predicts wombat occurrence based on varying snow
depth (see section 7.3).

128

Chapter 7: Synthesis and Predictions

In addition to the fine-scale foraging paths of wombats in winter, GPS tracking data
presented in Chapter 5 provided a new understanding of the home range and movements
of wombats during winter and non-winter. Home ranges of wombats in the subalpine
environment were considerably larger than expected (average 172 ha, 95% kernel
method), and increased in size at higher altitudes. These findings change the common
perception that wombats, being tied to a low number of burrows in a restricted area, do
not move over long distances (e.g. Banks et al. 2002a). In contrast, they showed that
their inherent ability to move is high. However, spatial patterns and movements were
significantly influenced by snow during winter. GPS data showed that some wombats
moved more slowly and did not travel as far per night during winter, and they used a
restricted area of their home range during this season. Despite previous comments that
wombats may be capable of some downward migration to avoid deep snow in winter
(Green & Osborne 1994), there was no evidence of this behaviour in GPS-collared
animals. However, the snow was not particularly deep during the winters studied here.
In terms of snow amount, 2008 and 2009 were ranked 42nd and 31st, respectively, in the
56-year record from the Spencer‘s Creek snowcourse (see Chapter 2, Fig. 2.4), whereas
Green & Osborne (1994) were referring specifically to 1981, the year with the deepest
snow yet recorded. The observed change in seasonal occurrence of wombats over the
altitudinal gradient (Chapter 3) was most likely due to differences in local movements
of individuals within the higher sites. Since seasonal migration was not characteristic of
wombat behaviour, it was concluded that the location of a wombat home range must be
suitable for winter occupation. At present, this must be below the treeline where the
snow is shallower and suitable forage locations can be found.
An examination of resource selection functions (RSF), in Chapter 6, found similar
habitat attributes influencing wombat spatial patterns within the home range to the
logistic habitat models of the population (Chapter 3). Within the home range, wombats
selected mid- to high-elevations and slopes which was consistent with their preference
for rugged terrain at the landscape-scale. Similarly, their selection for drier soils (lower
CTI) within the home range was consistent with higher soil bulk densities predicting
their distribution within the subalpine zone. Although not included in the global RSF
model, models of individual wombats showed that some wombats avoided burnt areas
within their home range, while other individuals selected them. This individual variation
in the selection of resources is likely to be due to the location of their home range on the
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landscape. Other habitat attributes selected at the scale of the home range were not
predicted at the landscape scale. These included the selection of habitats closer to water,
closer to roads, and with a lower percentage cover of grassland (and consequently a
higher percentage cover of woodland). This latter preference for woodland was
suspected to influence the distribution of the population, but it was not explicit in the
habitat models in Chapter 3. Mapping of the RSF to areas beyond the population range
(Chapter 6) showed that the majority of the alpine area would have a low probability of
use if future snow conditions were similar to current conditions in the subalpine zone.
In summary, snow was found to influence wombats at all scales, from the population
range, to an individual‘s home range and movements, to their foraging path, and what
they ate. However, other habitat factors were also found to be important in their
distribution and selection of resources, and these habitat factors may constrain the range
of wombats even if snow declines. The main conclusions from these studies, which
have a bearing on wombat spatial patterns in the study area, are:
1. Wombats have the physical capability to disperse, but home ranges need to be
established in areas that are suitable for winter occupation.
2. Successful foraging can only occur in snow depths less than 100 cm.
3. At the landscape scale, rugged terrain provides a diversity of habitats for wombats
to exist in areas where the maximum snow depth is greater than 100 cm.
4. Within the home range, wombats select resources based on topographic,
vegetation, landscape and soil attributes, and these features, selected within the
subalpine zone, do not necessarily occur in the alpine zone.

