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ABSTRACT

The body size of mammals is influenced by several evolutionary, morphological, physiological and
ecological factors. Studies of body size can provide insight into the processes underlying observed
variation in patterns of mammal morphology. We sought to determine if body weight in Leadbeater’s
possum (Gymnobelideus leadbeateri) is related to environmental variables and/or sex. Using linear
regression modelling, we quantified the influence on body weight of broadscale geographic
variables such as latitude and elevation, site-level indicators of forest productivity (forest type,
slope, aspect and topographic wetness) and an individual-level variable (sex). We found that body
weight was significantly associated with elevation and sex, with individuals being heavier at higher
elevations and males (on average) being heavier than females. Monitoring body weight changes over
time within particular forest types will be valuable, given the variations in temperature and resource
productivity throughout the range of Leadbeater's possum that are likely to arise from climate change.

Keywords: body size, body weight, elevation, Leadbeater’s possum, sex, marsupial, Bergmann's
rule, Victorian Central Highlands.

Introduction

The body size of an organism is a result of inter-relationships between evolutionary,
morphological, physiological and ecological processes (Rodriguez et al. 2008; Huang
et al. 2017; Roycroft et al. 2020; Weaver and Grossnickle 2020). In mammals, body size
is associated with geographic factors, home range size and population density (Cooper
and Purvis 2010; Monterroso et al. 2020; Pineda-Munoz et al. 2021). Generally, large-
bodied mammals occupy larger home ranges to meet their energetic requirements
compared to smaller-bodied animals (Brown and Nicoletto 1991; Agosta et al. 2013).
The occupation of larger home ranges generally means that larger animals occur at
lower densities and at lower population sizes than smaller-bodied species (Damuth
1981; Fa and Purvis 1997; Damuth 2007). Body size is linked with life traits of a
species, such as reproductive rate and longevity (Blueweiss et al. 1978; Promislow and
Harvey 1990; Sibly and Brown 2007; Koztowski et al. 2020). For female placental
mammals, reproduction can be energetically costly and individuals with a higher body
mass may be more likely to successfully give birth and/or wean young (Lewis and
Kappeler 2005; Molnar et al. 2010; Hertel et al. 2018). For males, larger body size is
often associated with a higher dominance ranking and, thus, greater reproductive
success (Porschmann et al. 2010; Wright et al. 2019). Larger body size is also often
correlated with reproductive success in male mammals (Newbolt et al. 2017). Body size
is frequently positively correlated with gestation time, maturation time, and interbirth
interval (Blueweiss et al. 1978; Oli 2004). Additionally, smaller-bodied species are less-
prone to extinction (Cardillo and Bromham 2001) and have higher rates of molecular
evolution due to rapid rates of reproduction, larger litter sizes, higher metabolic rates
and larger population sizes (Fontanillas et al. 2007; Bromham 2009; Galtier et al. 2009).

Environmental variables such as temperature, resource seasonality, resource
quality, and primary productivity may influence the body size of terrestrial mammals
(McNab 2010; Kamilar et al. 2012; Hantak et al. 2021; Ryding et al. 2021). Typically,
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body size is negatively correlated with environmental
temperature (Scholander et al. 1950, Rezende and
Bacigalupe 2015; Hantak et al. 2021; Ryding et al. 2021); a
relationship known as Bergmann’s rule. Bergmann (1848)
proposed that endothermic species living in cooler climates
(higher latitude or elevation) tend to be larger than
individuals of the same or closely related species in warmer
climates (lower latitude or elevation) (Bergmann 1848;
Salewski and Watt 2017). Ashton et al. (2000) examined
Bergmann’s rule in 110 mammal species from a diverse
range of orders, and found that patterns of body weight
variation in 71% of taxa fitted predictions arising from the
rule. Roycroft et al. (2020) found that body size in endemic
Australian rodents is strongly correlated with temperature,
consistent with Bergmann’s rule. At lower latitudes (warmer
areas) other environmental variables, such as elevation,
resource quality and primary productivity can have a
stronger effect on mammal body size than Bergmann’s rule
(Rodriguez et al. 2008; Freeman 2017; Hendges et al.
2021). For example, Rodriguez et al. (2008) found that
mammal body size in the Nearctic and Neotropics, at
locations where the mean average temperature was above
10.9°C and 12.6°C respectively, was driven primarily by
environmental changes along elevation gradients. However,
at higher latitudes, where mean average temperatures fell
below these thresholds, mammal body size generally
followed Bergmann’s rule (Rodriguez et al. 2008).

