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a b s t r a c t

Comparative studies of extinction risk in vertebrate taxa often find that a small geographic range size is
the strongest predictor of a high rate of species decline. This suggests that narrowly distributed species
are more vulnerable to human impacts, which may have implications for the predictive use of compar-
ative extinction-risk models in conservation planning. However, this association is potentially circular
because many species that have suffered substantial declines now have small geographic ranges, making
it difficult to separate the role of range size as a predictor of extinction risk from its role as a response to
human impact. Here we use data for Australian mammals to compare models of extinction risk that
include current geographic range size with models that include historic range sizes reconstructed for
the period before European settlement. We find that current range size is a strong predictor of a species’
IUCN Red List classification. However, when historic range sizes are used, range size is non-significant
and life-history traits assume primary importance in the model. Models that include current range size
also tend to underestimate levels of latent extinction risk (the discrepancy between a species’ current
extinction risk and that predicted from its biological traits), giving misleading predictions of the species
and regions with greatest potential for future species declines. The results suggest that there is circularity
in the use of current range size to predict rates of species decline, and that species with inherently small
distributions are not necessarily the most vulnerable to human impact.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Nearly a quarter of the world’s mammal species are threatened
with extinction (IUCN, 2009), with the distribution of threatened
species being non-random with respect to geography and phylog-
eny (Davies et al., 2008; McKinney, 1997; Purvis et al., 2005;
Russell et al., 1998). Species declines are driven by external
threatening processes such as habitat loss or introduced predators
(Davies et al., 2008), and this is reflected in geographic variation in
the distribution of threatened species. At the same time, certain
phylogenetic groups are more likely to contain threatened species
than others, even within the same geographic regions, suggesting
that extinction risk is also affected by heritable biological traits.
For example, top carnivores may be more vulnerable because their
populations tend to be smaller and they are sensitive to declines in
prey populations (Carbone and Gittleman, 2002), while mammals
with long gestation periods may be more susceptible to decline
because they have slow population growth (Gittleman, 1993).
The extinction risk of a species can therefore be regarded as the
result of exposure to external threatening processes, mitigated or
ll rights reserved.
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exacerbated by intrinsic biological traits (Cardillo et al., 2005;
Fisher et al., 2003).

Although intensive field-based studies of single species remain
the cornerstone of conservation biology, multispecies comparative
studies can uncover the general patterns of extinction risk that can
help explain why some kinds of species seem to be more extinc-
tion-prone than others (Cardillo and Meijaard, 2011; Fisher et al.,
2003). Comparative models of extinction risk involving hundreds
of species have been used to obtain a clearer picture of the broad
patterns of extinction risk, and to draw conclusions about the
external and intrinsic drivers of species declines in a range of taxa
(e.g. Cardillo et al., 2005; Davies et al., 2008; Jones et al., 2003;
Owens and Bennett, 2000). Further, comparative models have been
used to project species declines into the future in an attempt to
predict the species and geographic regions likely to warrant future
conservation attention (Cardillo, 2006; Cardillo et al., 2006, 2004).

In comparative studies of extinction risk in mammals, the one
factor most consistently and strongly associated with high extinc-
tion risk has been a small geographic range size. Small range size
has been linked to higher rates of species decline across mammals
generally (Cardillo et al., 2008), as well as within particular mam-
mal subgroups including carnivores and primates (Purvis et al.,
2000) and megachiropteran bats (Jones et al., 2003). Small range
size has also been associated with high risk in non-mammal taxa,
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including birds (Lee and Jetz, 2011) and amphibians (Murray and
Hose, 2005). Many of these studies have used analysis methods
that attempt to avoid potential circularity by considering only
threatened species listed under criterion A of the IUCN Red List
(IUCN, 2001), which is based on rates of decline rather than abso-
lute range or population size (e.g. Cardillo et al., 2003, 2008, 2005,
2004; Jones et al., 2003; Price and Gittleman, 2007; Purvis et al.,
2000). Nonetheless, concerns about circularity remain. Most of
the geographic range estimates available for mammal species rep-
resent current distributions that, for species that have undergone
severe declines, are often substantially smaller today than in the
past (IUCN et al., 2008; Sechrest, 2005). Hence, it is difficult to dis-
entangle the role of range size as a biological predictor of extinc-
tion from its role as a response to species decline.

