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Abstract
The ability to undertake torpor has been linked with human-mediated extinction
risk in mammals, but whether torpor serves to elevate or decrease extinction risk,
and the mechanism by which it does so, remain controversial. We attempt to
clarify the torpor – extinction risk association in a phylogenetic comparative
analysis of 284 Australian mammal species. We show that the association is
strongly mediated by body size. When body mass is included as a covariate,
regression models show a negative association between the ability to undertake
torpor and current threat status. This association is present in two categories of
mammal species likely to be at particular risk from introduced predators
(medium-sized species and species listed as threatened by predation in the Inter-
national Union for Conservation of Nature Red List), but there is no association
among species not in these categories. This suggests that torpor reduces vulner-
ability to predators, perhaps by limiting the amount of time spent foraging.
However, the association between torpor and extinction risk is also stronger in
smaller species, which are more likely to benefit from a reduced energy budget in
Australia’s low-productivity and unpredictable environment. We conclude that
the ability to undertake torpor is clearly an advantage to mammal species in
coping with human impacts, and that this advantage is conferred through a
combination of reduced exposure to predators and reduced energy requirements.

Introduction

Torpor is an energy-conserving adaptation to seasonally
scarce resources (including both food and water) or unpredict-
ably variable availability of resources (Lyman et al., 1982;
Munn, Kern & McAllan, 2010; Geiser & Brigham, 2012). In
species that internally regulate their body temperature, torpor
is characterized by a controlled reduction of body temperature
and lowered metabolic rate (Geiser, 2004a). This can occur for
hours at a time (e.g. daily torpor), or for much longer periods
(e.g. seasonal hibernation). Many mammal species, including
placentals, marsupials and monotremes, undertake torpor of
one kind or another. Torpor in mammals can be either reac-
tive (occurring as a direct, near immediate response when an
individual cannot find enough food or water to sustain non-
torpor activity) or predictive (where torpor occurs to conserve
energy when energy supplies are likely to be low in the near
future; Geiser & Brigham, 2012). For example, the stripe-
faced dunnart Sminthopsis macroura goes into torpor even
when food is available; this is believed to be a coping mecha-
nism to deal with variable food supplies in their arid, unpre-
dictable environment (Geiser, 2004b; Kortner & Geiser, 2009).

Torpor may play an important role in contemporary con-
servation, because a number of studies have linked population
declines and species risk of extinction (current threat status) to

the ability to undertake torpor. One suggestion is that under-
taking torpor makes species more vulnerable to predation, as
individuals are easy prey while in a state of torpor, thereby
elevating extinction risk (e.g. Armitage, 2004). Conversely, it
has also been suggested that undertaking torpor is actually a
defence against predation, as individuals spend less time for-
aging and travelling between nesting and feeding sites. This
reduces time spent in the open, where they are more vulner-
able to predation, and decreases extinction risk (Geiser &
Kortner, 2010; Stawski & Geiser, 2010). This association
could be especially important given that introduced predators
are responsible for declines and extinctions of many mammal
species (e.g. Johnson, 2006).

The energetic implications of torpor may also influence
contemporary extinction risk. On the one hand, torpor may
lessen the risk of extinction by reducing individual energy
intake, permitting a species to maintain a viable population in
areas of scarce or variable resources (Pavey & Geiser, 2008;
Geiser & Kortner, 2010). However, torpor also carries ener-
getic costs. Rewarming from the lowered body temperature
not only has high energetic costs in itself (Warnecke, Turner &
Geiser, 2008), but also reduces time available for foraging,
limiting the amount of energy that animals can gain (Ruf &
Heldmaier, 1992). If the energetic cost of rewarming is mini-
mized through basking in the sun (Warnecke et al., 2008),
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individuals may be more exposed to predators. Undertaking
torpor also has other costs, such as reduced immunocompe-
tence (Burton & Reichman, 1999). Reproduction is slowed
through mechanisms such as delayed fetal development
(Racey & Swift, 1981) and limited spermatogenesis (Barnes
et al., 1986). Milk production can also be slowed (Wilde,
Knight & Racey, 1999), meaning that young grow slower.
Whether the energetic benefits of torpor to individual animals
outweigh the costs probably depends on the reliability of
resource availability in the particular environments they
inhabit.

