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Geographic variation in body size of five Australian marsupials supports Bergmann’s 1 

thermoregulation hypothesis.  2 

Running header: Geographic variation in body size 3 
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 10 

Despite a large body of research, little agreement has been reached on the ultimate driver(s) 11 

of geographic variation in body size (mass and/or length). Here we use skull length 12 

measurements (as a surrogate for body mass) from five Australian marsupial species to test 13 

the primary hypotheses of geographic variation in body size (relating to ambient temperature, 14 

productivity, and seasonality). We used a revised articulation of Bergmann’s rule, wherein 15 

evidence for thermoregulation (heat dissipation or heat conservation) is considered supportive 16 

of Bergmann’s rule. We modelled the skull lengths of four Petaurid glider species and the 17 

common brushtail possum (Trichosurus vulpecula) as a function of indices of ambient 18 

temperature, productivity, and seasonality. The skull length of Petaurus ariel, P. notatus, and 19 

the squirrel glider (P. norfolcensis) increased with increasing winter minimum temperature, 20 

while that of T. vulpecula decreased with increasing summer maximum temperature. The 21 

skull length of P. ariel decreased with indices of productivity, contradicting the productivity 22 

hypothesis. Only P. ariel met the hypothesis of seasonality, as skull length increased with 23 

increasing seasonality. Thermoregulation was the most consistently supported driver of 24 

geographic variation in body size, as we found evidence of either heat conservation or heat 25 
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dissipation in four of the five species examined. We found the geographic range of the 26 

individual species and the climate space in which the species occurred was integral to 27 

understanding the species' responses to climate variables. Future studies should use 28 

specimens that are representative of a species entire geographic range, encompass a variety of 29 

climatic regions, and use consistent methodologies and terminology when testing drivers of 30 

geographic variation in body size. 31 

 32 

Key words: Petauridae, Phalangeroidea, Mammalia, intraspecific variation, size clines, 33 

biogeography 34 

 35 

What drives geographic variation in body size is an unresolved question in biogeography.  36 

Body size, which most commonly refers to the linear length and/or mass of an individual, is 37 

linked to a species’ life history, physiology, behavior, density, and extinction risk (Cardillo et 38 

al. 2005; Johnson 1999; Lindstedt and Calder 1976; McCain and King 2014; Tucker et al. 39 

2014). Despite a plethora of research focussed on intraspecific geographic variation in body 40 

size, little agreement has been reached on a definitive driver(s) (Ashton et al. 2000; Clauss et 41 

al. 2013; Geist 1987; Meiri and Dayan 2003; Watt et al. 2010). ‘Bergmann’s rule’ was one of 42 

the earliest ecogeographic hypotheses explaining geographic variation in body size 43 

(Bergmann 1847). It is typically stated as “races of warm-blooded vertebrates from cooler 44 

climates tend to be larger than races of the same species from warmer climates” (Mayr 1956; 45 

Olalla-Tárraga 2011; Thomas 2009). This interpretation of the rule suggests ambient 46 

temperature is the primary driver of geographic variation in body size, as a larger body size 47 

(or more precisely, greater body mass) has a smaller surface area to volume ratio, and heat 48 

conservation is the underlying mechanism (Mayr 1956; Olalla-Tárraga 2011; Thomas 2009).  49 

 50 



3 
 

Alternative hypotheses have been proposed to explain intraspecific geographic 51 

variation in body size, each linking a different environmental driver with an underlying 52 

mechanism. James (1970) also hypothesised ambient temperature as a driver of geographic 53 

variation in body size. However, in contrast to Bergmann’s rule, James (1970) identifies heat 54 

dissipation as the mechanism driving variation in body size, with individuals decreasing in 55 

size in warmer environments due to a greater need to dissipate heat, which occurs more 56 

effectively in smaller individuals. Other commonly cited hypotheses relate to spatial and/or 57 

temporal variation in food availability, describing a positive relationship between body size 58 