Historic geographic ranges reconstructed for a period before the
onset of severe human impact may be a better reflection of species’
‘‘natural’’ distributions, that are the product of climatic tolerances,
habitat requirements and interactions with other species (Brown
and Lomolino, 1998; Gaston, 2009; Munguia et al., 2008). It could
be argued, therefore, that using historic rather than current ranges
in comparative analyses should provide a more accurate picture of
the role of range size as a predictor of extinction risk across species.
For Australian mammals, a recently constructed database of spe-
cies’ pre-European distributions, based on historic records, indige-
nous knowledge and subfossil data (Burbidge et al., 2008) permits
such an analysis. Many Australian mammal species have suffered
severe declines and now occupy ranges that are a tiny fraction of
their ranges only a century ago, making this a good case study
for the comparison of current and historic range sizes.

As well as the uncertain role of range size, a further issue with
comparative studies of extinction risk is the incompleteness of
large comparative datasets, which usually contain numerous miss-
ing values. One previous study dealt with this by using multiple
imputation methods to generate a complete ‘‘pseudo-dataset’’
(Fisher et al., 2003). More commonly, studies apply a heuristic ap-
proach to searching model space first used by Purvis et al., (2000).
However, this strategy can follow alternative model-fitting
pathways that may arrive at a large number of very different final
models. Searching for a single best-fitting model implies a level of
confidence in that single result which is often not deserved, as
alternative models may fit the data nearly as well (Johnson and
Omland, 2004; Whittingham et al., 2006). This is a potentially seri-
ous issue if comparative extinction risk models are used for predic-
tive purposes.

In this study, we present a comparative analysis of extinction
risk for Australian mammals that attempts to address the two is-
sues described above. To address the geographic range issue, we
compare models that use current range size as a predictor variable
with those that use reconstructed historic range sizes from the
database of Burbidge et al. (2008). To address the missing data is-
sue, we use an approach to fitting comparative models based on
model ranking and averaging (Johnson and Omland, 2004). We ap-
ply the heuristic search strategy of Purvis et al. (2000), but rather
than retaining a single ‘‘best’’ model, we combine the results of
multiple models. The resulting consensus model provides statisti-
cally more robust parameter estimates for subsequent predictive
use as well as indicating which variables carry the most weight
in their relationship with extinction risk.

In addition to comparing the results of comparative extinction
risk models, we use the models to calculate latent extinction risk,
the discrepancy between a species’ current extinction risk and its
risk predicted from biological traits (Cardillo et al., 2006). A posi-
tive latent risk value suggests that a species is currently less threa-
tened than its biology would indicate, and could rapidly become
more threatened if external threat levels increase. We examine
the geographic distribution of average latent risk to identify the
regions of greatest potential future mammal declines, and we
examine the influence of using historic versus current range size
on these predictions.
2. Material and methods

2.1. Datasets

As a measure of extinction risk for use with phylogenetically
independent contrasts, we converted the species’ Red List extinc-
tion risk ratings (IUCN, 2009) into a numerical index (least con-
cern = 0, near threatened = 1, vulnerable = 2, endangered = 3,
critically endangered = 4, extinct in the wild/extinct = 5), following
Purvis et al. (2000). Given that 85% of Australia’s terrestrial mam-
mals are endemic (State of the Environment 2011 Committee,
2011), and the range outside Australia tends to be small for non-
endemic species, it is likely that global extinction risk classifica-
tions are, on the whole, an accurate reflection of extinction risk
within Australia. Species listed as threatened for reasons other
than population or geographic range decline rates (criterion A of
the Red List: IUCN, 2001), such as small geographic range (criterion
B of the Red List) or small population size (criteria C and D of the
Red List) were excluded from model-fitting (Purvis et al., 2000)
to minimize this source of circularity and for consistency with pre-
vious comparative studies using the Red List. Species listed as data
deficient were also removed. The resultant database consisted of
172 (out of an initial 235) marsupial, rodent and monotreme
species.