The mechanisms described above, therefore, make a set of
contrasting predictions about the links between torpor and
contemporary, human-mediated extinction risk. Torpor may
be associated with reduced or increased extinction risk, and it
may affect extinction risk via the risk of predation, energetic
efficiency or both. In this context, it may not be surprising that
previous studies of the relationship between torpor and con-
temporary extinction risk in mammals have found different
outcomes. Some studies have found that mammals that under-
take torpor have a reduced threat status, both globally (Geiser
& Turbill, 2009) and in Australian mammals (Geiser &
Kortner, 2010). However, torpor shows strong phylogenetic
signal in groups, such as marsupials and bats (Cooper &
Geiser, 2008), so it is important for results of studies such as
these, that treat species as independent data points, to be
replicated using methods that control for phylogenetic non-
independence (Harvey & Pagel, 1991). Torpor was found to be
unrelated to extinction risk in a study of global mammal
species that did control for phylogenetic non-independence
(Liow et al., 2009). This study focused on whether ‘sleep’
(undertaking torpor) or ‘hide’ (e.g. burrowing) behaviour
reduced extinction risk through protection from the environ-
ment, and these two behaviours were grouped together in
most analyses. Data on whether or not torpor itself is under-
taken was therefore not included for the majority of species in
this study (Liow et al., 2009).

Furthermore, both torpor and species threat status are cor-
related with a number of life-history traits in mammals. For
example, torpor may be associated with basal metabolic rate
and body size (McNab, 1983; Cooper & Geiser, 2008), and
extinction risk is associated with body size and a range of
other life-history attributes (Cardillo et al., 2008). Although
Liow et al.’s (2009) study included traits such as body size in
models with the group of sleep-or-hide mammals, only
univariate torpor-risk tests were performed for the species
with data on torpor. Analysis of the association between
torpor and extinction risk in a multivariate framework may
account more completely for possible confounding effects of
life history or ecology on the torpor-risk association.

We believe, therefore, that there is a need for further inves-
tigation to clarify the association between torpor and contem-
porary, human-mediated extinction risk, using analyses that
(1) distinguish the mechanisms of predation and energetics,
and (2) account for phylogenetic non-independence, and life-
history and ecological covariates. In this study, we use Aus-
tralian mammals to analyse the association between torpor
and extinction risk. Australian mammals provide a powerful

case study for comparative analyses of extinction risk, as this
group accounts for nearly a third of recent mammal extinc-
tions worldwide (Burbidge & McKenzie, 1989), and approxi-
mately 20% of the remaining Australian mammals are
currently considered threatened with extinction (IUCN,
2012). Additionally, a large proportion (>40%) of Australian
mammal species undertake some form of torpor. We first test
for associations between torpor and extinction risk for all
Australian mammals, both with and without biological
covariates. We then attempt to clarify the mechanisms under-
lying the association, by using the International Union for
Conservation of Nature (IUCN) Red List to identify species
that have become threatened primarily through habitat loss,
and those that have become threatened primarily by intro-
duced predators. We also identify two other subsets of species
that are more likely to be threatened by introduced predators:
(1) non-volant species, and (2) species whose body mass is in
the ‘critical weight range’ (CWR) of 35–5500 g, which are
suggested to lie within the preferred prey size range of intro-
duced cats and foxes (Burbidge & McKenzie, 1989). Under
the predation hypothesis, we would expect an association
between torpor and extinction risk to be more apparent for
species listed by the IUCN as threatened by predation, for
non-volant species, and for CWR species. This association
could be positive (if torpor puts species at greater risk from
predators) or negative (if torpor protects species from preda-
tors). Under the energetic hypothesis, on the other hand, we
would expect an association between torpor and extinction
risk to be most apparent for species threatened by habitat loss,
as their capacity to obtain sufficient resources from the envi-
ronment to support viable populations may already have been
restricted. Again, the association could be positive (if extinc-
tion risk is more strongly influenced by the energetic costs of
torpor) or negative (if extinction risk is more strongly influ-
enced by the energetic advantages of torpor).

