Research Notes

Body Size and Risk of Extinction in
Australian Mammals

MARCEL CARDILLO* AND LINDELL BROMHAM

Department of Zoology and Entomology, University of Queensland, Brisbane 4072, Australia

Abstract: The link between body size and risk of extinction has been the focus of much recent attention. For
Australian terrestrial mammals this link is of particular interest because it is widely believed that species in
the intermediate size range of 35-5500 g (the “critical weight range”) have been the most prone to recent ex-
tinction. But the relationship between body size and extinction risk in Australian mammals bhas never been
subject to a robust statistical analysis. Using a combination of randomization tests and phylogenetic compar-
ative analyses, we found that Australian mammal extinctions and declines bave been nonrandom with re-
spect to body size, but we reject the bypothesis of a critical weight range at intermediate sizes. Small species
appear to be the least prone to extinction, but extinctions have not been significantly clustered around inter-
mediate sizes. Our results suggest that bypotheses linking intermediate body size with bigh risk of extinction
in Australian mammals are misguided and that the focus of future research should shift to explaining why
the smallest species are the most resistant to extinction.

Tamafio del Cuerpo y Riesgo de Extincion en Mamiferos Australianos

Resumen: El vinculo entre el tamario del cuerpo y el riesgo de extincion ba sido el centro de mucha atencion
reciente. Para los mamiferos terrestres australianos este vinculo es de particular interés debido a que se cree
ampliamente que las especies en un rango intermedio de tamaiio de 35-5500 g (el rango de peso critico) ha
sido el mads susceptible a extinciones recientes. Sin embargo, la relacion entre extinciones, el tamaiio y el
riesgo de extincion en mamiferos australianos nunca ha sido sometida a un andlisis estadistico robusto. Us-
ando una combinacion de pruebas aleatorizadas y analisis filogenéticos comparativos, encontramos que las
extinciones y disminuciones de mamiferos australianos ban sido no aleatorias con respecto al tamaiio del
cuerpo, pero rechazamos la bipotesis de un rango critico a tamarios intermedios. Las especies pequerias
aparentan ser las menos susceptibles de extincion, pero las extinciones no se ban agrupado significativa-
mente alrededor de tamaiios intermedios. Nuestros resultados sugieren que la bipotesis que vincula el
tamario intermedio de cuerpo con un alto riesgo de extincion en mamiferos australianos estd mal planteada
¥ que el centro de la investigacion a futuro deberd enfocarse a explicar el porqué las especies mds pequerias
son las mds robustas a la extincion.

Introduction

Some taxonomic groups have suffered higher rates of re-
cent extinctions than others, suggesting that certain her-
itable traits may predispose species to becoming endan-
gered and extinct (Bennett & Owens 1997; Russell et al.
1997; Purvis et al. 2000). Among the traits implicated
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are population variability, reproductive rate, population
density, trophic level, and dispersal ability (Terborgh &
Winter 1980; Karr 1982; Pimm et al. 1988; Gaston &
Blackburn 1995; Lawton 1995; Bennett & Owens 1997).
Because many of these traits correlate with body size,
and body size is more reliably measured and available for
a greater range of species, the association between body
size and extinction risk has been the focus of much re-
cent attention. Many studies suggest that larger-bodied
species are more extinction-prone than smaller species
(Wilcox 1980; Karr 1982; Gaston & Blackburn 1995; Ben-
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nett & Owens 1997). There are exceptions (Pimm et al.
1988; Bennett & Owens 2000), however, and the pre-
cise nature of the relationship between body size and
extinction risk is still poorly understood (Lawton 1995).

