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Abstract Climate change models predict that Australia’s alpine areas will experience major declines in snow
cover, which, in turn, may provide suitable habitat for species presently restricted to lower altitudes. As a result,
there are concerns among land managers that many species will invade alpine areas and have a detrimental impact
on fragile alpine ecosystems. However, species survival in such areas, irrespective of snow cover, is greatly
dependent on the availability of suitable resources. This study investigated the selection of resources by common
wombats Vombatus ursinus, which are currently restricted to, but widespread throughout, the subalpine zone of the
Snowy Mountains. Our objectives were to identify habitat choices, and build a model of habitat suitability over the
broader landscape, to investigate the likelihood of this common herbivore inhabiting the alpine zone. Global
positioning system data were obtained from collared wombats, which were tracked for up to a year, to examine
resource selection. Resource selection within the home range of individual wombats revealed that topographic
position, vegetation cover, drainage, past fire disturbance, and roads were important predictors of locations. A
global model showed that wombats selected locations with mid-elevations, moderate slopes, closer to water courses
and roads, and with a lower proportion of grassland, which are discussed in relation to foraging and burrowing
requirements. Mapping of the global model illustrated that alpine areas had a low relative probability of use by this
species. Consequently, wombats are unlikely to inhabit alpine areas under given climate change scenarios of less
snow cover, because the area (presently) does not contain suitable resources necessary for a wombat to maintain
a home range. Researchers and managers need to be mindful of how the spatial distribution of resources, in addition
to species climatic tolerances, will influence potential range shifts.

Key words: alpine, climate change, GPS, herbivore, individual specialization, movement, resource selection
function.

INTRODUCTION

The ecological consequences of climate change are
far-reaching, and have already affected a wide range
of taxonomic groups in many geographical locations
(Walther et al. 2002; Parmesan 2006). In order to
better understand future distributions of species,
a large number of predictive models have been
developed using present-day bioclimatic envelopes
(Peterson et al. 2005). However, predicting the future
range of a species is not simply a matter of understand-
ing its environmental tolerances, because land cover,
the spatial distribution of habitats and resources,
and biotic interactions can all influence occupancy
(Heikkinen et al. 2006). As the spatial distributions of
habitats and resources influence species distributions
at a finer resolution than climate (Guisan & Thuiller
2005), discounting habitat factors in predictive models
could result in misleading predictions. Consequently,
models of habitat suitability are needed to determine

more accurately the likelihood of a species occupying a
projected climate space.

Habitat suitability for a given species can be inves-
tigated using resource selection analysis. Using this
approach, environmental correlates of space use pat-
terns are identified through the examination of areas
used disproportionately in relation to their availability
(Manly et al. 2002). Resource selection analysis is a
type of species distribution model, and is similar in
its methods, particularly at the scale of the geographic
or population range (Boyce et al. 2002). However,
resource selection functions (RSFs) are commonly
defined using a use versus availability design (Johnson
et al. 2006), instead of a use versus non-use (presence–
absence) design, which is more typical of species dis-
tribution 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 pre-
dictive maps of the relative probability of occurrence
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using geographical information systems (Boyce &
McDonald 1999; Johnson et al. 2004).

In Australia, snow cover in alpine areas is predicted
to decline with changes in temperature and precipita-
tion as a result of climate change (Hennessy et al.
2003). In these environments, native and introduced
herbivores that occur at subalpine elevations are gen-
erally excluded from alpine areas because of winter
snow cover (Green & Osborne 2012).Without a deep,
or prolonged, cover of snow, herbivores at lower ele-
vations could shift upwards, and this would result in
increased grazing of alpine vegetation (Pickering &
Armstrong 2003).There are growing concerns among
land managers that species invading from lower eleva-
tions will have a detrimental impact on fragile alpine
ecosystems, and create new challenges for the manage-
ment of protected areas (Dunlop & Brown 2008;
Worboys & Good 2011).