and primary productivity (Huston and Wolverton 2011; McNab 2010; Rosenzweig 1968), 59 

and/or environmental seasonality (Boyce 1978). These hypotheses suggest that unproductive 60 

environments will favor smaller body sizes because there are too few resources to maintain 61 

viable populations of larger bodied animals. Additionally, highly seasonal environments will 62 

select for larger body sizes as they have greater ability to cope with a lack of food during 63 

periods of resource shortage.  However, of these various hypotheses, Bergmann’s rule 64 

remains the most widely recognized explanation of intraspecific geographic variation in body 65 

size. 66 

 67 

The literature surrounding Bergmann’s rule and other ecogeographic hypotheses of 68 

variation in body size, is plagued with analytical and intellectual inconsistencies (Ashton et 69 

al. 2000; McNab 2010). Specific issues often cited include inconsistencies in relation to 70 

spatial scale, statistical methods that do not account for spatial autocorrelation, and the 71 

different indices of body size used for analyses (Ashton et al. 2000). Interpretation of the 72 

published literature is further confused by the multitude of highly correlated environmental 73 

variables used to support various hypotheses (i.e. ambient temperature, rainfall, primary 74 

productivity) (Yom-Tov and Geffen 2006; Yom-Tov and Nix 1986). However, arguably the 75 



4 
 

most critical issue throughout the literature is the inconsistencies in interpretation of 76 

Bergmann’s rule (Blackburn et al. 1999; Watt et al. 2010). Specifically, there is contention 77 

about whether Bergmann’s rule relates to intra- or inter- species variation, or both (Blackburn 78 

et al. 1999; Clauss et al. 2013; Gohli and Voje 2016), whether the rule was established to 79 

explain body size variation in endotherms, homeotherms or mammals only (Ashton 2002; 80 

Olalla-Tárraga 2011), and whether the rule simply describes a biogeographic pattern which 81 

should be considered distinct from the mechanism (Blackburn et al. 1999).  82 

 83 

A recent translation and review of Bergmann’s original (German language) paper 84 

clarified Bergmann’s rule to be “within species and amongst closely related species of 85 

homoeothermic animals, a larger size is often achieved in colder climates than in warmer 86 

ones, which is linked to the temperature budget of these animals” (Salewski and Watt 2017; 87 

p. 170). Salewski and Watt (2017) emphasize Bergmann’s use of the term warmth economy 88 

throughout the paper (otherwise known as thermoregulation), and not heat conservation, 89 

which is more commonly referenced when referring to Bergmann’s rule (Huston and 90 

Wolverton 2011; Mayr 1956; Meiri 2011; Olalla-Tárraga 2011). This renewed interpretation 91 

of Bergmann’s rule highlights ambient temperature as the driver and thermoregulation as the 92 

mechanism to observed patterns in geographic variation in body size. Thus, alternative 93 

ecogeographic hypotheses, specifically the reformulation of Bergmann’s rule by James 94 

(1970), “small size is associated with hot humid conditions, larger size with cooler or drier 95 

conditions” (p. 387), are not distinctly different from, and in fact support, Bergmann’s 96 

original hypothesis of thermoregulation. Without consistency in the analytical methods, 97 

interpretation of results, and a consistent articulation of Bergmann’s rule, a large body of 98 

research may have inappropriately rejected Bergmann’s rule (Gohli and Voje 2016; Huston 99 
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and Wolverton 2011; Terada et al. 2012), or failed to correctly test for the rule (Ashton et al. 100 

2000; Correll et al. 2016). 101 

 102 

Most research focusing on geographic variation in body size has been confined to the 103 

high latitudes of the Northern Hemisphere, with a noticeable deficiency of studies in tropical 104 

and sub-tropical regions, especially in the Southern Hemisphere. This geographic imbalance 105 

is important because the effects of ambient temperature (and an animal’s imperative to 106 

conserve vs. dissipate heat) varies dramatically between the high and low latitudes. The 107 