Materials and methods
The current threat status of all Australian native terrestrial
mammals was obtained from the IUCN Red List (IUCN,
2012). Threat status was converted to an ordinal scale from 0
to 5 following Purvis et al. (2000). In addition, we coded
extinction as a binary variable (extinct versus extant), to allow
direct comparison with Geiser & Turbill (2009). We recorded
data on nesting level from Van Dyck & Strahan (2008), coded
as follows: 1 = below ground (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. Body mass and basal metabolic rate were obtained
from Jones et al. (2009). The primary threatening process (or
processes) for each threatened species (predation and/or
habitat loss) was from the IUCN Red List (IUCN, 2012).
Species were not considered threatened by predation if they
were listed as threatened by competition or disease transmis-
sion by other species without being hunted by another species.
A species was considered threatened by habitat loss whether it
was listed as either a broad-scale or local event. We included
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‘habitat fragmentation’ as habitat loss, but we did not include
‘habitat degradation’, because its definition is more ambigu-
ous and it is difficult to make a valid judgement on how
habitat degradation contributes to extinction risk. If there was
no information about the threats faced by the species, the
species was excluded from these analyses.

Data indicating whether or not a species undergoes torpor
was from Geiser & Kortner (2010) and their references,
updated with additional data from a literature search of
studies published since 2009 (see Supporting Information
Table S1). Data on torpor, coded as a binary variable, were
available for 271 of the 284 species in our dataset. We defined
torpor as periods of controlled reduction of body temperature
with lowered metabolic rate (Geiser, 2004a). We did not dif-
ferentiate between mammals that undertake long and short
torpor, following Geiser & Turbill (2009) and Geiser &
Kortner (2010). Also, relatively few Australian mammals
undertake prolonged torpor (Geiser & Kortner, 2010), and
even in those species where hibernation is undertaken, it is
geographically variable (Nicol & Andersen, 2002; Morrow &
Nicol, 2009).

The phylogenetic signal in torpor was tested using the D
statistic (Fritz & Purvis, 2010), which is appropriate for binary
variables. This indicated strong phylogenetic signal, necessi-
tating the use of methods that account for phylogeny. For the
phylogenetic comparative analyses, we used a species-level
mammal supertree (Bininda-Emonds et al., 2007; Fritz,
Bininda-Emonds & Purvis, 2009), to which we added 34 tips
representing extinct species and recently taxonomically rede-
fined species. For 19 of these extinct species, no information
was available to guide their placement on the tree, so they
were grafted on to the base of their genus. As the phylogeny is
ultrametric, branch lengths for the grafted species were
assumed to be equal to the distance from the tips of the tree to
the nodes at which the species were attached. Supporting
Information Table S2 lists the additional species, along with
the references used to guide their placement.

We examined the relationship between torpor, extinction
risk and other variables, using multiple regression on
phylogenetically independent contrasts using the function
‘crunch’ in the R library caper (Orme et al., 2012). For direct
comparison with Geiser & Kortner (2010), we also repeated
analyses using standard, non-phylogenetic multiple regression
across species. All predictors were tested as linear terms, with
body mass also being tested as a quadratic variable to allow
for the possibility that mammal species of intermediate body
mass may be more susceptible to introduced predators
(Burbidge & McKenzie, 1989). Biological variables recorded
using continuous scale were log-transformed before modelling
(body mass, mass-specific basal metabolic rate and average
mass of individuals measured for basal metabolic rate). These
analyses were carried out on nine subsets of terrestrial
mammal species – all species, non-volant species, bats, CWR
non-volant species, non-CWR non-volant species, species
threatened by habitat loss, species not threatened by habitat
loss, species threatened by predation and species not threat-
ened by predation. Models were regarded as statistically
acceptable only if the degrees of freedom were at least 20, or

five times the number of predictors. We fitted alternative sets
of predictors for each data subset, and ranked models using
Akaike information criterion (AIC) (Akaike, 1974) corrected
for small samples (AICc: Hurvich & Tsai, 1989).

Results
Of the 284 Australian terrestrial mammals listed in the Red
List, data on torpor were available for 271; of these, 120
undertake some form of torpor. When the ability to undertake
torpor is displayed on the phylogeny (Fig. 1), it is clear that
torpor is strongly phylogenetically clustered. This is confirmed
by the strong phylogenetic signal indicated by the D statistic
(D = −0.46, probability that the trait distribution results from
a Brownian motion model of trait evolution = 0.97). One
implication of the strong clustering of torpor for our analyses
is that there are relatively few evolutionary transitions
between the states of non-torpor and torpor. This means a
majority of the phylogenetically independent contrasts have a
value of zero, which limits the statistical power of our analy-
ses, although it should not elevate type 1 statistical error.