The resource availability hypothesis suggests that
in habitats where resource availability can fluctuate
unpredictably, a larger body size may be advantageous —
facilitating the storing of resource reserves to survive
extended periods of fasting (Millar and Hickling 1990,
1992). There is discourse in the literature regarding how
generalisable this is across mammals, with some species
demonstrating this pattern (e.g. the Australian sandy inland
mouse [Pseudomys hermannsburgensis]: Tomlinson and
Withers 2008) and some other species not exhibiting this
(e.g. some native European mammal species in warmer,
non-glaciated areas: see Rodriguez et al. 2006). Body size
is also associated with resource quality; niches characterised
by low-quality food drive selection for larger body sizes
with a slower metabolism and longer digestive tract
(Belovsky 1997; Tomé et al. 2020). Alternatively, in habitats
characterised by low primary productivity, a smaller body
size may be selected as there is limited available energy
(McNab 2010; Hantak et al. 2021).

In this study, we sought to determine if body weight
variation in Leadbeater’s possum (Gymnobelideus leadbeateri)
isrelated to environmental variables and/or sex. Leadbeater’s
possum is a small (100-170 g) arboreal marsupial
(Lindenmayer 1996) that is endemic to the state of
Victoria, Australia. The species lives in matriarchal colonies
of up to 12 individuals that are dominated by an adult
breeding female (Smith 1984; Harley and Lill 2007). The
distribution of Leadbeater’s possums is highly restricted,
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limited to approximately one degree of latitude and
longitude (Lindenmayer et al. 2014). Leadbeater’s
possum is listed as Critically Endangered under Australia’s
Environmental Protection and Biodiversity Conservation Act
(EPBC, Threatened Species Scientific Committee 2019). The
species is found primarily in wet montane ash forests and
subalpine woodlands, with one outlying, extant and
genetically distinct population occupying lowland swamp
forest (Lindenmayer 1989; Harley 2004; Hansen et al.
2009; Lindenmayer et al. 2014). These habitats span a
1400-m elevational gradient.

Our overarching question for this investigation was: What
factors influence body weight in Leadbeater’s possum? To
answer this, we quantified the influence of broad-scale
geographic variables (i.e. latitude and elevation), local site-
level environmental variables that can influence forest
productivity (i.e. slope, aspect, and topographic wetness),
and an individual-level variable (i.e. sex). At the outset of
this investigation, we made four key predictions:

Prediction 1: There will be no latitude effect as almost the
entire distribution of Leadbeater’s possum is currently
constrained to one degree of latitude.

Prediction 2: Body weight will increase with elevation. This
will be due to the lapse rate, where temperature decreases
with increasing elevation (Huggett and Cheesman 2002).
The lapse rate varies greatly but averages a decrease of
6.5°C for every 1000 m of elevation gain (Barry 1992).

Prediction 3: Measures of forest productivity (slope, aspect
and topographic wetness) and forest type will have little to no
effect on body weight in Leadbeater’s possum. We made this
prediction because data on net primary productivity in the
Victorian Central highlands suggest that values are relatively
consistent across montane ash forests and across the region
(D. B. Lindenmayer, unpubl. data). Additionally, the highly
restricted distribution of Leadbeater’s possum reduces the
likely environmental variability the species is subject to.