Australian continent is an excellent model system to help address this geographic imbalance 108 

in the study of ecogeographic rules. Australia spans tropical to alpine climate zones, with 109 

many groups of endemic marsupials occurring over large biogeographic gradients, from the 110 

tropical forests and savannas of northern Australia, to the deserts of central Australia, and the 111 

temperate forests and alpine areas of southern Australia. 112 

 113 

Of the few studies from Australia, most support Bergmann’s rule (Briscoe et al. 2015; 114 

Quin et al. 1996; Yom-Tov and Nix 1986), while a recent comprehensive study found 115 

productivity to be a stronger correlate of body size than ambient temperature (Correll et al. 116 

2016). Correll et al. (2016) found a strong, positive relationship between the skull length of 117 

the common brushtail possum (Trichosurus vulpecula) and primary productivity in the least 118 

productive season. In contrast to Yom-Tov and Nix (1986), Correll et al. (2016) concluded 119 

that there was only weak evidence of Bergmann’s rule. However, all of these studies are 120 

based on the earlier interpretation of Bergmann’s rule, which incorrectly assumes that heat 121 

conservation is the sole hypothesized mechanism of geographic variation in body size. 122 

Correll et al. (2016) concluded that there was strong support for James’ (1970) heat 123 

dissipation hypothesis. Their findings are therefore consistent with the refined interpretation 124 
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of Bergmann’s rule referring to thermoregulation (Salewski and Watt 2017) and may be an 125 

example of where the hypothesis has been mistakenly rejected.  126 

 127 

We aim to build on existing studies of geographic variation in body size of Australian 128 

mammals (Correll et al. 2016; Quin et al. 1996; Yom-Tov and Nix 1986) by incorporating 129 

multiple species that occur across a diverse range of habitats, using robust models that deal 130 

explicitly with the issue of spatial autocorrelation. We tested the three prominent hypotheses 131 

of geographic variation in body size (thermoregulation, productivity, and seasonality; see 132 

Table 1 for hypotheses and corresponding climate variables) using measurements of skull 133 

length of four Petaurus (marsupial glider) species and T. vulpecula. Like Correll et al. (2016), 134 

we modelled climate variables relating to ambient temperature, net primary productivity, and 135 

seasonality, as predictors of skull length for each species. However, unlike Correll et al. 136 

(2016) we use the above-mentioned revised articulation of Bergmann’s rule (Salewski and 137 

Watt 2017), wherein evidence either for heat dissipation or heat conservation was considered 138 

supportive of Bergmann’s rule.  139 

 140 

MATERIALS AND METHODS 141 

Study species.—Using skull length as a proxy for body mass (i.e. size), we examined 142 

geographic variation in the size of four Petaurus gliders and Trichosurus vulpecula; all of 143 

which belong to the marsupial suborder Phalangeroidea. The gliders studied here included the 144 

sugar glider Petaurus breviceps and squirrel glider P. norfolcensis, and two recently 145 

distinguished species P. notatus and the savanna glider P. ariel (T. Cremona and S. Carthew, 146 

unpublished data), previously considered subspecies of P. breviceps. The combined 147 

distribution of the four Petaurid gliders covers five of the six climate zones recognised by the 148 

Köppen classification system (Kottek et al. 2006), while the distribution of T. vulpecula 149 
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encompasses all six climate zones (Fig. 1). As all study species are nocturnal, arboreal, and 150 

hollow-dwelling, any variation in response to environmental variables between them is 151 

unlikely to be explained by general habitat use. Petaurus species are typically exudivorous 152 

and opportunistically insectivorous, while T. vulpecula has a relatively folivorous diet 153 

(Jackson and Johnson 2002). Trichosurus vulpecula is noticeably larger than the Petaurid 154 

gliders (Table 2). Variation between the Petaurus species is primarily in head shape, pelage 155 

colour, body mass, and social-structure, with species ranging from being monogamous to a 156 

colonial social structure (Goldingay and Jackson 2004; Jackson 2012). Despite the varied 157 

body sizes and feeding ecology between study species, for any ecogeographic hypothesis 158 