In independent-contrast regressions with torpor as the sole
predictor of extinction risk, there were no significant associa-
tions in any of the nine species subsets (Table 1). In non-
phylogenetic cross-species regressions, however, most models
revealed a significant negative association (Table 1), indicat-
ing that the link between the ability to undertake torpor and a
reduced extinction risk is generated by phylogenetic
pseudoreplication. When biological covariates were included
in the models, significant associations between torpor and
extinction risk are revealed in six subsets of species (Table 2).
In all of these subsets, torpor shows a negative association
with extinction risk, indicating that extinction risk is lower in
species with the ability to undertake torpor, once the influence
of biological factors is accounted for. Torpor emerges as a
significant predictor of extinction risk in two of the species
subsets we consider to be particularly vulnerable to intro-
duced predators (CWR species and species listed as threatened
by predation in the Red List), but not in species that are not
included in these categories (species outside the CWR and
species not listed as threatened by predation). In species listed
as threatened by predation, nesting level also emerges as a
significant predictor of risk, with fossorial species less likely to
be threatened than those nesting at or above ground level.

Discussion
There is uncertainty about the influence of torpor on species’
extinction risk, and hence the role torpor might play in con-
temporary conservation. There is also uncertainty about
which mechanism (predation or energetic efficiency) may
drive any link between torpor and extinction risk. Our study is
the first broad-scale, phylogenetic comparative analysis that
attempts to clarify whether torpor is positively or negatively
associated with extinction risk, and the mechanism by which it
operates. We find that the association between torpor and
extinction risk is strongly mediated by body mass: when the
effect of body mass is controlled for, the ability to undertake
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torpor is clearly associated with a reduced risk of extinction.
This association is present in the categories of mammal species
that we consider particularly vulnerable to predation, but not
in species not included in these categories.

The ability to undertake torpor is strongly phylogenetically
clustered in Australian mammals. This explains why the sig-
nificant univariate association between torpor and extinction
risk found using non-phylogenetic cross-species regression

disappears when we control for phylogeny by using independ-
ent contrasts. If torpor is phylogenetically clustered in
mammals globally, as it is in Australian mammals, then pre-
vious findings of significant univariate relationships between
the ability to undertake torpor and lower extinction risk
(Geiser & Turbill, 2009; Geiser & Kortner, 2010) may at
least partially result from phylogenetic non-independence,
although the association is consistent with our results.

Figure 1 Phylogenetic tree of Australian terrestrial mammals, showing whether torpor is undertaken (red symbols) or not (blue symbols). No symbol
equates to no torpor data.
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Our results indicate that the effects of torpor and body
size on extinction risk are closely linked. When torpor and
body size are included in multiple regression models, both
have a significant effect on extinction risk. The negative
associations between body size and extinction risk in our
models are unexpected in the context of previous studies
showing that larger mammals tend to have higher extinction
risk (e.g. Cardillo, 2003, Cardillo et al., 2005, Cardillo et al.,
2006), but the interactive and combined effects of body
size and torpor probably explain this. The significant
torpor × body mass interaction terms in many of the models
suggest that the ability to undertake torpor is especially
important in reducing extinction risk for smaller mammals.
This could be an indication of the energetic advantages of
undertaking torpor. Smaller mammals have higher mass-
specific metabolic rates than larger mammals, and suffer
greater heat loss per gram of body weight than larger
mammals because of their relatively higher surface area,
resulting in proportionally higher caloric demands (Withers,
1992; Bradshaw, 2003). Hence, the energetic advantages of
torpor are likely to be higher for smaller mammals compared
with larger mammals. In an unpredictable environment with
a highly variable food supply, this may translate into an

association between torpor and population growth rates
among smaller mammal species, and thus a reduced extinc-
tion risk.

However, our results also provide evidence that torpor is a
particular advantage for species likely to be especially vulner-
able to predation, as suggested by Geiser & Kortner (2010)
and Stawski & Geiser (2010). In two of the subsets of species
we considered to be more at risk from introduced predators
(species within the CWR, and species listed as threatened by
predation), we found that torpor is associated negatively with
extinction risk. On the other hand, we found no association in
species not included in these categories. These results contrast
with the view that undertaking torpor increases the chance of
being a victim of predation (e.g. Armitage, 2004). Evidently,
mammals undertaking daily torpor are able to remain suffi-
ciently well-hidden that any additional risk of predation
during periods of torpor is outweighed by the reduced time
spent foraging in the open, where exposure to predators is
higher (Lima & Dill, 1990; Geiser & Kortner, 2010; Stawski &
Geiser, 2010). Alternatively, reduced vulnerability to preda-
tion among species that undertake torpor could result from a
greater tendency for such species to engage in hiding behav-
iour more generally (Liow et al., 2009).