As putative predictors of extinction risk, we used a set of biolog-
ical variables from the PanTHERIA database (Jones et al., 2009),
with some missing values filled by searching the recent literature
(see Appendix for the full list). We added data on nesting level,
as follows: 1 = below ground, i.e. burrows, soil cracks, caves and/
or rock fissures; 2 = both below ground and on ground level nests;
3 = ground level; 4 = both ground level and tree hollows; and
5 = tree hollows, tree canopy and/or tree branches. We assigned
each species to at least one of the following broad habitat classifi-
cations: desert (including sand and gibber plains); rocky, including
scree; heathland; scrubland/shrubland, including mallee; grass-
land, including sedgeland; woodland, including mulga; forest –
sparse understory; forest, general; forest – dense understory;
rainforest; swamp/mangrove; and permanent water bodies.

Both past and current range sizes were recorded for each spe-
cies. Range sizes were based on the species’ historical (pre-Euro-
pean settlement) and current presence in each of the 85
bioregions of the Interim Biogeographic Regionalisation for Austra-
lia (IBRA) (Burbidge et al., 2008: see Fig. 1), with range being an
estimate of the ‘‘extent of occurrence’’ (IUCN, 2001) rather than
area of occupancy (Burbidge et al. 2008; IUCN, 2001). Burbidge
et al. (2008) estimated historical distributions using a combination
of evidence from oral history and indigenous knowledge, museum
specimens, published data, and subfossil data; vagrant records
were not included. Burbidge et al. (2008) give an estimate of the
current status of each species within each bioregion, as follows:
E = extinct, SD = severe decline (>90%), D = decline (50–90%),
P = persists (still occupies >50% of historical range within biore-
gion). To estimate historic range size for each species we simply
summed the areas of bioregions formerly inhabited by the species.
The current range size for each species was calculated by summing
the areas of bioregions historically inhabited after adjusting for
range decline. Thus, the area of each bioregion historically inhab-
ited by a species was multiplied by zero where the species’ sta-
tus = E, by 0.1 where the status = SD, by 0.5 where the status = D,
and by one where the status = P. This provides a crude estimate
of range sizes, but we chose to calculate current ranges in this
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Fig. 1. Average positive latent extinction risk across Australia, calculated using (a) current range sizes; (b) historic range sizes. The grey lines indicate IBRA bioregion
boundaries.
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way rather than directly from maps of current distribution for
comparability with historic ranges. Furthermore, we feel that
greater precision in range size estimates would not necessarily
provide greater accuracy, given the difficulty and uncertainty of
estimating species range boundaries for many Australian mammal
species (Jimenez-Alfaro et al., 2012). However, to test whether this



E. Hanna, M. Cardillo / Biological Conservation 158 (2013) 196–204 199
way of estimating range size is likely to have influenced the results,
we also ran models using current range sizes estimated from distri-
bution maps (IUCN, 2011; Jones et al., 2009).

2.2. Constructing comparative models

We constructed extinction risk models from the set of biological
variables, using the CAIC library (Orme et al., 2009) in R (R
Development Core Team, 2009) to implement multiple regression
on phylogenetically independent contrasts. We chose independent
contrasts (Felsenstein, 1985) over tree-based methods such as
decision trees (Davidson et al., 2009; Hothorn et al., 2006, 2009;
Murray et al., 2011), because they provide more precise predictions
of extinction risk, and unlike tree-based methods they deal with
pseudoreplication due to phylogenetic non-independence (Bielby
et al., 2010). The mammal phylogeny used to calculate contrasts
was the supertree of Bininda-Emonds et al. (2007), updated to
the most recent mammal taxonomy (Fritz et al., 2009). The super-
tree contains many polytomies; the ‘‘crunch’’ algorithm in CAIC
deals with these by dividing the subclade descending from a poly-
tomy into two subgroups and calculating a contrast using an arbi-
trary internal branch length (Orme et al., 2009).