(thermoregulation, primary productivity, or seasonality) to be supported in this study, the 159 

skull length of all species should vary predictably with at least one climate variable consistent 160 

with that hypothesis. 161 

 162 

Data collection: Petaurus skull measurements.—As in other studies (Correll et al. 163 

2016), we used skull length as a measure of body size (mass). We measured 305 skulls of 164 

adult specimens of known sex and origin, sourced from the Northern Territory Museum and 165 

Art Gallery (n = 8), Australian Museum (n = 88), Queensland Museum (n = 46), Museum of 166 

Victoria (n = 62), Western Australia Museum (n = 18), South Australia Museum (n = 21), 167 

Commonwealth Scientific and Industrial Research Organisation Australian National Wildlife 168 

Collection (n = 43), and the British Natural History Museum (n = 19). Skulls were deemed to 169 

be from adult specimens if there was evidence of erupted permanent teeth. Given that P. 170 

breviceps has been introduced to Tasmania (Campbell et al. 2018), we excluded skulls of this 171 

species from Tasmania. Using digital callipers, two cranial variables, maximum skull length 172 

(MSL; greatest distance between the most prominent point at the root of the nose, to the most 173 

prominent point on the occipital bone), and zygomatic breadth (ZB; greatest distance between 174 
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arches of the cranium, at right angle to the longest axis of the skull), were measured (to the 175 

nearest 0.01 mm) on each skull specimen of P. ariel, P. norfolcensis, P. notatus, and P. 176 

breviceps.  177 

 178 

Data collection: Trichosurus vulpecula skull measurements.—For T. vulpecula skull 179 

measurements, we used data for Australian mainland animals (n=436) from Correll et al. 180 

(2016), available from the Dryad Digital Repository 181 

<http://dx.doi.org/10.5061/dryad.gq264>. As a proxy for body size (mass), we used the 182 

condylobasal length (CBL; greatest distance from the anterior point of the premaxilla to the 183 

posterior surface of the occipital condyles) measurements from skulls of adult specimens. 184 

Unfortunately, sex was not provided in their dataset, so we were unable to distinguish 185 

between males and females in the T. vulpecula analysis. However, Correll et al. (2016) found 186 

no significant difference between CBL in male and females of T. vulpecula. Given that 187 

Correll et al. (2016) found an increase in the CBL length of T. vulpecula with island isolation, 188 

we excluded observations that originated from any islands off the Australian mainland, 189 

including Tasmania. 190 

 191 

Data analyses.—All analyses were conducted in the program R (R development Core 192 

Team, 2017). Environmental covariate values were sourced from datasets obtained from the 193 

Australian Bureau of Meteorology (BoM 2016; <www.bom.gov.au>) and NASA Earth 194 

Observing System MODIS Land Algorithm (Running 2017; <https:// neo.sci.gsfc.nasa.gov>) 195 

(Table 1). The year in which skull specimens were collected was not available for all skulls, 196 

however majority of specimens (97%) were collected between 1940 and 2000. As such, we 197 

used environmental covariates averaged over a 30yr time-period (1960–1990) to best overlap 198 

when the specimens were collected. Although we did not encompass the complete time-199 
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period in which specimens were collected, we argue the environmental variables used in this 200 

study have remained relatively constant.  201 

 202 

We used two different measures of skull length as proxies for body size (mass); we 203 

used MSL as a proxy for body mass for all Petaurus spp., and CBL as a proxy for body mass 204 

for T. vulpecula. CBL was the only measure of skull length available in the Correll et al. 205 