7.3 PREDICTIONS: WILL WOMBATS SHIFT THEIR RANGE TO HIGHER
ALTITUDES WITH CLIMATE CHANGE?

A major objective of this research was to gather suitable information to develop a
predictive model of wombats under future climate change. Climate change models for
the alpine area (Hennessy et al. 2003) predict that by 2050 (high-impact scenario) the
maximum snow depth will be 72 cm on the Kosciuszko main range. Thus, snow depths
at the highest altitudes will come to approximate snow depths currently experienced
within the subalpine zone.
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To synthesise the data collected in Chapters 3 – 6, and produce a predictive model to
examine changes in wombat spatial patterns over the study area, a rule-based modelling
approach (e.g. Schadt et al. 2002) was used to incorporate snow depths and habitat
attributes that are important to wombats. Habitat suitability was based on the following
rules:
1. Snow depth must be less than 100 cm, to allow successful foraging by wombats
(Chapter 4);
2. Topographic relief must be higher than 120 m (i.e. the threshold for wombat
occurrence; Chapter 3) if snow depth is 100 – 200 cm, to allow wombats access
to sites of shallower snow;
3. Habitats must have the necessary resources (resource selection function
categories 4 or 5; Chapter 6), to allow wombats to establish a home range.
These rules were implemented in ArcGIS to predict locations of suitable wombat
habitat at present snow depth levels, and at two times in the future under the highimpact scenarios of snow depth in 2020 and 2050 (Hennessy et al. 2003). Rule 1 was
applied using snow depth maps obtained from CSIRO (Hennessy et al. 2003), which
provided coarse-grain (2.5 km2) predictions of snow depth over the study area. Rule 2
was applied using a relief map that was derived from a 25 m digital elevation model
(DEM) and calculated the difference in altitude within a 500 m radius of each cell. Rule
3 was applied using the global resource selection function map (25 m resolution)
derived in Chapter 6.
The successive application of these rules resulted in the predictive habitat maps shown
in Figure 7.1. These maps predict an 11% increase in suitable wombat habitat across the
study area by 2020, and a 16% increase by 2050 (Table 7.1). This increase in habitat
area was largely within higher subalpine altitudes, particularly around the resort areas of
Perisher, Smiggin Holes and Blue Cow, and on both sides of the Kosciuszko Road
between Perisher and Charlotte Pass. The 2050 predictive map reflects the global RSF
map because by then the area is no longer constrained by snow depth.
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There is a number of limitations to these models, particularly in regard to the coarse
grain of the snow depth prediction maps. These maps were developed to examine
changes in snow depth over the entire Australian Alps, and therefore do not adequately
represent snow depths at the scale over which wombats will respond to foraging
conditions. Nevertheless, they provide broad changes in snow depth over the altitudinal
gradient of the study area that will determine whether wombats can establish home
ranges within the landscape. Further, these snow depth prediction maps were developed
in 1998—the map of ‗present‘ habitat is now 12 years old—so it is likely that the area
of presently available habitat is actually greater than that depicted. Further
improvements in snow depth data accuracy and currency by climate modellers would
improve the results of this approach to modelling wombat habitat.
The habitat maps define areas of suitability, but habitats at higher altitudes are presently
not as densely occupied as areas at lower subalpine altitudes. The habitat depicted
around Charlotte Pass (Figure 7.1) may be suitable for wombat occupation, but so far,
wombats have not established in this area. There is also difficulty in extrapolating these
results from the study area to other locations within the Australian Alps, because the
predictive model remains to be tested. However, using a rule-based approach that
incorporates ecological processes, such as foraging thresholds, makes it much more
likely that these patterns will apply.

Table 7.1. Summary of predicted wombat habitat area under high-impact climate
scenarios (after Hennessy et al. 2003). The study area domain is depicted in Fig. 7.1.
Climate scenario

Habitat area (ha)

Additional area

Percent increase

(ha)
Present

11899

-

-

2020 (high)

13222

1323

11%

2050 (high)