The basic procedure for model-fitting was to simplify from the
full set of predictor variables to a minimum adequate model
(MAM: Crawley, 2002). All predictors were tested as linear terms,
with body mass also being tested as a quadratic variable to test
for the possibility of a critical weight range effect, whereby mam-
mal species of intermediate body mass may be more susceptible to
extinction (Burbidge and McKenzie, 1989). Interactions between
variables were also tested. Given the large number of putative pre-
dictors it was impossible to test all possible combinations of pre-
dictors. We therefore used a stepwise heuristic procedure (Purvis
et al., 2000) to search model space as systematically and exten-
sively as possible. Each model search was begun with a starting
set of predictors, chosen to avoid including strongly collinear pre-
dictors in the same model. To proceed from a starting set to a
MAM, we sequentially removed predictors with the highest p-va-
lue, re-testing the model at each step, until all predictors contrib-
uted significantly to model variance with p 6 0.05. We then
added each previously dropped predictor back into the model,
one at a time, and retested the model for significance. The variables
in our dataset vary in completeness of species coverage, resulting
in different predictor starting sets representing different numbers
of species, and hence different model degrees of freedom. MAMs
were regarded as statistically acceptable only if degrees of freedom
were at least 20, or five times the number of predictors. The model-
fitting procedure was run twice, using current and historic range
size as one of the starting set of predictor variables. In this way,
we arrived at numerous alternative MAMs consisting of different
sets of significant predictors of extinction risk, for each of the
two different data subsets.

2.3. Model ranking and averaging

We ranked all MAMs (separately for each data subset) using the
Akaike Information Criterion (which measures goodness of fit of
statistical models: Akaike, 1974) corrected for small samples (AICc:
Hurvich and Tsai, 1989). We then calculated an Akaike weight for
each model by normalising the model’s likelihood value (which
takes into account the difference between the minimum AICc in
the set and the relevant model’s AICc: Burnham and Anderson,
2002; Johnson and Omland, 2004), ranked models by Akaike
weight, and constructed a consensus model from the models
accounting for the top 99.99% of model weight of evidence
(Burnham and Anderson, 2002; Johnson and Omland, 2004). We
constructed the consensus model by multiplying the coefficient
of each factor in each model by the model’s Akaike weight, then
summing the weighted coefficients to produce a set of model-
averaged coefficients (Burnham and Anderson, 2002; Johnson
and Omland, 2004; Stanley and Burnham, 1998; Whittingham
et al., 2006). The consensus model thus provides an indication of
the factors most strongly associated with extinction risk, which
is less dependent on the particular choice of starting predictors,
and the outcome of an individual run of the heuristic search proce-
dure, than a single best-fitting model. Relative importance of each
variable was determined by summing the weights of all models
included in the top 99.99% of model weight of evidence in which
the variable was present (Johnson and Omland, 2004).
2.4. Calculating latent extinction risk

To calculate latent extinction risk, the discrepancy between a
species’ current extinction risk and its risk predicted from biologi-
cal traits (Cardillo et al., 2006), we first used the consensus extinc-
tion-risk models based on phylogenetically independent contrasts
(see Section 2.3) to identify the set of important predictors in a way
that avoids pseudoreplication due to phylogenetic signal (Cardillo
et al., 2006). The intercept of a regression on independent contrasts
is meaningless and is usually not estimated (Garland Jr. et al.,
1992; Legendre and Desdevises, 2009). Since the intercept is
needed to obtain fitted values of extinction risk, we fitted standard,
non-phylogenetic regressions using the sets of predictors identi-
fied using independent contrasts and used these to extract fitted
values of extinction risk for the set of species with data values
for all of these predictors (Cardillo et al., 2006, 2004). We chose
to use this approach rather than an alternative (such as phyloge-
netic generalised least squares) to maintain comparability with
previous studies (e.g. Cardillo et al., 2006). We calculated a latent
risk value for each of these species by subtracting the species’ cur-
rent extinction risk value from its fitted value. To examine the geo-
graphic distribution of latent extinction risk, we calculated (1) the
average of the positive latent risk values for the species found
within each bioregion, and (2) the number and proportion of spe-
cies in each bioregion with a latent risk value P0.5. We acknowl-
edge that there is some possibility that latent risk values based on
fitted values from non-phylogenetic regressions may be biased, if
slope estimates are influenced by phylogenetic pseudoreplication.
However, we feel that any such biases are likely to apply to all spe-
cies, and therefore should not be a major problem for the use of la-
tent risk values to rank species for conservation prioritization
purposes.
3. Results