Australian mammals are an ideal group with which to
explore the link between body size and extinction risk
for two reasons. First, Australia has suffered a higher rate
of mammal extinctions than any other continent in the
past 200 years. Seventeen species of Australian terrestrial
mammals have gone extinct, representing nearly half of
the world’s recent mammal extinctions (Short & Smith
1994). Second, the link between body size and extinction
risk is of particular interest in Australian mammals, be-
cause it appears that extinctions have been biased with
respect to body size in an unusual way. Burbidge and
McKenzie (1989) observed that most of the recently ex-
tinct species of nonvolant, terrestrial mammals in Austra-
lia fall within an intermediate body weight range of 35-
5500 g, which they termed the “critical weight range”
(CWR), whereas smaller and larger species have been
relatively unaffected. The CWR pattern has become widely
accepted: it is discussed in the introduction to the major
reference work on Australian mammals (Strahan 1995),
and it has generated several hypotheses that explicitly
link high extinction risk to intermediate body size. For ex-
ample, it has been suggested that a combination of high
daily metabolic requirements and low mobility may leave
medium-sized species more vulnerable (Burbidge & Mc-
Kenzie 1989; Morton 1990) and that medium-sized species
fit the preferred prey-size range of introduced predators
(Short & Turner 1994; Smith & Quin 1996).

It is surprising, therefore, that the CWR pattern has
never been tested within a rigorous statistical and phylo-
genetically explicit framework. This is important be-
cause it is possible that the pattern is simply an artifact
of the underlying frequency distribution of species’
body sizes. Because most Australian nonvolant terrestrial
mammals (128 out of 210 species) fall within the critical
weight range of 35-5500 g (Fig. 1), most extinct species
would be expected to fall within this range even if ex-
tinction risk is random with respect to body size. Further-
more, even if extinct species are biased toward a certain
size class, this may not be due to a direct effect of body
size on extinction risk; phylogenetic biases could create
an incidental association. Geographic biases could have
the same effect. The arid interior of the Australian conti-
nent has suffered a higher rate of mammal extinctions
than the mesic regions (Short & Smith 1994), so if the
representation of body sizes or phylogenetic groups dif-
fers between the arid and mesic zones, a spurious associ-
ation between body size and extinction risk may result.

We present a test of the critical-weight-range hypothe-
sis, with the aim of clarifying the link between body size
and extinction risk in the Australian terrestrial mammal
fauna. We considered extinction the endpoint on a con-
tinuum of rarity, so we analyzed patterns both for re-
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Figure 1. Body-size frequency distribution of the Aus-
tralian terrestrial mammal fauna, with distributions

for the 25 extinct species and 41 extinct + endangered
species superimposed (see text for definitions).

cently extinct species and for species highly threatened
with extinction. We combined a null-model approach
and phylogenetic comparative methods to determine (1)
whether extinct and endangered species are a nonran-
dom subset of the continental fauna with respect to
body size, and, if so, whether medium-sized species are
the most vulnerable; (2) whether the body-size bias in
extinctions is due to confounding phylogenetic effects;
and (3) whether the body-size bias in extinctions is due
to confounding geographic effects.

Methods and Results

Data

We restricted our analysis to nonvolant terrestrial native
mammals of mainland Australia, including Tasmania. We
did not include the dingo or other recently introduced
species. We did not include the two island endemic spe-
cies, the Kangaroo Island dunnart (Sminthopsis aitkeni)
and Bramble Cay melomys (Melomys rubicola), because
their susceptibility to extinction may be heavily influenced
by island effects such as small geographic range, lack of
immigration from other populations, or absence of intro-
duced predators. Mean adult body sizes were compiled
from Strahan (1995) and additional primary sources. Each
species was assigned to a category of extinction risk fol-
lowing Strahan (1992, 1995): 5, extinct or probably ex-
tinct; 4, endangered; 3, possibly endangered; 2, vulnera-
ble; 1, secure or probably secure. We considered a species
recently extinct if it had disappeared from a recorded
mainland or Tasmanian distribution within the last 200
years. We counted as extinct those species previously
found on the mainland but now persisting only on off-
shore islands. Under this classification, 25 species were
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counted as extinct (category 5) and 41 species as either
extinct or endangered (categories 4 and 5). In addition,
we compiled lists of species occurring (or formerly
occurring) in the arid and mesic zones and assigned sep-
arate arid and mesic extinction-risk classifications for
each species based on its status within each zone. The
boundary between the two zones was the 500-mm iso-
hyet, following Johnson et al. (1989).