Over the past decade, there has been a measurable
reduction in snow cover in the Snowy Mountains
of Australia (Green & Pickering 2009), and common
wombats Vombatus ursinus have been observed in
alpine areas where they have not previously been
recorded (Green 2005). Our recent studies conducted
in this area showed that maximum snow depth was
a major factor limiting wombat occurrence at high
altitudes, although local habitat factors, including
topographic, vegetation and fire history features, may
constrain their range (Matthews et al. 2010). As snow
cover retreats, alpine habitats may become suitable
for grazing by wombats because of the presence of
extensive grassland and herbfield vegetation. However,
other resources important for fitness would also need
to be available, for example, burrows for shelter and
refuge from predators, as well as sites for social and
reproductive activities (e.g. McIlroy 1973; Green
2005; Evans 2008). Thus, the question remains: what
resources are wombats selecting at lower altitudes, and
will those resources be available in alpine habitats as
snow cover recedes?

This study investigated the within-home range
resource selection of wombats in the subalpine zone of
the Australian Snowy Mountains to provide a more
detailed understanding of the habitats important to
them, and to build a model of habitat suitability over
the broader landscape, incorporating both the sub-
alpine and alpine zones. Matthews and Green (2012)
found that wombat home range size increased with
elevation, and building on this work, we hypothesized
that differences in wombat spatial behaviour over an
altitudinal gradient would lead to high variation in the
selection of resources by individuals, but there would
be commonalities for the most important resources at
a population level. The main objectives of this study
were to (i) develop estimates of habitat selection to
determine which resources individual wombats were
selecting relative to what was available, and (ii) identify

resources selected across individuals, and map those
resources over the landscape to predict areas of suit-
able wombat habitat in the subalpine and alpine zones.

METHODS

Study area and species

This study was conducted in the Snowy Mountains of south-
eastern Australia, which contains approximately 2500 km2

of alpine and subalpine communities (Costin et al. 2000).
Study sites were located in the PerisherValley and the Snowy
River Valley within Kosciuszko National Park (36°24′S,
148°25′E). The subalpine zone extends from about 1500 m
at the winter snowline to about 1900 m at the treeline
(Costin et al. 2000; Green 2009). Beyond the subalpine
zone, the alpine zone extends above the treeline to the
summit of Mt Kosciuszko (Australia’s highest peak at
2228 m). The subalpine zone supports a mixture of vegeta-
tion communities consisting mainly of wet heath, dry heath,
woodland and grassland (Sanecki et al. 2006). Alpine com-
munities are characterized by feldmarks, herbfields, grass-
lands, heaths, fens, and bogs (Costin et al. 2000). Wildfires
occurred in Kosciuszko National Park in January and Feb-
ruary 2003, burning approximately 70% of the subalpine
zone (Green 2005). 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; Bureau
of Meteorology 2008). Average maximum snow depth at
the Snowy Hydro snowcourse at Spencers Creek (elevation
1830 m) is about 200 cm, and reaches maximum depth
usually in late August (Hennessy et al. 2003).

The common wombat Vombatus ursinus is a large herbivo-
rous marsupial (average 26 kg) that occurs throughout
south-eastern Australia (McIlroy 2008). In the Snowy
Mountains, wombats are common throughout the subalpine
zone, particularly at lower elevations (Matthews et al. 2010).
Details of the ecology of wombats in the study area, including
feeding and spatial behaviour are provided by Green (2005),
Matthews (2010), and Matthews and Green (2012).

Animal data and design

The GPS data from 11 wombats (five females, six males)
tracked during 2008 and 2009 were used for resource selec-
tion analyses. Wombats were captured within the subalpine
area and fitted with custom GPS datalogging collars from
Sirtrack (Havelock North, New Zealand), programmed to
record one location every 60 min, for 8 h each night (starting
around 2100 h), up to 12 months (for complete descrip-
tions of the tracking programme, see Matthews 2011). 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 (i.e. the summer range overlapped the winter range
(Matthews & Green 2012)). In this situation, bridging
temporal scales was necessary because winter habitats are
important determinants of summer home range selection
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(Boyce 2006). Pooling seasonal data assumed that annual
resource selection would incorporate winter habitats that
are important for wombat survival. Resource selection was
examined in a use-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 use-available design, the ‘used’ sample was
taken from wombat GPS locations. However, to avoid prob-
lems 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. A dataset of 1397 locations
was extracted, ranging from 18 to 338 locations per indi-
vidual (Appendix S1). The ‘available’ sample was generated
by randomly selecting, in a geographic information system
(GIS), 10 locations for each ‘used’ location. These 10 avail-
able 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
1 h for that animal (Johnson et al. 2006). Thus, movement
distances of each individual were used to define the domain
of availability (Appendix S1). 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).