3.1. Models including current and historic range sizes

Among 14 MAMs found when using the 25 variables in the cur-
rent range size dataset (see Appendix), there were two nearly equal
top models that carried 50.29% and 49.65% of the total model
weight, respectively. A consensus model was constructed from
the four best models, which accounted for 99.99% of the total mod-
el weight. Significant factors (Table 1a) consisted of current range
size, weaning age and sexual maturity age. Current range size was
clearly the most important variable, appearing in every one of the
four best models (relative variable importance = 1). Results were
similar when we used range size values estimated from species
distribution maps. In these models, range size, weaning age and
sexual maturity age were also found to be significantly associated
with extinction risk, with current range size being present in all top
models.



Table 1
Extinction risk consensus models, with predictors arranged in order of relative
importance. (a) Models based on current geographic range size; (b) models based on
historic geographic range size.

Predictor Model-
averaged
coefficient

95% Confidence
interval

Relative
importance

(a)
Current range size �0.259 �0.303, �0.215 1.000
Weaning age �0.244 �0.360, �0.128 0.503
Sexual maturity age �0.191 �0.296, �0.085 0.497

(b)
Adult body mass 1.475 1.326, 1.624 0.993
Sexual maturity age 1.762 1.587, 1.937 0.972
Adult body mass and sexual

maturity age interaction
�0.255 �0.316, �0.194 0.964

Table 2
List of top ten species with highest latent risk values, using models based on (a)
current range size; (b) historic range size.

Species Common name Latent risk

(a)
Cercartetus caudatus Long-tailed pygmy possum 1.034
Hypsiprymnodon moschatus Musky rat kangaroo 1.034
Pseudomys higginsi Long-tailed mouse 0.894
Antechinus minimus Swamp antechinus 0.773
Thylogale billardierii Red-bellied pademelon 0.759
Zyzomys woodwardi Kimberly rock rat 0.748
Uromys caudimaculatus Giant white-tailed rat 0.744
Sarcophilus laniarius Tasmanian devil 0.675
Pseudomys albocinereus Ash-grey mouse 0.626
Antechinus bellus Fawn antechinus 0.603

(b)
Isoodon macrourus Northern brown bandicoot 0.802
Perameles nasuta Long-nosed bandicoot 0.795
Hydromys chrysogaster Golden bellied water rat 0.769
Isoodon obesulus Southern brown bandicoot 0.750
Uromys caudimaculatus Giant white-tailed rat 0.693
Rattus leucopus Cape York rat 0.631
Aepyprymnus rufescens Rufous bettong 0.602
Rattus fuscipes Bush rat 0.600
Rattus lutreolus Australian swamp rat 0.555
Thylogale billardierii Red-bellied pademelon 0.537
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Using historic range sizes, we recovered 11 MAMs from the 25
variables in the historic range size dataset (see Appendix); the best
model accounted for 96.4% of model weight of evidence. We con-
structed a consensus model using the five MAMs that accounted
for 99.99% of the model weight. The consensus model (Table 1b)
includes three predictors (adult body mass, age of sexual maturity,
and the interaction between adult body mass and age of sexual
maturity). Historic range size was not a significant predictor of
extinction risk. The relative importance of all significant predictors
is almost identical, reflecting the dominance of the single best-
fitting model.
3.2. Latent extinction risk