Tests for Nonrandom Body-Size Distributions in Extinct and
Endangered Species

If extinctions have selectively affected species in the
critical weight range, the 25 extinct species should be
more clustered toward intermediate body sizes than ex-
pected by chance, with smaller and larger species rela-
tively underrepresented. To test this, we constructed a
null distribution of body sizes for extinct species. We
sampled 25 species at random from the continental spe-
cies pool and recorded the mean, mode, maximum, min-
imum, first and third quartiles, interquartile range, and
range of the log-transformed body sizes. This was re-
peated 2000 times, and we compared the parameters of
the observed body-size distribution of extinct species
with the resulting null distributions to obtain exact p val-
ues. We repeated this for the 41 extinct and endangered
species and for the arid- and mesic-zone faunas sepa-
rately.

The randomization tests showed that extinct species
were not a random subset of the continental fauna with
respect to body size (Table 1). The interquartile range of
body sizes of extinct species was significantly narrower
than expected by chance, and the minimum, first quar-
tile, and mode were significantly higher than expected.
This indicates that small species are underrepresented
among the extinctions. The third quartile and maximum
were no different than expected by chance. Therefore,

Table 1.
Australian mammals.’
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these results reject the CWR hypothesis: although small
species have suffered the fewest extinctions, extinctions
have not been significantly clustered around intermedi-
ate sizes. Similar results were obtained for the extinct
and endangered species at the continental level. At the
regional level, neither the arid-zone nor the mesic-zone
results supported the CWR hypothesis (Table 1). In the
arid zone, patterns of nonrandomness were similar to
those at the continental level: among extinct and endan-
gered species, small species were underrepresented, but
there were no fewer large species than expected. In the
mesic zone, extinct and endangered species had a higher
minimum body size than expected, but were otherwise
random with respect to body size.

Tests for Phylogenetic Bias

We next tested whether the nonrandomness of extinct
and endangered species with respect to body size is due
to phylogenetic bias at higher taxon or species levels. To
test for bias among higher taxonomic groups (typically
families or subfamilies; Table 2), we used a variation of a
method presented by Bennett and Owens (1997). This
method tests whether extinct species are distributed
nonrandomly among higher taxa and thus whether some
taxa have a greater or lesser share of the extinctions than
expected. We selected 25 species at random from the
continental pool and calculated the proportion of this
sample taken up by each higher taxon. This was repeated
2000 times, and the mean proportions were used to cre-
ate a null distribution of extinct species among higher
taxa. We compared this to the observed distribution of
extinct species among higher taxa with a chi-square
goodness-of-fit test (groups with a low expected number
of extinct species were pooled to satisfy the require-
ments of the test). This procedure was repeated for the
41 extinct and endangered species. The distribution of ex-

Parameters of the distributions of log body size (g) for all species, extinct species, and extinct + endangered species of terrestrial

Ist 3rd Interquartile
Group of species n  Minimum quartile Mode  Mean quartile Maximum range Range
Continental
all species 226 0.63 1.48 0.85 2.39 3.20 4.69 1.73 4.06
extinct 25 1.26* 2.00* 3.18* 257 3.18 4.40 1.18* 3.14
extinct + endangered 41 1.26%* 1.94* 3.18* 2.58 3.18 4.51 1.24* 3.26
Arid zone
all species 105 0.63 1.30 0.85 2.23 3.18 4.69 1.88 4.06
extinct 31 1.00** 2.3 3.18"  2.73%* 3.18 4.51 0.88™* 3.51
extinct + endangered 36 1.00** 2.13% 3.18*  2.65** 3.18 4.51 1.04** 3.51
Mesic zone
all species 186 0.63 1.6 1.20 2.52 3.39 4.69 1.79 4.06
extinct 17 1.26 1.72 1.72 2.68 3.26 4.40 1.54 3.14
extinct + endangered 30 1.26* 1.81 1.72 2.71 3.26 4.51 1.44 3.26

"Values Sfor the extinct and extinct + endangered species that are significantly different from those expected under randomly generated null

models are indicated as follows: *p = 0.05, **p = 0.01, ***p = 0.001.
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Table 2.
expected under randomly generated null models."
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Numbers of extinct and extinct + endangered species in higher taxa of Australian mammals compared with the mean number