Prediction 4: There will be a small effect of sex, with
males being larger than females. Long-term observations of
Leadbeater’s possum colonies and genetic testing suggest
that the species is primarily monogamous with limited
extrapair mating despite the presence of multiple sexually
mature males in some colonies (Smith 1984; Harley et al.
2005). Given that the most pronounced sexual dimorphism
towards larger males is typically correlated with polygamous
mating systems in mammals (Cassini 2020), we expect any
differences in average female and male body weights in
Leadbeater’s possum to be small.

Methods

Study species and data collection

Data were collected between 2006 and 2020 from wild
Leadbeater’s possums captured at locations throughout
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their range in the Victorian Central Highlands. No possums
included in this study used natural hollows; instead, all
possums were captured from artificial nest boxes during
the day. This was an important variable to control as
temperatures inside nest boxes are known to fluctuate more
than inside naturally occurring hollows (Rowland et al.
2017; McComb et al. 2021), potentially making it more
difficult for the animals using them to remain within their
thermo-neutral zone (Hardy and DuBois 1937; Rubner
1982; IUPS Thermal Commission 2001). Extended exposure
to temperatures outside this zone increases an individual’s
thermoregulatory energy requirements and may have
significant impacts on body size (Lovegrove 2005). We
restricted our analyses to body weight measurements from
adult individuals of a known sex. We excluded females with
pouch young (N = 19) as the additional weight of the
pouch young will vary depending on developmental stage,
which was unknown. Our final dataset for analysis included
135 (female = 52, male = 83) Leadbeater’s possum body
weight measurements collected from 63 nest boxes
distributed across the species’ range (Fig. 1). The number of
individuals measured from each nest box varied from one
to seven, with an average number of 2.1 individuals
sampled from a given nest box.

Measurement of covariates

We included topographic measurements and forest type as
potential explanatory variables in modelling body weight
variation. We used LiDAR data provided by the Victorian
Government Department of Environment, Land, Water and
Planning (DELWP 2019) to determine the elevation
(mASL), slope (degree), aspect (degree) and topographical
wetness index of nest box locations (Table 1). We extracted
data on elevation from a digital elevation model (DEM)
generated using the Victorian Government’s LiDAR data
(DELWP 2019) at a 5-m resolution. We extracted slope and
aspect information from raster layers at a 5-m resolution
and topographical wetness index from a raster layer at a
10-m resolution.

We determined forest type using the forest information
portal on the DELWP interactive mapping tools website
(https://www.land.vic.gov.au/maps-and-spatial/maps/
interactive-mapping-tools). We plotted nest box locations
onto the map provided in the portal and determined the
forest type at that location using the ‘ecological vegetation
class’ map layer. Three of the nest boxes where possums
were captured were in rainforest, five in riparian woodlands,
14 in wet or damp forest, and 41 in subalpine woodland.
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Fig. I.
Highland’s region of Victoria, south-eastern Australia.

Location of 63 nest boxes from which Leadbeater’s possum body weight data were collected within the Central
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Table I. Range and average of variables obtained for the 63 nest boxes from the LiDAR data included in the body weight linear regression model.
Elevation (mASL) Slope (degree) Aspect (degree) Topographical wetness index
Minimum 653.93 0.93 6.61 4.07
Average 1212.47 8.79 184.1 7.31
Maximum 1541.03 21.43 355.8 14.77

Statistical analysis

Prior to constructing regression models, we checked for
correlation between sampling effort and body weight
variation (without our potential predictor variables). We
found a significant correlation between the number of
individuals sampled from a nest box and variation in body
weight (t = 8.26, df. = 62, P < 0.01, r = 0.72).
Accordingly, we elected not to include this variable in our
model. Possum body weight data were obtained from
multiple projects and, consequently, sampling month varied
between years. This, coupled with previously documented
seasonal variations in body weight (Smith 1980), precluded
examination of the effect of year on body weight. When
month and forest type were included in the regression
model, they were found to be collinear. We found a high
level of correlation between the number of individuals
sampled within a given month and variation in body
weight (t = 2.16, d.f. = 9, P = 0.059, r = 0.58). However,
lower levels of correlation were found between number of
individuals sampled within a forest type and variation in
body weight (t = 0.49, d.f. = 2, P = 0.67, r = 0.33). For this
reason, we elected to include forest type rather than month
as a predictor variable in the model.