Latent extinction risk can be calculated only for those species
with data values for the predictor variables included in the models
based on current and historic range sizes (93 and 100 species,
respectively). Using current range sizes, 58 species had a positive
latent risk value and so are currently less threatened than would
be expected from the traits identified as important in the extinc-
tion-risk models, while 25 had negative latent risk, suggesting they
have already suffered decline beyond what might be expected
from the traits identified as important in the extinction-risk mod-
els. When historic range sizes were used, 70 species had a positive
latent risk value while 30 had negative latent risk. Leadbeater’s
possum (Gymnobelideus leadbeateri) had the lowest latent extinc-
tion risk when using both current and historic range sizes (�2.3
and �2.6 respectively), suggesting this species is already more
threatened than would be expected from its biology. The highest
latent risk values were 1.03 for the long-tailed pygmy possum (Cer-
cartetus caudatus) using current range sizes, and 0.8 for the north-
ern brown bandicoot (Isoodon macrourus) using historic range sizes
(Table 2a and b).

Figs. 1 and 2 show the distribution of latent risk among
bioregions, based on the consensus models including current and
historic range sizes. For current-range models, the mean of positive
latent risk values for species within each region (Fig. 1a) shows a
clear geographic pattern, with highest values in Tasmania and
mesic southern Australia, and lowest values for the arid zone of
the inland and west coast. Historic-range models provide a similar
picture of low latent risk in the arid zone (Fig. 1b), but give
estimates of mean latent risk that are slightly higher than the cur-
rent-range models, particularly for northern Australia. When geo-
graphic patterns of latent risk are expressed as the number of
species with latent risk P0.5 (Fig. 2), latent risk is higher on the
east coast of Australia, and lowest in the arid inland, which proba-
bly at least partly reflects the distribution of total mammal species
richness.
4. Discussion

Like most previous comparative analyses of extinction risk in
vertebrate taxa, we find that current geographic range size is the
most powerful of a suite of predictors of species decline rates, over-
shadowing the effects of other biological traits. This result would
suggest that species with inherently narrow distributions are more
susceptible to human impacts such as habitat loss, introduced pre-
dators or hunting, than widely distributed species. However, this
conclusion does not seem to fit well with the history of decline
in Australian mammals. Since the nineteenth century, severe range
decline has occurred in Australian mammals with both large and
small ranges (Burbidge et al., 2008; Fisher et al., 2003; Van Dyck
and Strahan, 2008). For example, both the common brushtail pos-
sum (Trichosurus vulpecula) which was present throughout almost
all of Australia in pre-European times, and the Hastings river
mouse (Pseudomys oralis) which was present in less than two
percent of Australia, now have ranges less than 40% of their pre-
European sizes (Burbidge et al., 2008). Many other formerly wide-
spread species now occupy even smaller fractions of their original
ranges (e.g. greater bilby (Macrotis lagotis), greater stick-nest rat
(Leporillus conditor)), or are extinct entirely (e.g. lesser bilby
(Macrotis leucura)). In fact, the correlation between original range
size and percentage range size decline among Australian mammals
is non-significant (Pearson’s product-moment correlation, t = 0.56,
p = 0.58). One interpretation of this lack of correlation is that the
primary threatening processes for Australian mammals have chan-
ged over time, and that the threats that prevailed from the time of
European settlement until recently did not selectively disadvan-
tage narrowly-distributed species, while present-day threats do.
However, we consider this unlikely, since many Australian mam-
mal species suffered their most rapid declines comparatively
recently (from the 1930s to the 1960s), and it is difficult to imagine
that the major threatening processes have changed substantially
since then. It has also been suggested that the same processes
responsible for these declines are largely driving the current rapid
decline in northern Australian mammals (Woinarski et al., 2011).
An alternative explanation is that the strong association between
current geographic range size and extinction risk suffers from cir-
cularity, despite attempts to control for this circularity by omitting
threatened species listed under criteria of absolute size of geo-
graphic range or population.
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Fig. 2. Number of species with a latent extinction risk value greater than or equal to 0.5, calculated using (a) current range sizes; (b) historic range sizes. The grey lines
indicate IBRA bioregion boundaries.
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In contrast to the strong relationship between current range
size and extinction risk, our consensus model showed there was
no significant relationship between historic range size and extinc-
tion risk. Instead, higher extinction risk was associated with life-
history indicators of slow population growth (larger body size
and later sexual maturity), suggesting that the rate of population
recovery from threats such as habitat loss and, in particular, preda-
tion are of primary importance in determining a species’ current
threat status. These results do not exclude the possibility of geo-
graphic range size being an important predictor of extinction risk
over evolutionary time. Evidence from mass-extinction events
indicates that having a large geographic range size can help buffer