Number extinct

Number extinct + endangered

Taxon Total species expected observed expected observed
Dasyuroidea 62 7.05 2% 11.19 6*
Hydromyinae 54 5.91 10* 9.72 13
Macropodidae 44 4.94 6 7.92 8
Phalangerida 27 3.10 (U 4.93 3
Perameloidea 13 1.84 4* 2.54 5%
Potoroidea 11 1.64 3* 2.24 5%
Murinae 8 1.42 0 1.79 0
Vombatiformes 4 1.17 0 1.32 1
Monotremata 2 1.05 0 1.11 0
Notoryctidae 1 1.00 0 1.00 0

T Observed values significantly different from those expected under randomly generated null models are indicated as follows: *p = 0.05, **p =

0.01, ***p < 0.001.

tinct species among higher taxa was significantly differ-
ent from random (x? = 13.65, df = 3, p < 0.0001), al-
though for extinct + endangered species the difference
was not as strong (x> = 8.46, df = 4, p = 0.08).

‘We then tested each higher taxon separately to iden-
tify taxa with a disproportionately high or low number
of extinct species. For each taxon, we randomly sam-
pled (2000 times) the appropriate number of species
from the continental species pool and compared the ac-
tual number of extinct species in the taxon with the
number expected if extinction is random with respect
to phylogeny. The results (Table 2) suggest that it is un-
likely that phylogenetic bias at the higher-taxon level
has contributed to an indirect association between body
size and extinction risk. For example, the Dasyuroidea
(carnivorous marsupials) and Hydromyinae (water rats
and hopping mice) have similar numbers of species and
together accounted for a large proportion of the total
mammal diversity. Although these two groups cover a
similar body size range, they differed in overall extinc-
tion risk. Dasyuroidea had fewer extinct species than ex-
pected, whereas Hydromyinae had more than expected.
The Phalangerida ( possums and gliders) also had fewer
extinct species than expected, whereas the Potoroidea
(potoroos and bettongs) and Perameloidea (bandicoots
and bilbies) had more extinct species than expected.
For the remaining higher taxa, the numbers of extinct
species were not significantly different from a random
expectation. These patterns were similar for extinct +
endangered species.

To test for an association between body size and ex-
tinction risk at the species level, we used the program
CAIC (Purvis & Rambaut 1995) to calculate phylogeneti-
cally independent comparisons from a composite phy-
logeny (based on Watts & Aslin 1981; Flannery 1989;
Watts et al. 1992; Strahan 1995; Watts & Baverstock
1995; Kirsch et al. 1997; Krajewski et al. 1997; Blacket
et al. 1999). We analyzed the data in two ways. First,
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treating body size as a continuous variable, we used re-
gression through the origin (Harvey & Pagel 1991) to
test associations between body size and extinction risk.
Because the CWR hypothesis predicts a unimodal rela-
tionship between body size and extinction risk, we also
performed regressions separately for smaller and larger
species. We used the median body weight of 150 g to
distinguish between small and large species (the mid-
point of the range of log body sizes gave similar results).
There was no significant association between body size
and extinction risk for the continental fauna as a whole,
for separate analyses of large species, or for the arid or
mesic fauna. For small species (<150 g) there was a
weak positive association (94 comparisons, r* = 0.04,
D = 0.06). Next, we treated body size as a categorical
variable. Phylogenetically independent comparisons be-
tween species within the CWR (.e., 35-5500 g) and
closely related species outside the CWR (both larger and
smaller) revealed that CWR species have a higher risk of
extinction in 19 out of 26 comparisons (sign test, p <
0.01). But this result was due almost entirely to smaller
species having a lower extinction risk than CWR species
(13 out of 16 comparisons, p = 0.03). There was no sig-
nificant difference in extinction risk between CWR and
larger species (6 out of 10 comparisons, p = 0.4).

Tests for Geographic Bias

It is possible that the strong geographic bias in recent ex-
tinctions of Australian terrestrial mammals contributed to
the results of our randomization tests. The arid zone has
had a higher rate of extinctions (31 out of 105 species)
than the mesic zone (17 out of 186 species), and the mean
extinction risk for arid species (2.49 = 0.17) was signifi-
cantly higher than for mesic species (1.81 = 0.13; Wil-
coxon signed-ranks test: z = 2.92, p = 0.004, two-tailed).
If mean body size is larger in the arid zone, this could be
an indirect cause of smaller species appearing less extinc-
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tion-prone on a continental scale. The opposite is true,
however: mean body size for the arid fauna (170 g) is
significantly lower than for the mesic fauna (347 g; z =
2.26, p = 0.006, two-tailed). It is therefore unlikely that
geographic bias in extinction risk is an indirect cause of
small species being underrepresented among recent ex-
tinctions.