(2016) data set, while MSL was the most consistently available measure of skull length 206 

across all Petaurus spp. due to damage of some skull specimens. MSL is also the most 207 

comparable measure to CBL. Both measures of skull length have been found to be strongly 208 

correlated (R2 > 95%) with body mass in diprotodontians (Myers 2001). Both CBL and MSL 209 

are hereafter referred to as skull length.  210 

 211 

As all specimens for this study were sourced from museums, we cannot know whether 212 

skulls of the same species were collected from the same population. To account for possible 213 

dependencies, we instead use analysis methods that accommodate spatial autocorrelation. To 214 

model the skull length of each species as a function of climate, we modelled each species 215 

separately using either an ordinary least-squares linear (OLS) model or from the ‘nlme’ 216 

package a generalized least-squares linear (GLS) model. In cases where there was significant 217 

autocorrelation of model residuals for a specific species, we used GLS models for that 218 

species. Otherwise we used an OLS model. We evaluated the significance of spatial 219 

autocorrelation using Moran’s I (Cliff and Ord 1972), where p ≤0.05 indicates strong 220 

evidence of spatial autocorrelation. For the GLS models, we specified a rational quadratic 221 

spatial correlation structure (Crawley 2012). For both GLS and OLS models we used 222 

Akaike’s Information Criterion (AIC) to rank models for each species, balancing both model 223 

fit and model simplicity (Burnham and Anderson 2003).  224 
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 225 

To ensure a climate variable could be linked to a corresponding hypothesis and not an 226 

opposing hypothesis, we assessed the level of correlation between climate variables of 227 

alternative hypotheses. Variables that were strongly correlated (r >0.7) with an opposing 228 

hypothesis and were not direct measures of ambient temperature, productivity, or seasonality 229 

(Table 1) were excluded from analysis as they could not be exclusively linked to the 230 

respective hypothesis. This process left three predictor variables to test the thermoregulation 231 

hypothesis (summer maximum temperature, winter minimum temperature, and mean annual 232 

temperature), two predictor variables to test the productivity hypothesis (net primary 233 

productivity and lean season effective rainfall), and one variable to test the seasonality 234 

hypothesis (coefficient of variance of effective rainfall). We included all three measures of 235 

ambient temperature to test the thermoregulation hypothesis as they were necessary to test for 236 

evidence of both heat conservation and heat dissipation, and have all been used in earlier 237 

studies that did not find strong support for Bergmann’s rule (Correll et al. 2016; Yom-Tov 238 

and Geffen 2006).  239 

 240 

Before identifying correlates of skull length for Petaurus skulls, we first included 241 

‘sex’ (male/female) as a non-climate variable in our models of skull length. If ‘sex’ improved 242 

model fit, we then added climate predictor variables. ‘Sex’ was retained in the simplest model 243 

if it improved the null model by ≥2 AIC units (Burnham and Anderson 2003). We then 244 

deemed a climate variable to be significant if it improved the simplest or null model by ≥2 245 

AIC units.  246 

 247 

RESULTS 248 
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Climate variables consistent with the thermoregulation hypothesis were important predictors 249 

of skull length for all species except P. breviceps, for which there was no significant 250 

predictor of skull length (Table 3; Fig. 2). Trichosurus vulpecula skull length decreased with 251 

increasing summer maximum temperature and P. ariel, P. norfolcensis, and P. notatus skull 252 

length decreased with increasing winter minimum temperature (Fig. 2). All of this is 253 

consistent with the thermoregulation hypothesis. Additionally, P. norfolcensis skull length 254 

decreased with increasing mean annual temperature (Fig. 3).  255 

 256 

There was no single model relating to thermoregulation in which the skull length of 257 

all species responded uniformly. However, when reviewing the full suite of models relating 258 

to thermoregulation, the skull length of T. vulpecula, P. norfolcensis, and P. notatus 259 

responded consistently with the thermoregulation hypothesis for at least one model of 260 

thermoregulation (evidence of heat conservation and/or heat dissipation), and provided no 261 

evidence to reject the thermoregulation hypothesis. Additionally, for all species there was 262 

greater support for the thermoregulation hypothesis than what would be expected by chance 263 