13746

1847

16%
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Figure 7.1. Predicted wombat habitat under future climate change scenarios, using a rule-based modelling approach. White areas on the map are builtup or disturbed areas with no data.
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The results of these predictive maps show that shifts in wombat distribution in the
Snowy Mountains with climate change are likely to occur at higher subalpine altitudes
through a filling process (Gottfried et al. 1999), rather than an upward expansion
beyond the treeline into the alpine zone. Thus, the density of individuals is likely to
increase at the range boundary as the area of available habitat increases, and conditions
for foraging become less harsh. Whilst changes in abundance may also occur within
currently occupied habitats as the quality of those habitats improve (Johnson & Seip
2008; Jarema et al. 2009), these results show how abundance might change with
increases in habitat area within the extent of occurrence. Recent observations of
wombats in higher areas, where they were not seen during the 1970s and 1980s (Green
2004), indicates that these changes are already occurring.
In contrast to the subalpine zone, it appears that the alpine zone has little suitable habitat
for wombats. This study examined topographical and vegetative features of the
environment that would be needed for food, shelter and reproduction. Although each of
these requirements was not examined separately, the model of resource selection at the
patch scale indicated that the habitats selected by wombats within the subalpine zone do
not occur at higher altitudes.
However, new habitats may be used by animals that expand their range into novel
environments (Thomas et al. 2001; Kearney et al. 2008). The availability of habitats for
burrowing is particularly vital for wombat survival and suitable burrow habitat would
need to be available within the alpine zone for occupation within that area. At higher
subalpine elevations, wombats were observed to use large rock habitat as burrow sites,
digging long, inter-connected tunnels, with multiple entrances, under the boulders.
These sites differed quite markedly from burrows at lower elevations where they were
commonly located in hillsides and under tree roots. This allows the suggestion to be
made that wombats will seek alternative burrow locations if their preferred habitat is
unavailable. Other burrowing/denning mammals in subalpine and alpine areas use rocks
selectively as burrow habitat, and this must confer some advantage in this environment
(Bihr & Smith 1998; Ciarniello et al. 2005). Further research is needed to identify the
characteristics and suitability of rock habitat for burrowing in different seasons, and its
availability in the alpine area.
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7.4 IMPLICATIONS FOR MANAGEMENT
While the alpine zone appears to have little suitable habitat for wombat occupation, a
reduction in the snow cover is likely to see a shift in the density of wombats at higher
subalpine elevations. The most immediate impact of this change would be an increase in
wombat numbers within the resort areas, where managers will need to consider the
interaction between wombats and human development. Wildlife conflicts with winter
recreational activities have been particularly problematic where species have
dramatically increased in numbers (e.g. Bruggeman et al. 2006; López et al. 2010).
Whether these increases are naturally occurring phenomena, or a result of anthropogenic
changes in the landscape, decisions about how best to manage the change can be
difficult. Bruggeman et al. (2006 p.1540) aptly wrote that ―managers now face the
increasing challenge of balancing public demand for recreation, while simultaneously
preserving wildlife and habitat‖.
Conflicts between wombats and humans have existed for a long time in farming areas,
where wombats have been blamed for damaging fences, and causing erosion and other
damage to pastures from their burrowing (Marks 1998; Triggs 2009). Within the ski
resort areas, burrows under lodges and other infrastructure do cause problems for
managers (e.g. NPWS 2008), as has been the case in Europe with burrowing alpine
marmots (López et al. 2010), and it might become necessary in the future to exclude
them from certain areas where they could create potential hazards.
Wombats are also regularly killed on the roads (Brown 2001; Ramp et al. 2005); road
mortality can significantly contribute to local population declines (Roger et al. 2011).
Animal-vehicle collisions may increase in the future as more habitat becomes available
to wombats along the Kosciuszko Road, and as human visitation to the area increases
(Pickering & Buckley 2003). Wombats are vulnerable to vehicle collisions because they
feed along the roadsides and are often slow to respond to approaching vehicles (Brown
2001) and their dark body colouration frequently blends with the background. This
presents a hazard to motorists and, if not fatal to the wombat, can cause severe injury
and trauma which is an issue for animal welfare.
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Changes in the spatial patterns and abundance of wombats may also alter biotic
interactions, particularly with non-native pest species. For example, dogs, foxes, cats
and rabbits have been shown to utilise wombat burrows for shelter (McIlroy 1973;
Leigh et al. 1987; Triggs 2009; Borchard & Wright 2010), and changes in wombat
distribution and the creation of new burrows may facilitate changes in these pest
species. Foxes are generally not effective predators of adult wombats (Triggs 2009),
although concern was expressed about foxes preying on wombats in the winter of 1981
when there was very deep snow cover (Green & Osborne 1994). At that time, it was not
known whether foxes were killing or scavenging on wombats that had perished from the
harsh conditions, but there was little evidence of wombat being taken in a dietary study
of foxes (Green & Osborne 1981).
Rabbits in subalpine environments are sensitive to snow depth that prevents access to
burrows and grasses for feeding (Dunsmore 1974; Leigh et al. 1987) and consequently
are limited to areas where there is past or current disturbance, e.g. in areas grazed by
stock (Myers & Parker 1965) or around resorts (Ford 2004; Pickering et al. 2004).
Wombats may facilitate the invasion of rabbits into new areas by creating shelter sites
and keeping open access to ground vegetation (Green & Osborne 1998). Thus, control
programs for pest species will need to be vigilant to these potential changes in wombat
distribution.