Model development

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

w x x xp p( ) = + +( )exp β β1 1 �

with xp resource (predictor) variables and bp model co-
efficients (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 regres-
sion 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.

Habitat data

Resource variables for the RSF included a number of topo-
graphic, vegetation, fire and other habitat features important
to wombats (Matthews et al. 2010, Table 1). Topographical,
vegetation and fire variables were derived from 25 m resolu-
tion 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 Matthews et al. 2010), as well as a steady state wetness
index – commonly known as the compound topographic
index (CTI). The CTI is a function of slope and upstream
contributing area, and may be highly correlated with soil
attributes (Moore et al. 1993). The CTI grid was created
using an Arc Macro Language (AML) script written by
Jeffrey Evans (available at http://arcscripts.esri.com).

Linear features, such as roads and rivers, were mapped at
1:25 000 and converted to raster layers with a grid size of
25 m. The predictor variables of distance to roads and dis-
tance 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 n.d.). Grassland was
derived from the mapped class 129133 ‘AlpineWet Herbfield
& Sub-alpine Wet Herb/Grassland/Bog’, and subalpine
woodland was derived from mapped classes 128 ‘Sub-alpine
Dry Shrub/Herb Woodland – E. niphophila’ (i.e. Eucalyptus

Table 1. Explanatory map variables used to assess resource selection by wombats

Variable code Description Range Median Lower quartile Upper quartile

Elev Elevation of location (m) 1127–2043 1604 1578 1666
North Relative northness -1–1 0.40 -0.41 0.79
East Relative eastness -1–1 0.28 -0.66 0.81
Slope Slope (°) 0–36 8.5 4.3 13.6
Dwater Distance to water (m) 0–793 143.0 66.5 258.2
Droad Distance to road (m) 0–2060 258.3 103.5 446.7
CTI Compound topographic (wetness) index 4–19 6.7 5.9 7.8
Burn Proportion of area burned within 100 m 0.0–1.0 0.98 0.86 1.0
Grass Proportion of area containing grassland

within 100 m
0.0–1.0 0.45 0.08 0.88

Wood Proportion of area containing subalpine
woodland within 100 m

0.0–1.0 0.45 0.08 0.84
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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) versus not
burned.

Model selection and validation

Environmental variables for each model were centred and
standardized (Schielzeth 2010), then tested for collinearity
using Pearson’s correlation. Highly correlated variables
(|r| > 0.6) were identified and the variable with the strongest
response in exploratory analysis of the relationship between
single predictors and the dependent was retained. Quadratic
terms for distance variables, 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). Variance inflation
factors (VIF) were used to verify that final model coefficients
were unaffected by multicollinearity. The VIF scores were
generated using the vif {rms} function in R. Collinearity of
predictors was assumed if individual VIF values were greater
than 10, or mean VIF values were considerably larger than 1
(Neter et al. 1996).

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 and 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 &
Zimmermann 2000; Appendix S1). Models were ranked
based on their difference from the model with the lowest
AICc (Di) to indicate their relative support. Models hav-
ing Di � 2 were considered to have substantial support
(Burnham & Anderson 2001, 2002) and were examined for
similarities among 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; see
Appendix S2). Briefly, conditional logistic regression was
used to estimate the model coefficients of the RSF using a
subset (80%) of the location data.The RSF values were then
predicted in ArcGIS to create a predictive map, with the
extent of the map based on the MCP home range of the
wombat (Matthews & Green 2012) with a buffer equal to its
95% movement distance (Appendix S1).The predictive map
was reclassified into 10 ordinal bins to compare the expected
use in each bin with the observed use from the remaining
location data subset (20%). The relationship between
expected and observed numbers was assessed using linear
regression. A model that was proportional to the probability
of use was considered to have a slope different from 0, but
not different from 1, an intercept of 0, and a high R2 value
with a non-significant c2 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, was used for this global
model. However, validation of the final model was also made
using an independent dataset of 352 wombat burrow loca-
tions (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 perform-
ance of the model to areas outside the calibration range.