Table A1
Explanation of model predictors (adapted from Jones et al., 2009).

Predictors tested during
modelling

Meaning Unit

Activity Activity cycle of species – categories are nocturnal, diurnal and anything else –
Age at first birth Female age when first litter born (eutherians) or first young attaches to teat (marsupials) Days
Age of dispersal Age of young when permanent departure occurs from group Days
Age when eyes open Age when both eyes are first open Days
Body mass – adult Body mass of adults Grams
Body mass – neonatal Body mass of newborns Grams
Body mass – weaning

age
Body mass of young that are being weaned Grams

Diet Dietary breadth – number of categories of food (e.g. fruit) eaten by species –
Geographical range size

– historic
Area of species’ historic geographical range km2

Geographical range size
– present

Area of species’ present geographical range km2

Habitat Types of habitat used by species –
Habitat types used Number of different types of habitat used by species, e.g. ground dwelling –
Home range size – group Area size in which daily group activities are contained. km2

Home range size –
individual

Area size in which daily individual activities are contained. km2

Interbirth interval Time between two births from the same female Days
Length of gestation Period of time with active foetal growth Days
Litter size Number of young in one litter –
Litters per year Number of litters one female has in a year –
Nesting level Level at which the species sleeps – categories are below ground, both below ground and ground level, ground level, both

ground level and tree hollows, and above ground.
–

Population density Density of individuals in same species Number per
km2

Population group size Number of individuals that spend most of their time together –
Sexual maturity age Age at which individual can first reproduce Days
Social group size Number of individuals in cohesive, social group that spends most time together –
Terrestriality Terrestriality of species – categories are fossorial and/or ground dwelling, and above ground dwelling –
Trophic level Trophic level of species – categories are herbivore, omnivore and carnivore –
Weaning age Age at which young become nutritionally independent from mother’s milk Days
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a species from extinction over evolutionary time (Harnik, 2011;
Jablonski, 2008; Kiessling and Aberhan, 2007): species with extre-
mely small ranges are still more likely to be driven extinct by a sto-
chastic event such as a bushfire than species with larger ranges.
However, our results indicate that for recent extinctions, over hu-
man history, the importance of range size in predicting extinction
risk may be over-emphasized.

The importance of life history rather than range size probably
reflects the nature of the major threatening processes for Austra-
lian mammals. Where habitat loss is the primary source of threat,
a large range might indeed be expected to offer protection for a
species, simply because it is less likely that a large proportion of
its habitat will be lost, compared to a narrowly-distributed species.
In Australia, however, many mammal declines and extinctions can
be attributed to predation by introduced carnivores, and this is
probably the primary threatening process for most Australian
mammals (Johnson, 2006). Since the major introduced predators
(cats (Felis catus) and red foxes (Vulpes vulpes)) are widespread,
population losses due to predation are likely to be independent
of the size of a species’ geographic range, and have led to the rapid
collapse even of once widely-distributed species. Similarly, Price
and Gittleman (2007) found that among artiodactyls, extinction
risk in those species more likely to be hunted by humans was asso-
ciated with slower life history, but not with small geographic
range.