7.5 FUTURE RESEARCH DIRECTION
This research examined spatial patterns of the distribution, but changes in abundance
and an understanding of population dynamics at the range boundary would be needed to
fully examine population shifts and limits to dispersal. Changes in relative abundance
may be one of the most dramatic responses to climate change (Shoo et al. 2005; Jarema
et al. 2009), and incorporating ecological dynamics and density-dependence into
resource selection functions is emerging as the next important step in forecasting the
spatial distribution of animals (McLaughlin et al. 2010). Most studies of population
dynamics focus on temporal patterns of local populations, with little attention paid to
differences across habitats within the species‘ range (Guo et al. 2005), but habitats
along elevational gradients provide opportunities to study differences in population
demography and dynamics because there is wide range of environmental variability
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over a small spatial scale (Gillis et al. 2005). For example, Bears et al. (2009) showed
that a Rocky Mountains songbird shifted from a high reproductive strategy at lower
elevations to a high survivor strategy at higher elevations, representing a trade-off in
these demographic parameters. The altitudinal transect established in this study provides
the ideal location for similar population studies.
There are few available data on wombat demography (Roger et al. 2011) and there have
been no studies investigating the influence of altitude on life history characteristics. An
intriguing question that arose from this study that requires further research is whether
female wombats can inhabit higher sites. Only male wombats were captured at higher
altitudes and home ranges were much larger, possibly as a result of lower forage quality.
Conditions at higher altitude may currently be too difficult for females to inhabit these
areas and successfully reproduce. Mech et al. (1987) have shown that snow
accumulation can have a significant bearing on herbivore nutrition that can affect
fecundity and survival of young, and this impact on the population may carry over many
years. Juvenile wombat recruitment may be influenced by the productivity of grasses
during the late lactation and weaning period (Mallett & Cooke 1986), and thus maternal
nutrition may also be important in the population dynamics of this species.
Since wombats were difficult to capture in the study site (see Chapter 2), a study of
demographics would need to use alternative techniques to traditional mark-recapture.
There are now reliable techniques for the genetic identification of individuals from
remotely-collected scats or hair that would provide estimates on the size of the
population and sex ratios (Banks et al. 2002b; Walker et al. 2006). Obtaining
information on survival and recruitment will require much more concerted effort over a
longer period of time, but may be assisted by the use of infra-red camera traps that have
proved successful in detecting wombats at burrows and along trails (Borchard &
Wright 2010; Chapter 2). GPS tracking has provided significant new insights into
wombat movements in this study, but the technology is still far from having the
capacity, or reliability, for long-term deployments that would be needed to obtain
demographic information.
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7.6 CONCLUDING REMARKS
This study on one species, the common wombat, is clearly just a start to understanding
range shifts and potential ecosystem changes in the Australian Alps. Changes will occur
as both animals and plants respond separately, and through various trophic interactions,
to changes in snow cover and other forms of environmental change (e.g. increased fire
frequency). However, local ecological studies such as this fill some gaps in knowledge
and provide the parameters needed to develop more integrated and complex ecosystem
models (Schmitz et al. 2003).
This study has improved the understanding of influences of climate on the distribution
and resource use of large herbivores in mountain ecosystems. The work has contributed
data to the existing very limited information on this topic in the Australian environment,
while adding to an understanding of the ecology of a marsupial herbivore. This study
has shown how local habitat factors can constrain the range of a species even where
there are strong regulating climatic factors. Finally, predictive models in this study have
shown that shifts in animal spatial patterns with climate change may occur as much
through a filling process within the extent of occurrence, as an extension beyond the
range boundary.
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Appendix 2.1. Body measurements of captured wombats in the Snowy Mountains.
Females

Males

n

Mean ± se (min – max)

n

Mean ± se (min – max)

Body weight (kg)

6

32.9 ± 2.1 (26.5 – 39.0)

7

31.9 ± 1.8 (25.0 – 38.5)

Body length (mm)

6

965.0 ± 24.2 (890 – 1030)

7

979.3 ± 37.9 (860 – 1120)

Head length (mm)

6

225.0 ± 7.5 (205 – 250)

7

237.7 ± 5.9 (215 – 260)

Neck circumference (mm)

3

503.3 ± 23.3 (480 – 550)

2

535.0 ± 5.0 (530 – 540)

Pes length (mm)

5

97.0 ± 3.9 (83 -105)

7

103 ± 1.3 (100 – 110)

Height to shoulder (mm)

3

326.3 ± 69.1 (229 – 460)

6

300.0 ± 21.6 (210 -370)

Height to chest (mm)

3

146.7 ± 23.3 (110 – 190)

6

183.3 ± 16.1 (140 – 250)

No data

4

42.5 ± 2.5 (38.2 – 48.0)

No data

5

47.6 ± 3.4 (39.7 – 57.6)

Foot surface area – manus (cm2)
2

Foot surface area – pes (cm )
2

Foot loading (g/cm )

No data

178.8
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Appendix 2.2. Individual histories of each wombat captured and collared during the study.
Collar number: 11
Gender: Male
Ear tag: Blue, right ear
Location: Mount Perisher to the Thredbo River