RESULTS

Individual models

The top RSF models included topographic, vegeta-
tion, fire and distance variables as predictors, but
they varied for each wombat (Table 2). Elevation
was included in three of the 11 top models, with
mid-elevations preferred. Slope was included in five
individual models, with moderate or steeper slopes
generally preferred. Distance to road (Droad) was
included in seven individual models, with wombats
selecting locations closer to the road, or locations both
close and far from the road where squared terms were
included in the models. Distance to water (Dwater)
was included in five individual models, with wombats
selecting locations either close to or at moderate
distance from water. Four models included either
subalpine grassland (Grass) or subalpine woodland
(Wood), and these showed a preference by wombats
for locations with a higher proportion of cover. Grass
and Wood were highly negatively correlated (r =
-0.872). Northerly aspects were avoided in two indi-
vidual models, and easterly aspects were selected in
three. Other predictors included in top models were
selected by some individuals and avoided by others.
This was the case for the CTI, and the proportion of
area burned (Burn).

Rank correlations between the model predictions
and the used proportions from the evaluation datasets
was high and significant for seven of the 11 individual
models, showing good internal consistency and pre-
dictive performance for many RSF models (Table 2).
The poorest models (F2, F9, M4, M6) had small
sample sizes (Appendix S1). Individual RSF models
that fit the criteria for being approximately propor-
tional to the probability of use, based on linear regres-
sion and the c2 goodness-of-fit test, included F1, F2,
F13, M5, M6, M11, and M14 (Table 2).

All models within two AICc units of the top model
for individual wombats were then examined for com-
monalities to group individuals into common selection
strategies. Grouping of individuals was based on their
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selection or avoidance of particular resources. Four
groups could be broadly identified, and were catego-
rized 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 Figure 1: (i) Wombats
occurring in low-south locations (F1, F8) selected
sites with mid-elevations, moderate slopes, moderate
distances from water, closer to roads, with more of the
area burned, and less grassland; (ii) wombats occur-
ring in low-north locations (F2, F9, M3) selected sites
with more southerly aspects; (iii) wombats situated
in high-south locations (F13, M5, M11) selected sites
on higher elevations, more easterly aspects, on steeper
slopes, closer to water, closer to roads, and with more
of the area burned; and (iv) wombats occurring in
high-north locations (M4, M6, M14) selected sites on
steeper slopes, at moderate distances to water, and
either close or far from roads.

Global model for pooled wombat data

All individual wombat locations were pooled into a
global model for predictive mapping. There were nine

Table 2. 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 0 0 -
Elev2 - -
North - 0 - 0 0
East + + +
Slope 0 + - + 0
Slope2 - 0 -
Dwater - - - 0 -
Dwater2 - - 0
Droad - 0 - - - - 0
Droad2 0 + +
CTI + - - -
Burn - - 0 + 0 + 0
Grass - 0 - +
Wood +

Rank (spearman) correlation†

rs 0.932 0.607 0.976 0.493 0.767 0.704 0.366 0.930 0.447 0.731 0.958
P 0.000 0.063 0.000 0.148 0.016 0.023 0.332 0.000 0.227 0.016 0.000

Regression (expected vs. observed)
b0 -0.033 -0.085 -0.042 -0.008 -0.020 0.053 0.005 0.005 0.018 -0.005 -0.044
b1 1.300 1.846 1.424 1.081 1.177 0.469 0.959 0.953 0.842 1.050 1.397
R2 0.920 0.669 0.960 0.128 0.824 0.266 0.463 0.900 0.574 0.939 0.931