Although Australia can be regarded as a special case globally in
mammal extinctions, due to its unique mammal fauna and high
number of recent mammal extinctions, our findings are applicable
to a broad range of systems. Introduced predators are not unique to
Australia – many islands have suffered major impacts on their
mammal fauna from introduced predators, e.g. endemic rodents
in the Caribbean (Geocapromys species: Berovides and Comas,
1991; Fitzgerald, 1988; Nogales et al., 2004) and the Galapagos
islands (Nesoryzomys and Oryzomys species: Dowler et al., 2000;
Nogales et al., 2004) have been decimated by introduced predators
including cats (Nogales et al., 2004). Introduced predators have
also impacted mammals on other continents, e.g. the American
mink (Mustela vision) is present in 28 European countries (Bonesi
and Palazon, 2007) and is known to predate upon mammals
including the bank vole (Clethryonomis glareolus) (Banks et al.,
2004), water vole (Arvicola terrestris) (Macdonald et al., 2002; Stra-
chan and Jefferies, 1993), and the European desman (Galemys pyre-
naicus) (Dunstone, 1993; Kauhala, 1996). Introduced predators are
also known to have had major impacts on non-mammalian classes
where present geographic range size has been connected to higher
extinction risk, e.g. Aves (Blackburn et al., 2004; Blackburn and
Gaston, 2002). It is possible that present geographic range esti-
mates as a predictor of extinction risk are only overestimated in
the case of Australian mammals, given the large negative impact
that introduced predators are believed to have had (Johnson,
2006). However, until this can be tested for other systems, given
that introduced predators are common worldwide, we believe that
caution is due in using contemporary geographic range sizes to
determine extinction risk worldwide, in a range of classes includ-
ing mammals and birds.

In general, comparative models of extinction risk seem to have
had only a limited influence on conservation policy and practice
(Cardillo and Meijaard, 2011). One way to address this is to ‘‘va-
lue-add’’ comparative models by translating them into quantities
more directly relevant to conservation planning. Calculating latent
extinction risk allows us to identify the species with the greatest
potential for future decline, as well as those regions of Australia
with the greatest potential for future loss of mammal biodiversity,
based on the modelled association between biological traits and
current extinction risk (Cardillo et al., 2006). We found that the
use of current or historic range sizes in the models had a strong
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influence on the list of species identified as having highest latent
extinction risk. For example, using historic range size results in a
strong representation of bandicoots (family Peramelidae) among
the species with highest latent risk, but these are absent from
the list based on the results of the current-range models. This is be-
cause bandicoots have relatively large ranges (Burbidge et al.,
2008; IUCN, 2009, 2011), but also have relatively large body size
and high age of sexual maturity. In calculating latent risk, the use
of models based on current range sizes overemphasises less highly
threatened species with relatively small ranges (despite not
including species in the study listed in the IUCN Red List for rea-
sons other than criterion A: IUCN (2001, 2009); this may offer a
misleading picture of the taxonomic distribution of future poten-
tial for decline. Likewise, the use of current range sizes may offer
a misleading picture of the geographic distribution of potential
mammal declines. In particular, current-range models give more
optimistic estimates of average latent risk for northern Australia
than historic-range models (Figs. 1 and 2), at odds with evidence
for very recent and ongoing mammal declines in this region (Woin-
arski et al., 2010, 2011) that may not yet be reflected in Red List
classifications. This may be because the onset of declines in north-
ern Australia have been recent enough that many species still have
relatively broad distributions. It is also possible, of course, that the
extinction-risk models on which our latent risk estimates are based
did not include the biological traits that may be critically impor-
tant determinants of extinction risk, although this seems unlikely
given the large number of putative predictor variables our models
were constructed from. It is also possible that biology plays only a
minor role by comparison to environmental conditions in mediat-
ing the response of species to human impact.

The rapid range collapse of many mammal species happened
within living memory of indigenous people throughout much of
Australia, providing a unique and detailed source of historical
information about species declines (Burbidge et al., 2008).
Together with other historical accounts, museum records and data
from the subfossil record, this has allowed the reconstruction of
species’ ranges for a time before the onset of the current wave of
declines and extinctions. We have shown that historical range size
is a poor predictor of contemporary extinction risk in Australian
mammals, and that large distributions did not confer resistance
to the major source of threat, introduced predators. This suggests
that the prominent role of geographic range size as a predictor of
extinction risk more generally may be overestimated.
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