We constructed linear regression models of the factors
influencing body weight using the lm function in R (R Core
Team 2021). We modelled latitude, elevation, slope, aspect,
topographical wetness index, and sex as predictor variables
in our global model (Table S1). We assessed the model
residuals by plotting a histogram, scatter plot, and qg-plot.
We reduced the number of covariates in the model using
the stepAIC function from the MASS package (Venables
and Ripley 2002), so that only the significant predictor
variables were included in the best-fit model (Table S2).
We completed post hoc analysis on the relationship between
body weight and our best-fit predictor variables using the
emmeans package (Lenth 2020).

Results

The average adult male Leadbeater’s possum weighed 137 g
(95% CI = 135 g, 139 g), with 90% of weights between
122 and 153 g. The average adult female weighed 133 g
(95% CI = 130 g, 135 g), with 90% of weights falling
between 120 and 146 g. At our lowest elevation site
(653 m above sea level), average female weight was
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121.5 g and average male weight 125.5 g, and at our
highest elevation site (1541 m above sea level) average
weights were 138.3 g and 142.3 g, respectively.

We found that variation in body weight was best explained
by elevation and sex (adjusted R?> = 0.2, F = 18.21,
d.f. = 2,132, P < 0.01: Table 2). There was a significant
positive relationship between elevation and body weight
(# = 0.02, s.e. = 0.003, P < 0.01), with average body
weight increasing by 1.9 g for every 100-m increase in
elevation (Fig. 2). We also found that adult males weighed
significantly more than adult females (3 = 3.68, s.e. = 1.63,
P = 0.025). We found no effects of other potential
explanatory variables (latitude and forest productivity).

Discussion

Numerous mammal species are characterised by marked
spatial variation in body size (Huang et al. 2017). We
tested four predictions associated with potential factors
influencing body weight in Leadbeater’s possum. We found
evidence for the effect of elevation (Prediction 2) and sex
(Prediction 4) in our analysis, but no effect of latitude
(Prediction 1), forest type, or measures of site productivity
(slope, aspect and topographic wetness) (Prediction 3).

Environmental effects

The elevation of our sample sites varied from 653 to 1541 m
above sea level, and, consistent with Bergmann’s Rule (and
Prediction 2), we found that larger body weight animals
occurred at higher elevations (Fig. 2). This is likely to
be a physiological response to local conditions, particularly
temperature. Based on the average temperature lapse rate, we
estimate that the temperature difference is approximately
5.8°C between the sites with the lowest and highest
elevations (which receive seasonal snow cover) (Barry
1992). In addition to behavioural strategies, such as the

Table 2. Predictor variable coefficients for the best-fit body weight
linear regression (Im). The AlCc for this model was 985.91 (d.f. = 4).

Variable Estimate s.e. T P
Intercept 109.2 4.45 2451 <2e7'®
Sex (male) 3.95 1.62 2.43 0.016
DEM 0.019 0.003 5.64 1.01e"
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Fig. 2. The average body weight (g) of Leadbeater’s possum increased by 1.9 g for every 100 m increase in elevation.
The trend was significant for both sexes. Males were, on average, 4 g heavier than females with no pouch young.

construction of larger nests at colder (higher elevation) sites
(D. Harley, pers. obs.), Leadbeater’s possum at higher
elevations may need to be bigger than individuals at lower
elevations to remain primarily within their thermo-neutral
zone. Larger individuals have a greater volume to surface
area ratio, resulting in a reduced rate of heat loss
(Scholander et al. 1950; Rezende and Bacigalupe 2015). In
contrast, smaller Leadbeater’s possums at lower elevations
may lose heat more rapidly, and thereby can remain cooler
at warmer temperatures (Conley and Porter 1986; Guiden
and Orrock 2020). As expected, we did not find an effect of
latitude on body weight as stipulated by Bergmann’s Rule,
likely due to the latitudinal distribution of the Leadbeater’s
possum being limited to one degree (Lindenmayer et al. 2014).