Goodness-of-fit
c2 12.544 4.986 9.837 12.845 5.242 6.577 11.338 6.362 8.217 8.510 5.897
d.f. 8 9 9 9 8 9 8 9 8 9 8
P 0.129 0.980 0.364 0.327 0.955 0.681 0.377 0.745 0.644 0.618 0.862

†rs correlations are between the expected versus observed proportion of validation observations in the RSF ordinal bins. +
significant selection (model coefficents (b) are positive and 95% confidence intervals do not overlap 0); - significant avoidance
(model coefficents (b) are negative and 95% confidence intervals do not overlap 0); 0 no significant avoidance or selection (95%
confidence intervals overlap 0), but variable is included in the model. CTI, compound topographic index; RSF, resource selection
function.

Fig. 1. Individual wombats grouped into common selec-
tion strategies. Each individual wombat is identified by sex
(M, F) and its individual number.The locations of individual
wombats corresponds with the centre of their home range.
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models with substantial support (Di � 2). All included
quadratic terms for elevation and slope, and linear
terms for distance to water, distance to road, and grass
(Table 3), indicating good model selection certainty.
Eight of the nine models, including the top model, also
included the CTI (Table 3), but the confidence inter-
vals overlapped 0, indicating that it was neither signifi-
cantly selected or avoided (Table 4). Selection for
mid-elevations and moderate slopes was indicated by
positive, or near zero, model coefficients for the linear
term and negative coefficients for the squared term
(Table 4). Because the RSF was based on the scale
of individual movements, these predictions for mid-
elevations and moderate slopes is site-specific and sug-
gests that wombats selected locations on the side of
hills. Like the individual models, the global model also

showed selection for locations closer to roads, closer to
water courses, and an avoidance of areas with a high
proportion of grassland (Table 4).

There was good internal consistency in the global
model, shown by a high rank correlation between the
predicted and evaluation datasets (rs = 0.994). The
regression model (y = -0.024 + 1.241x) also suggested
that the RSF model was good overall, with a slope
significantly different from 0, but not different from 1
(95% CI: 0.991–1.491), and with an intercept close to
0 (95% CI: -0.064–0.015). The R2 value was high
(0.942), but the chi-squared test indicated that the fit
was not as good as expected (c2 = 56.73, 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 = 0.916). However,
the model was not proportional to the probability of
use, with a slope that was significantly different from
1 (b1 = 1.532, 95% CI: 1.153–1.911).This was prima-
rily because of the individual bin fit, with a signifi-
cantly higher proportion of burrows than expected in
the highest bin class. Pooling the bins into five classes
provided a model that was approximately proportional
to the probability of use for the independent dataset
(b0 = -0.074, 95% CI: -0.271–0.122; b1 = 1.371, 95%
CI: 0.743–1.200; R2 = 0.941; c2 = 77.96, P < 0.001).
The mapped RSF model is shown in Figure 2.

The suitability map of wombat habitat (Fig. 2)
shows that the majority of the alpine area has a low
relative probability of use. Eighty per cent of the alpine
area above 1900 m was predicted to contain the two
lowest RSF bin classes (Table 5).This global model is
based on predictor habitat variables that are independ-
ent of snow cover (Table 3). 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

Table 3. Model selection results for the global RSF model
of wombats (pooled individuals)

Variables in model† K DAICc

Elev2 + Slope2 + Dwater + Droad +
CTI + grass

9 0.00

Elev2 + Slope2 + Dwater2 + Droad +
CTI + grass

10 0.22

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

10 0.79

Elev2 + North + Slope2 + Dwater2 + Droad +
CTI + grass

11 1.03

Elev2 + Slope2 + Dwater + Droad + grass 8 1.45
Elev2 + Slope2 + Dwater + Droad2 +

CTI + grass
10 1.79

Elev2 + Slope2 + Dwater + Droad + CTI +
burn + grass

10 1.88

Elev2 + East + Slope2 + Dwater2 + Droad +
CTI + grass

11 1.97

Elev2 + East + Slope2 + Dwater + Droad +
CTI + grass

10 1.99

†Models with a quadratic term also include the linear term.
Only those models with substantial support (DAICc � 2)
are presented. CTI, compound topographic index; RSF,
resource selection function; K, number of parameters in
model.