History:
6 April 2008 – Caught in a cage trap placed on a burrow in the embankment above Kosciuszko
Road. Infra-red camera recorded time of capture at 6:45 pm. GPS collar attached and released into
the burrow at 11:10 pm. Recorded on infra-red camera leaving the burrow at 12:18 am.
7 April 2008 – Relocated in burrow about 100 m away from capture site, then no signal from
Kosciuszko Road for many days. Finally relocated on 22 April in a major burrow system under
boulders on Mt Wheatley.
26 April 2008 – Recaptured in net on Kosciuszko Road and collar downloaded. Released on site.
1 June 2008 – Major burrow system located under boulders on western end of Mt Wheatley where
GPS locations recorded. VHF signal received at top of Porcupines, giving a direction from below
Mt Duncan.
23 July 2008 – Relocated in burrow below Mt Duncan. Snow depth near burrow entrance was 118
cm. Relocated three more times during winter (July – August), always in locations below Mt
Duncan and the Porcupines. On 31 July, a large snow drift had covered the entrance to the burrow
and a tunnel about 2 m long was dug through the snow to reach the burrow.
1 March 2009 – VHF signal lost. Recorded on infra-red cameras on 4 March at entrances to
burrows on Kosciuszko Road. Collar has released. No signal from helicopter on 11 March.
November 2009 – Collar picked up by hiker near Porcupines and handed in.
140

Appendices

Collar number: 14
Gender: Male
Ear tag: Yellow, right ear
Location: Link Road near Blue Cow Mountain

History:
30 April 2008 - Caught by net on Link Road. GPS collar attached and released on site. Relocated
the next morning in a burrow above the Ridge Quad Chairlift access track.
31 May 2008 – Relocated in burrow under heath at the bottom of the Devils Playground ski run.
This burrow was active (snow tracks and fresh scats) on 25 July, but by 7 August was no longer
used when the snow depth was 118 cm and snowboarder tracks went by the entrance.
7 August 2008 – Relocated in burrow under boulder on north side of Mount Piper. Snow depth 88
cm.
25 October 2008 – Recaptured in trap on burrow and collar data downloaded. Released into burrow.
1 March 2009 – Collar released in burrow about 3 m from entrance. Retrieved using burrow camera
and hook on 5 April.
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Collar number: 6
Gender: Male
Ear tag: White, right ear
Location: Guthega

History:
5 March 2009 - Caught by net on Guthega Road. GPS collar attached then carried and released in a
burrow just below the road.
11 March 2009 – Relocated in burrow under boulders just above the Home Trail run on the resort.
Relocated during March/April in burrows within the resort/village area.
21 April 2009 – Recaptured in trap on burrow below the road. Collar data downloaded and released
back into burrow.
20 July 2009 – Relocated in burrow just below the Home Trail run. Snow depth about 60 cm at
burrow entrance.
1 October 2009 – Collar failed to release. Relocated in various burrows over the next month.
3 November 2009 – Not caught after 3 nights with a trap set on the burrow.
11 December 2009 – Not caught after 5 nights with a trap set on the burrow.
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Collar number: 4
Gender: Male
Ear tag: Red, right ear
Location: Link Road near Smiggin Holes

History:
25 October 2008 – Caught by net on Link Road. GPS collar attached then carried and released in a
burrow nearby up the road. Relocated in another burrow further along the road the next morning.
3 January 2009 – Relocated in burrow on south-western side of Link Road, and again on 31 March
in burrow on the northern side of Link Road.
21 April 2009 – Escaped from burrow where trap was set for 2 nights.
19 July 2009 – Relocated in favoured burrow on northern side of Link Road. Snow tracks lead to
another burrow nearby. Snow depth about 40 cm.
1 October 2009 – VHF signal from same burrow.
6 November 2009 – Burrow dug up to retrieve collar. Wombat found dead in burrow.
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Collar number: 12
Gender: Female
Ear tag: Red, right ear
Location: Kosciuszko Road between Wragges Creek and Prussian Creek

History:
1 May 2008 – Caught in trap on burrow (going in) just above steep embankment beside Kosciuszko
Road. GPS collar attached and released into burrow. Faint signal received the next morning from
Kosciuszko Road.
31 May 2008 – Relocated in burrow further uphill in the trees.
24 July 2008 – Relocated in burrow uphill with multiple entrances. Snow cover patchy but about 35
cm deep near entrance.
30 July 2008 – Relocated in burrow nearer to road. Patchy snow cover.
21 October 2008 – VHF signal lost. No signal during searches from high points around location or
from helicopter on 11 March. No activity during April 2009 at burrows previously used (monitored
with IR cameras and sticks at entrances).
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Collar number: 5
Gender: Male
Ear tag: Orange, right ear
Location: Dainers Gap