We did not find a relationship between body weight
and slope, aspect, or topographical wetness index - all
predictors of primary productivity (Singh 2018; Dyderski
and Pawlik 2020) - or forest type (Prediction 3). It is
possible that this outcome is related to limited site-level
variation in productivity across the sampled sites, which
is quite plausible across such a restricted geographic
area and consistent with observations (D. B. Lindenmayer,
unpubl. data).

Effect of individual’s sex

We found adult male Leadbeater’s possums were, on average,
4 g heavier than adult females (consistent with Prediction 4).
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Morphological differences between males and females are
driven by many factors including reproductive strategy,
parental investment, habitat selection, and population
density (Ralls 1977; Hedrick and Temeles 1989; Mori et al.
2017). Leadbeater’s possums live in colonies comprising a
monogamous mating pair, their subadult offspring and two
or more unrelated non-breeding adult males (Smith 1984;
Lindenmayer 1996; Harley and Lill 2007). Our finding, that
adults males are only slightly (<4%) heavier than adult
females, is broadly consistent with the rule that the degree
of sexual dimorphism is positively correlated with degree of
polygyny in mammalian mating systems (Cassini 2020).

There are several (potentially interacting) explanations for
female Leadbeater’s possums being smaller than males. One
possibility is that it is part of their evolutionary history,
with other species of Petauridae, including the sugar glider
(P. breviceps), Krefft’s glider (P. notatus) and, to a lesser
extent, the yellow-bellied glider (P. australis), being charac-
terised by larger males than females (Quin et al. 1996;
Goldingay and Jackson 2004). Males being larger could also
be aresult of the intense energetic costs females experience to
produce up to two litters of offspring per year (Tyndale-Biscoe
2005). Reproduction is the most energetically demand-
ing life-history process that female mammals experience,
with females reaching their maximum metabolic rate and
energetic cost during lactation (Gittleman and Thompson
1988; Schai-Braun et al. 2021). An extreme example of this
cost occurs in harbour seals (Phoca vitulina), females of
which lose more than 50% of their stored body fat while
lactating (Bowen et al. 1992). Differences in body weight
also could reflect selection pressures relating to male-male
competition (Mori et al. 2017; Wright et al. 2019) or female
mate choice (Clutton-Brock and McAuliffe 2009). However,
adult female Leadbeater’s possums are highly territorial and
aggressive towards breeding competitors (Smith 1984), so
it is possible that selection related to the reproductive
strategy is also acting on males. This explanation could
account for the relatively small weight difference between
the sexes.

Conclusion and future research

Our results indicate that the body weight of Leadbeater’s
possums is, to some extent, driven by elevation and sex.
Further research to understand the environmental drivers of
Leadbeater’s possum body weight at a local scale may allow
for body weight to be used as an indicator for monitoring
environmental change over time. Due to variation in the
months that body weight data were available across years
we were unable to test for an effect of time. Body size is
known to change over time in response to environmental
variables. For example, Roycroft et al. (2020) found that
the body size of 31 species of Australian rodents in the
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genus Pseudomys changed with the climate during the
Pleistocene Epoch, in accordance with Bergmann’s rule.
The body weight of Leadbeater’s possums varies by up to
30 g between autumn (when animals are heaviest) and
spring (Smith 1980; Lindenmayer 1996). It would be
interesting and informative to test whether the body weight
of Leadbeater’s possums has changed between years (e.g. in
response to changing climate). This would require
data being collected either exclusively during a particular
season or sampling spread evenly throughout the year.
A prediction arising from this study is that as temperatures
increase at higher elevations in response to climate change,
the average body weight of adult possums at those
locations would be expected to decrease over time.

Supplementary material

Supplementary material is available online.
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