Discussion

By showing that extinction risk in Australian mammals is
nonrandom with respect to body size, our study contrib-
utes to recent efforts to describe the influence of body
size on a species’ risk of extinction (Wilcox 1980; Karr
1982; Laurance 1991; Gaston & Blackburn 1995; Ben-
nett & Owens 1997, 2000). In particular, our finding
that the smallest species are the least extinction-prone is
consistent with other null-model-based, phylogenetically
controlled analyses of the relationship between body
size and extinction risk (Gaston & Blackburn 1995; Ben-
nett & Owens 1997). But we reject the widely held be-
lief that Australian mammal species of intermediate size
have been the most extinction-prone, which appears to
be largely an artifact of the underlying body-size distribu-
tion of the continental fauna. This suggests that hypoth-
eses that attempt to establish an explicit link between
high extinction risk and intermediate body size (Bur-
bidge & McKenzie 1989; Morton 1990; Short & Turner
1994; Smith & Quin 1996) may be misguided. Instead, it
seems that the real pattern requiring explanation is the
relative resistance to extinction of the smallest species.

There are a number of reasons to expect smaller-bod-
ied species to be less vulnerable to extinction than
larger species. Smaller species have lower individual en-
ergy requirements, allowing them to maintain higher av-
erage population densities than larger species (Damuth
1981). This would make smaller species more robust to
disturbances than lower population sizes and hence less
vulnerable to stochastic extinction. Smaller species also
have a higher reproductive potential, which may reduce
the time to recovery of populations lowered by distur-
bances (Gaston & Blackburn 1995; Bennett & Owens
1997). Hypotheses such as these could be tested by
choosing appropriate summary measures of reproduc-
tive output (e.g., litter size) and energy requirements
(e.g., home-range size) and applying similar comparative
analyses to those used here. Such data are limited at
present, but preliminary analyses suggest that, when
body size is controlled for, endangered Australian mam-
mal species have both smaller litters and larger home
ranges than would be expected by chance (M. Cardillo
& D. Fisher, unpublished analyses).

If life-history traits such as reproductive output or
energy requirements influence extinction risk, there
should be a positive association between body size and
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extinction risk across the entire range of body sizes. But
the positive relationship between body size and extinc-
tion risk we describe is restricted to smaller species;
there is no relationship among larger species. One possi-
ble explanation for this is that the megafaunal extinction
event at the end of the Pleistocene acted as an “extinc-
tion filter” for large species. Between 60,000 and 15,000
years ago, most of Australia’s mammal species of 10 kg
or more went extinct (Flannery 1990). It is possible,
therefore, that the more extinction-prone of the larger
species were culled from the fauna in prehistoric times,
removing any contemporary relationship between body
size and extinction risk among larger species. It would be
interesting to test whether other faunas that were sub-
ject to late-Pleistocene extinctions show similar patterns.

Our results show that the relationship between body
size and extinction risk in Australian mammals varies
geographically: the association is much stronger in the
arid zone than the mesic zone. This could be consistent
with an intriguing recent finding of Bennett and Owens
(2000) that the form of the body size-extinction risk re-
lationship in birds depends on the particular source of
threat. They found that extinction risk incurred through
habitat loss affects small-bodied species more strongly
than large species, whereas extinction risk incurred
through introduced predators and direct human perse-
cution affects large-bodied species more strongly. Could
this explain the different regional extinction patterns in
the Australian mammals? In the arid zone, where intro-
duced predators have had a far greater impact on native
mammals than direct habitat loss, we found that small-
bodied species are less threatened than large and medium-
sized species. The mesic zone has suffered both from
widespread habitat loss and introduced predators; in this
zone we found much less evidence of a body-size bias
among extinct and endangered species.
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