History:
25 October 2008 – Caught by net on Kosciuszko Road. GPS collar attached then carried and
released in a short burrow at end of drain line nearby. Relocated the next morning in a burrow
further uphill.
11 March 2009 – Relocated in major burrow uphill with large, cave-like entrance and again in the
same location on 3 April.
21 April 2009 – Escaped from burrow where trap was set for two nights.
20 July 2009 – Relocated in burrow nearer to the road downhill from Dainers Gap. Patchy snow
cover.
1 October 2009 – Collar dropped on ground in foraging area and retrieved.
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Collar number: 13
Gender: Female
Ear tag: None
Location: North of Rainbow Lake Track

History:
21 October 2008 – Caught by net on Kosciuszko Road. GPS collar attached and released on site.
Relocated two days later in burrow under boulders on other side of Diggers Creek tributary.
3 March 2009 – Observed at 2:40 am on Kosciuszko Road.
April 2009 – Relocated twice in burrows on other side of tributary.
20 July 2009 – Relocated in burrow at edge of treeline. Patchy snow.
1 October 2009 – Collar failed to release.
2 October 2009 – Collar dropped and retrieved just outside entrance to burrow.

146

Appendices

Collar number: 2
Gender: Female
Ear tag: White, right ear
Location: Kerry View Hill and behind Sponars Chalet

History:
21 October 2008 – Caught by net on Kosciuszko Road. GPS collar attached then carried and
released in a burrow about 50 m down the road.
3 January 2009 – Signal received from top of hill above Sponars Chalet, giving a direction from the
north-west. Signal received from similar location above Sponars on 11 March, giving a direction
from the north-east.
23 April 2009 – Relocated for the first time in a burrow on the Devils Staircase.
21 July 2009 – Relocated in burrow just up from Diggers Creek tributary. Patchy snow cover.
1 October 2009 – Collar dropped in burrow about 10 m from entrance. Retrieved using burrow
camera and hook on 14 December.
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Collar number: 10
Gender: Male
Ear tag: Yellow, right ear
Location: Near Sponars Chalet

History:
21 October 2008 – Caught by net on Kosciuszko Road. GPS collar attached and released on site.
Relocated the next morning in a burrow uphill near boulders.
3 January 2009 – Relocated in burrow under multi-stemmed tree, and again on 11 March in burrow
with 2 entrances.
22 April 2009 – Remained down burrow where trap was set for 3 nights.
21 July 2009 – Relocated in same burrow. Snow depth about 20 cm and snow tracks present.
1 October 2009 – Collar dropped in burrow. Not retrieved after many attempts with camera and
digging. Burrow remains active in December.
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Collar number: 3
Gender: Male
Ear tag: Blue, left ear
Location: Rennix Gap to Guthega Road

History:
21 October 2009 – Caught by net on Kosciuszko Road. GPS collar attached then carried and
released in a nearby burrow. Relocated 2 days later in a burrow further uphill.
1 March 2009 – Relocated in a burrow used by Female #9 the previous winter. Relocated in various
burrows during March/April, some also used by Female #9.
22 April 2009 – Escaped from trap on second night set on burrow, and relocated the next day in a
favoured burrow on other side of home range.
21 July 2009 – Relocated in same burrow. Snow depth 26 cm and snow tracks present.
1 October 2009 – Collar failed to release.
2 October 2009 – Collar dropped in burrow about 3 m from entrance, and dug out on 5 October.
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Collar number: 9
Gender: Female
Ear tag: Green, left ear
Location: Rennix Gap to Guthega Road

History:
5 April 2008 – Caught by net on Kosciuszko Road. GPS collar attached and released on site.
Unstable and disoriented whilst recovering from the anaesthetic. Relocated the next morning in
burrow on south side of Kosciuszko Road.
8 April 2008 – Relocated in freshly dug burrow on north side of Kosciuszko Road, and remained on
north side for the remainder of the tracking period.
23 April 2008 – Recaptured in trap on burrow near Rennix Gap walk. Released from trap without
anaesthetic or handling. Relocated the next morning in a burrow back in the middle of its range.
22 July 2008 – Relocated in burrow. Snow depth 15 cm with fresh snow tracks.
5 August 2008 – Relocated in burrow and snow tracks followed. Snow depth 40 cm.
23 October 2008 – Relocated in burrow near Male #3.
3 January 2009 – VHF signal lost. No signal from helicopter on 11 March. Recorded on infra-red
camera at burrow entrance on 3 April and collar has released.
4 October 2009 – Collar found on ground at edge of bog.
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Collar number: 8
Gender: Female
Ear tag: None
Location: South of Rennix Gap