Table 1 Relationship between torpor and extinction in Australian mammals using phylogenetically independent contrasts and non-phylogenetic
cross-species regression. Values shown are slope estimates, with degrees of freedom in brackets. The response variable is either an ordinally scaled
index of extinction risk based on the IUCN Red List, or a binary variable (extinct/extant)

Phylogenetically independent contrasts Cross-species regression

Subset of species Ordinal response Binary response Ordinal response Binary response

All species −0.78 (166) −0.04 (166) −0.85 (269)*** −0.12 (269)***
Non-volant −1.03 (132) −0.05 (132) −0.73 (210)** −0.12 (210)**
Volant −0.15 (32) ∧ −0.66 (57)* −0.10 (57)*
Critical weight range 0.91 (77) −0.09 (77) −0.65 (123)a −0.14 (123)*
Non-critical weight range −1.51 (55) −0.23 (55) −0.36 (73) −0.05 (73)
Threatened by habitat loss −0.09 (86) −0.02 (86) −0.67 (126)* −0.06 (126)a

Not threatened by habitat loss −1.42 (93) −0.06 (93) −0.94 (140)*** −0.16 (140)***
Threatened by predation −0.95 (81) −0.03 (81) −0.88 (125)* −0.16 (125)*
Not threatened by predation 0.02 (98) −0.05 (98) −0.31 (141)a −0.05 (141)a

a0.05 < P ≤ 0.1, *0.01 < P ≤ 0.05, **0.001 < P ≤ 0.01, ***P ≤ 0.001.
∧Not possible to get result from test as there is only one extinct bat.

Table 2 Models of extinction risk using phylogenetically independent contrasts, for six subsets of Australian terrestrial mammal species. Three
species subsets for which no significant predictors were found are excluded from the table (bats, species outside critical weight range of 35–5500 g
and species not threatened by predation). The models shown here are those with the lowest AICc values of several alternative models. Values shown
are slope estimates

All species Non-volant Critical weight range
Threatened by
habitat loss

Not threatened
by habitat loss

Threatened by
predation

Torpor −18.59*** −25.88*** −9.40** −9.83*** −6.40*** −19.84***
Body mass −2.45*** −2.84*** −1.56*** −1.37*** −0.53** −4.03***
Body mass × torpor 2.27*** 2.99*** 1.42** 1.51*** 0.69*
Nesting level 1.26*
d.f. 152 127 75 78 87 56

*0.01 < P ≤ 0.05, **0.001 < P ≤ 0.01, ***P ≤ 0.001.
d.f., degrees of freedom.
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The importance of predation to extinction risk is further
supported by the best-fitting model for the subset of species
threatened by predation, which showed that reduced extinc-
tion risk is associated with large size and more fossorial habits,
in addition to the ability to undertake torpor. Because Aus-
tralia lacks very large mammalian predators, large body size is
a clear advantage to potential prey species in reducing the risk
of predation (Burbidge & McKenzie, 1989; Johnson & Isaac,
2009). Burrowing is also likely to reduce the risk of predation,
although some previous work suggests that arboreality is also
a defence against introduced non-climbing predators, espe-
cially foxes (Johnson & Isaac, 2009).

The strongly conserved phylogenetic distribution of torpor
in Australian mammals would suggest that, although torpor
has arisen relatively infrequently, it is advantageous enough in
evolutionary time that lineages do not often lose the ability to
undertake torpor. Our results demonstrate that the ability of
mammal species to undertake torpor is also advantageous to
contemporary populations exposed to human impacts. We
show that torpor is clearly associated with reduced rather than
elevated risk of extinction, but the association between torpor
and extinction risk is strongly mediated by body size. Our
results suggest that protection from predation is likely to be
the primary mechanism that produces this association,
although the stronger effects of torpor for smaller species
could also have an explanation based on energetic efficiency.
We conclude that daily torpor confers advantages to smaller
mammal species for reasons of both predator protection and
energetic efficiency. What remains little understood is the
extent to which these associations are peculiar to the highly
unpredictable environments, with strongly variable food sup-
plies, that characterize much of Australia, or to environments
in which introduced predators exert a strong top-down
control on mammal populations. It is possible that these issues
could be resolved by comparisons of the associations between
torpor and extinction risk among faunas in parts of the world
that differ in levels of primary productivity or available
energy, and the stability of resource supplies.
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