Table 4. Model coefficients and 95% confidence intervals
of the most parsimonious global RSF model of wombats

Variable b coefficient �95% confidence interval

Elev 0.4103262 -0.0650204, 0.8856727
Elev2 -1.0319787 -1.5524896, -0.5114678
Slope 0.149005 0.0197194, 0.2782906
Slope2 -0.1984982 -0.2880321, -0.1089642
Dwater -0.1951585 -0.3142259, -0.076091
Droad -1.5347131 -1.9708049, -1.0986212
CTI -0.0788149 -0.1628959, 0.0052662
grass -0.2240352 -0.3157455, -0.1323248

CTI, compound topographic index; RSF, resource selec-
tion function.

Table 5. The percentage of each resource selection func-
tion (RSF) bin class within the alpine area (>1900 m a.s.l.) of
the study area

Global RSF
bin class

Total area
(ha)

Area within
alpine (ha)

% within
alpine

1 (Low relative
prob. of use)

5 350 1695 47

2 9 611 1169 33
3 8 698 483 14
4 8 050 218 6
5 (High relative

prob. of use)
7 474 4 0

Total 39 183 3569 100
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occur. These areas are potential future habitat of
wombats.

DISCUSSION

The selection of resources varied among individual
wombats in the study area, although selection strate-
gies showed some commonalities among indivi-
duals located at different altitudes. Differences in the
selection of resources by individuals may be largely
dependent on the availability or quality of the habitat
(Gustine et al. 2006), and this was also reflected in

the larger size of home ranges of wombats at higher
altitudes (Matthews & Green 2012). The general
geographic location of the wombat’s home range
resulted in individual specialization in resource selec-
tion because of a patchy availability of particular
resources across the landscape. Individual specializa-
tion is common among generalist species, with the
population being made up of small subsets of rela-
tively specialized individuals (Bolnick et al. 2007;
Araújo et al. 2011). In contrast, the general model
of habitat suitability indicates a strong affinity to
particular landscape elements that are not available
in alpine habitats.

Fig. 2. Suitability map of wombat habitat, categorized into five classes of relative probability of use, in the Snowy Mountains,
Australia. 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.
RSF, resource selection function.

176 A. MATTHEWS AND P. G. SPOONER

© 2013 The Authorsdoi:10.1111/aec.12053
Austral Ecology © 2013 Ecological Society of Australia



In our individual models, distance to water and
distance to road were two of the most consistently
included factors. Wombats frequently selected loca-
tions closer to water courses and closer to roads during
their movements within the home range.The inclusion
of quadratic terms for these distance variables in some
individual models showed that some wombats selected
locations at moderate distances from water (as indi-
cated by a negative coefficient for the squared term),
and either close or far from roads (as indicated by a
positive coefficient for the squared term).The associa-
tion of wombats with water courses is consistent with
previous studies that have shown burrows to be pre-
ferentially located closer to water courses, drainage
lines, and along riparian strips (McIlroy 1973; Buchan
& Goldney 1998; Skerratt et al. 2004; Roger et al.
2007). Water courses are also popular feeding areas
(Triggs 2009).

Distance to roads was an important predictor in our
individual models; however, these results may be influ-
enced by trapping methods, where all wombats that
were tracked were first captured near roads (Matthews
& Green 2012). Nevertheless, tracking revealed that
even the widest ranging individual (male 11; tracked
up to 1.2 km from roads), showed selection for habi-
tats closer to roads. Roadsides are regularly used by
wombats for foraging, and in winter, when the roads are
cleared of snow, they provide easily accessible forage.To
keep roads clear of snow during winter, the roads up to
the ski resorts also are salted, and this creates an artifi-
cial salt lick that may be attractive to wombats. Roads
also provide good habitat for wombat foraging because
culverts can be used as an alternative escape terrain
to burrows (A. Matthews pers. observ., 2008). Other
studies have described how 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, 2012).