(summed Akaike weights for models relating to thermoregulation >0.43); this result was not 264 

true for either the productivity or the seasonality hypotheses (Table 3). 265 

 266 

The relationship between the skull length of P. ariel and variables relating to 267 

thermoregulation was less intuitive. Summer maximum temperature was the best predictor of 268 

P. ariel skull length; skull length increased with increasing maximum summer temperature 269 

(Table 3, Fig. 2). Increasing skull length with increasing maximum temperature is 270 

inconsistent with heat dissipation and seemingly rejects the thermoregulation hypothesis. 271 

However, P. ariel skull length also increased with decreasing winter minimum temperature, 272 

potentially supporting heat conservation as a driver of P. ariel skull length. Within the 273 
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geographic range of P. ariel, winter minimum temperature correlates strongly with maximum 274 

summer temperature (r = 0.8; see Supplementary Data S1), such that areas with colder 275 

minimum temperatures also have higher maximum temperatures. Furthermore, based on the 276 

location of the specimens used in this study, the range in summer maximum temperature that 277 

P. ariel is exposed to (31–36°C) is significantly less than the range in winter minimum 278 

temperature (12–22°C) (Fig. 2). This may explain the seemingly contradicting support for the 279 

thermoregulation hypothesis. Therefore, based on variation in the skull length of P. ariel, T. 280 

vulpecula, P. norfolcensis, and P. notatus, we found support for the thermoregulation 281 

hypothesis through evidence of heat conservation and/or heat dissipation. 282 

 283 

Models that included measures of productivity were supported by evidence of 284 

variation in the skull length of both T. vulpecula and P. notatus (Table 3), as the skull length 285 

for both species increased with increasing values of productivity (Fig. 3). P. ariel skull length 286 

also varied significantly with both measures of productivity. However, P. ariel skull length 287 

decreased with increasing values of productivity, thus in this instance rejecting the 288 

productivity hypothesis as a driver of geographic variation in body size. P. ariel skull length 289 

varied significantly with the one model for seasonality, as skull length increased with 290 

increasing values of seasonality. Thus, although no other species’ skull length varied 291 

significantly with seasonality, we found some evidence to support the seasonality hypothesis 292 

and could not reject the hypothesis. 293 

 294 

Neither non-climatic nor climatic predictor variables significantly predicted variation 295 

in the skull length of P. breviceps (Table 3). This may simply reflect the relatively small 296 

sample size for P. breviceps (n = 23 compared with >40 for other species), and/or the more 297 

limited climatic variation encompassed within the geographic range of these samples (Fig. 1).  298 
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  299 

DISCUSSION 300 

Here we modeled intraspecific variation in the skull length of five Australian mammals (four 301 

Petaurus species and T. vulpecula) against proposed drivers of geographic variation in body 302 

size. We found the thermoregulation hypothesis (through evidence of either heat 303 

conservation or heat dissipation) to be the most consistently supported driver of intraspecific 304 

geographic variation in body size. We found evidence to reject the productivity hypothesis 305 

(based on contrasting variation in P. ariel skull length), and only minimal evidence to support 306 

the seasonality hypothesis. Hence, our findings most strongly support Bergmann’s 307 

thermoregulation hypothesis, as articulated by Salewski and Watt (2017), that geographic 308 

variation in body size in these five species is primarily driven by ambient temperature and the 309 

need to thermoregulate.  310 

 311 

One apparent contradiction of thermoregulation as a driver of variation in body size 312 

was that P. ariel skull length increased with increasing values of maximum temperature. This 313 

is contrary to what we would expect if the pattern was driven by the need to dissipate heat, 314 

and at face value provides evidence against the thermoregulation hypothesis. However, it is 315 

likely that this response reflects the geographic range of P. ariel, which is confined to the 316 

tropics of northern Australia, where summer maximum temperatures are consistently high 317 