History:
11 March 2008 - Caught by net on Kosciuszko Road. GPS collar attched and released on site.
Relocated two days later in burrow on edge of bog.
3 April 2008 – Relocated five times during April in various burrows around the hill.
22 July 2008 – Relocated a few times in burrows during July/August and followed snow tracks.
Patchy snow cover.
1 March 2009 – Collar failed to release. Relocated at different burrows for the next 3 days.
4 April 2009 – Collar dropped on ground and retrieved.
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Collar number: 1
Gender: Female
Ear tag: Orange, right ear
Location: East of Rennix Gap

History:
20 October 2008 – Caught by net on Kosciuszko Road. Just born pouch young present. GPS collar
attached then carried and released in small burrow just uphill. Relocated the next morning in burrow
on other side of hill.
4 March 2009 – Relocated in burrow near powerlines. Tracked four more times during March/April
and always located in one of the two burrows previously used.
21 July 2009 – Relocated in a new burrow. Patchy snow cover. No sign of tracks of young at foot.
1 October 2009 – Collar dropped just outside entrance to favoured burrow on far side of hill.
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Appendix 3.1. Details of the snow modelling for interpolating local snow depth data across
the study area in the Snowy Mountains, Australia.

Snow modelling followed the methods of López-Moreno & Nogués-Bravo (2005; 2006),
modified for the local area. Snow data were obtained for 94 point locations within the study
area, measured during 2004 at approximately weekly intervals (Green, unpublished data;
for a description of the snow sampling locations see Sanecki et al., 2006a). The maximum
snow depth recorded at each GPS point location (consisting of three snow stakes
approximately 10 m apart) was taken as the maximum snow depth for the year. The
variables considered to be potential predictors of snow depth were obtained from a digital
elevation model (DEM) projected to GDA94 with 67 m resolution. Variables considered
were:

Altitude (alt). Elevation in metres at each point location.
Altitudinal range (max500, max1k, max2k, min500, min1k, min2k, range500,
range1k, range2k). Maximum and minimum altitudes and their range in metres
within buffers of 500, 1000 and 2000 m around each point location.
Slope (slope). Slope in degrees at each point location.
Solar radiation (solar, esriSolar). Two variables were considered: (1) solar: annual
solar radiation (MJ m-2) calculated for each point location using the imported
ArcScript written by Sean Parks (LSDA Forest Service), calculated at latitude
36.395 degrees south; (2) esriSolar: incoming solar radiation (MJ m-2 day-1)
calculated for each point location using the ‘Points Solar Radiation’ spatial analyst
tool in ArcGIS. Input parameters were year 2004, start day 1 June and end day 1
November (i.e., the snow data sampling period). All other parameters were
automatically generated (e.g. day interval of 14 days).

A generalised additive model (GAM) was used to fit models to the snow data using the
cubic spline smoothing term. GAMs have been shown to give the most accurate predictions
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to the spatial distribution of snow and other climate variables because they consider nonlinear relationships (López-Moreno & Nogués-Bravo, 2005). An approximation to Akaike
Information Criterion (AIC) was used in the stepwise procedure for model selection with
the S-Plus step.gam function (Venables & Ripley, 1994).

The best model included the variables max(500) and esriSolar, with good model fit (r2 =
0.67). This model was then used to predict maximum snow depth for each plot location
(i.e., to derive the variable maximum snow depth). A predictive snow depth map obtained
by the model over the study area on a grid of 100 m cell size is shown in Figure A3.1.
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Figure A3.1. Predicted maximum snow depth across the study area.

Appendix 3.2. Significance tests from univariable logistic regression analyses of each predictor variable included in the models.
Variable