Slope was another important factor in resource
selection of individual wombats, with wombats gener-
ally selecting moderate to steep slopes within the home
range. This result was consistent with a preference by
wombats for high-relief terrain within the landscape
(Matthews et al. 2010). Steeper slopes may hold less
snow (D’Eon 2004) and provide wombats greater
opportunities for foraging during winter. Alternatively,
as burrows of wombats are generally located on slopes
and steep embankments (McIlroy 1973; Evans 2008),
this selection for higher slopes may be because of
their selection for suitable burrow sites. A number of
burrows can be visited during a night of foraging by
wombats (Skerratt et al. 2004; Evans 2008; Matthews
2010) 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 spring thaw. Strong selection
for topographic variables, such as slope and terrain
ruggedness, by other herbivores in snow-covered envi-
ronments has also been attributed to its value as an
escape terrain from predators (Poole et al. 2009).
While there are few predators of wombats in the study
area because wild dogs rarely occur at subalpine alti-
tudes (Green 2005), wombats are wary of danger and
will escape to the nearest burrow if alarmed (Triggs
2009). Steep slopes, therefore, provide multiple ben-
efits to wombats in snow-covered environments, as a
foraging area, as escape terrain from predators, and for
burrowing.

Individual models also demonstrated that some
wombats avoided foraging in locations with a high
proportion of grassland, and hence further from the
cover of woodland.Wombats are 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). This influence of
woodland cover was not observed in population occu-
pancy models (Matthews et al. 2010), 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). At the scale of the home range, wombats
consistently selected for a higher cover of woodland.

Global model for wombats – predicted use of
the alpine zone

The global model developed in this study essentially
represented an average wombat, and we are cognisant
of the importance in determining whether this prop-
erly represents the population (Gustine et al. 2006).
Although there was variation among wombats in
which variables were included in each individual
model (as described above), there were similar pat-
terns in the direction of selection of most variables
included in the final model, which included elevation,
slope, distance to water, distance to roads, and grass-
land cover (or conversely woodland cover). As 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.

In the global model, the inclusion of the CTI for soil
attributes was one variable that represented an average
of the individual models, as there was both selection
and avoidance of this attribute by individual wombats.
However, the inclusion of this variable in the global
model was consistent with occupancy models that
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showed higher soil bulk densities were predictive of
their distribution within the subalpine zone (Matthews
et al. 2010). 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. Burnt grass was an important
predictor in occupancy models for this population
(Matthews et al. 2010). Consequently, this habitat
attribute clearly has an influence in the spatial patterns
of some wombats, even though it was not included in
the averaged global RSF model.

The global RSF model we produced provided the
spatial distribution of habitat selected by wombats
within the subalpine zone, projected over the study
area. Some authors have suggested that 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.

In the future, the pattern and distribution of plant
communities within the alpine area is expected to
be highly affected by climate change (Pickering &
Armstrong 2003). Woody shrub species from heath
communities, for example, are expected to encroach
on areas of current tall alpine herbfields. These
changes in woody shrub cover may be enough 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 also are expected with changes in distur-
bance regimes (e.g. fire and other biotic changes),
which may influence the potential for wombats to
exploit alpine areas into the future. Other factors iden-
tified in these analyses that were important to wombat
resource selection were topographic, but these will not
alter with climate change. Whether these topographic
features currently are selected as a response to snow
cover, or are necessary for other activities (such as
burrowing or predator avoidance), will partly deter-
mine 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 have
been useful for incorporating the best current knowl-
edge into predictive models that also take into account
habitat factors that determine wombat occupancy
across the study area and estimates of changes in snow
depth with climate change (Matthews et al. 2012).

Conclusion

Resource selection analyses have shown that site
topography, canopy cover and the proximity to water
courses and, possibly, roads are the most important
factors influencing wombat 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
and reproduction. Nevertheless, continued monitor-
ing of resources that are dynamic, and also linked to
climate changes, will be necessary to track the suitabil-
ity of the habitat for wombats, and other species of
concern.
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