β Coefficient Standard Error

Likelihood ratio

p

Wald

p

(a) Winter model variables
Maximum snow depth

-0.056

0.017

22.049

0.000

10.768

0.001

0.054

0.017

15.294

0.000

9.534

0.002

-0.224

0.09

8.934

0.003

6.207

0.013

Litter

0.113

0.056

4.72

0.030

4.073

0.044

Soil bulk density

6.432

3.195

4.631

0.031

4.054

0.044

Burnt shrub

-0.212

0.111

5.444

0.020

3.667

0.055

Distance to water

-0.005

0.003

3.292

0.070

2.899

0.089

Herb

0.066

0.042

2.732

0.098

2.528

0.112

Grass

-0.035

0.023

2.481

0.115

2.271

0.132

Maximum snow depth

-0.047

0.014

19.717

0.000

11.537

0.001

Soil bulk density

12.533

4.427

12.236

0.000

8.015

0.005

Distance to water

-0.008

0.003

8.205

0.004

6.435

0.011

Topographic relief

0.033

0.013

7.716

0.005

6.024

0.014

Burnt grass

-0.154

0.071

5.738

0.017

4.679

0.031

Burnt shrub

-0.199

0.101

5.796

0.016

3.902

0.048

Topographic relief
Burnt grass

(b) Summer model variables

Herb

0.09

0.046

4.542

0.033

3.819

0.051

Moss

-0.22

0.142

4.599

0.032

2.403

0.121

Slope

0.05

0.034

2.383

0.123

2.214

0.137
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Appendix 3.3. Parameter estimates of the top AIC models.
Model
Winter rank 1

Winter rank 2

Variable*

β

Standard

Coefficient

Error

(Intercept)

14.955

6.613

Max snow depth

-0.153

0.075

poly(Grass, 2) 1

-12.905

6.327

poly(Grass, 2) 2

14.190

7.720

Burnt grass

-0.530

0.293

(Intercept)

5.328

3.626

-0.108

0.057

I((Topo relief – 120)*(Topo relief >120))

0.178

0.078

Litter

0.241

0.165

(Intercept)

4.738

2.406

-0.076

0.031

I((Topo relief – 120)*(Topo relief >120))

0.137

0.051

(Intercept)

4.840

2.223

-0.064

0.027

0.136

0.053

Burnt grass

-0.190

0.140

(Intercept)

-13.216

6.846

-0.069

0.025

0.060

0.030

Soil bulk density

29.471

12.046

(Intercept)

-1.055

3.061

Max snow depth

-0.078

0.030

I((Burnt grass – 12)*(Burnt grass >12))

-1.290

0.684

Soil bulk density

22.917

10.335

Max snow depth

Winter rank 3

Max snow depth
Winter rank 4

Max snow depth
I((Topo relief – 120)*(Topo relief >120))
Summer rank 1

Max snow depth
Topographic relief
Summer rank 2

*Quadratic and piecewise linear forms of the variable are shown using the syntax of Splus script.
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Appendix 5.1. Comparison of studies of common wombat home range.
Study

Location,

Tracking

Number of

Tracking

Number of

Home range

Home range size (ha)

elevation

methods used in

wombats for

duration per

locations used

method

mean (min – max)

HR calculation

HR estimates

wombat

6 (from 9

4 - 5 nights

continuous paths MCP

2 - 61 days

and locations

McIlroy (1973,

Buccleuch

Radiotracking,

1976)

State Forest,

radio-location of tracked)

850-975 m

burrows

Cape

Observations,

Portland,

radiotracking

Taylor (1993)

2

330 mins
observation

continuous paths MCP

(4.7 – 23.2)

(8.3 – 13.3)

and sightings

<100 m
Buchan (1994),

Yetholme,

Spool tracking,

7 (spool)

1 - 2 days

Buchan and

1100-1200 m

radiotracking,

3 (rt)

(spool)

Goldney (1998)

radio-location of

5 - 6 nights

burrows

31 days

Skerratt et al.

Padilpa, 200

Spool tracking,

(2004)

m

Green (2005)

Snowy
Mountains,

3 - 9 days

146 - 286

radio-location of

(spool)

12 - 50

burrows

12 - 50 days

Snow tracking

11

30

9

5 - 9 days

33 - 54

MCP

(6.1 – 9.7)

MCP

(2.0 – 8.3)

MCP

27.9 (4.8 – 82.5)

Kernel

36.5 (5.7 – 104.3)

Study

Location,

Tracking

Number of

Tracking

Number of

Home range

Home range size (ha)

elevation

methods used in

wombats for

duration per

locations used

method

mean (min – max)

HR calculation

HR estimates

wombat

Riamukka

Radiotracking,

16 (from 18

up to 42

Harmonic

17.7 (7.8 – 32.0)

State Forest,

radio-location of tracked)

1300 m

burrows

Snowy

GPS tracking

1540-1880 m
Evans (2008)

This study

Mountains,

60

nights

mean

11 (from 13

26 - 346

67 - 1824 (all)

MCP

collars)

nights

57 - 338 (subset) Kernel^

190.4 (18.9 – 1195.4)
172.1 (11.5 – 867.3)

1570-1800 m
^Kernel home range based on datasets using subsample of 1 fix/ day, with a minimum of 50 fixes. This excludes four wombats (i.e. n = 7).
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