(31–36°C), while summer relative humidity (58–76%), and winter minimum temperature 318 

vary more substantially (13–22 °C).  In this region, areas with the highest temperatures have 319 

the lowest humidity and the lowest winter minimum temperatures, so there is a strong 320 

correlation between dry heat and lower minimum temperatures. Thus, we suggest maximum 321 

summer temperature may not accurately reflect the apparent temperature within the region, as 322 

humidity is not accounted for. As P. ariel is smaller where relative humidity is greater, heat 323 
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dissipation through evaporative heat loss in response to greater atmospheric water vapour 324 

may also be driving variation in P. ariel body size. Further research on how body size varies 325 

with heat in humid environments would help clarify our findings. Indeed, the unique climate 326 

envelope of the tropics may shed light on the relative lack of evidence for Bergmann’s rule in 327 

earlier tropical studies (Freeman 2017; Huston and Wolverton 2011; Rodríguez et al. 2008). 328 

 329 

  Trichosurus vulpecula was the only species for which we found evidence of heat 330 

dissipation rather than heat conservation. Trichosurus vulpecula skull length decreased with 331 

increasing values of summer maximum temperature (heat dissipation) but did not increase 332 

with decreasing values of minimum temperature (heat conservation). This may reflect the 333 

wide range of climate zones in which T. vulpecula occurs, and the larger body size (greater 334 

skull length and body mass) of T. vulpecula relative to the other study species (Table 2). 335 

Trichosurus vulpecula is the only study species that occurs in Australia’s arid zone, where T. 336 

vulpecula skull length is consistently at the lower end. The arid zone has the highest summer 337 

maximum temperatures on the Australian continent. In contrast, the region has much lower 338 

winter minimum temperatures (7–11°C) relative to the tropics (12–22°C), but higher winter 339 

minimum temperatures relative to the temperate zone (-3°C was the lowest winter minimum 340 

temperature recorded in the temperate zone in this study, taken from locations for both P. 341 

notatus and T. vulpecula). Thus, heat dissipation may be a better predictor of T. vulpecula 342 

body size, as unlike the other focal species, the geographic range of T. vulpecula is much 343 

broader, and encompasses areas of more extreme, dry heat. Additionally, since T. vulpecula 344 

has a larger body size than any of the Petaurus species studied here, T. vulpecula can more 345 

easily conserve heat than dissipate heat. The smaller body size of the Petaurus species means 346 

that heat conservation is more likely a driver of geographic variation in body size than heat 347 

dissipation.  348 
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 349 

Our study supports the original findings of Correll et al. (2016) that summer 350 

maximum temperature and lean season effective rainfall are significant predictors of T. 351 

vulpecula skull length. However, since Correll et al. (2016) did not find evidence for heat 352 

conservation by T. vulpecula they rejected Bergmann’s hypothesis. Based on the refined 353 

articulation of Bergmann’s rule by Salewski and Watt (2017), we argue that both our study 354 

and that of Correll et al. (2016) support Bergmann’s thermoregulation hypothesis, as both 355 

studies provide evidence of heat dissipation by T. vulpecula (as well as in the additional 356 

species in this study). In contrast, our study does not support Correll et al.’s (2016) finding of 357 

productivity as a significant driver of variation in body size. Although lean season effective 358 

rainfall was an important predictor of T. vulpecula skull length in both studies, our study 359 

found P. ariel skull length significantly decreased with increasing values of productivity; the 360 

opposite response to that predicted by the productivity hypothesis.  361 

 362 

We suggest that support for the productivity hypothesis in previous studies of 363 

geographic variation in Australian mammal body size (Correll et al. 2016; Yom-Tov and 364 

Geffen 2006; Yom-Tov and Nix 1986) may be an artefact of decreasing primary productivity 365 

with increasing maximum temperatures. In this study, there was a moderate negative 366 

relationship (r = -0.4) between net primary productivity and summer maximum temperature. 367 

Therefore, if thermoregulation is the driver of geographic variation in body size, a greater 368 

skull length should occur in areas of low summer maximum temperatures, which coincides 369 

with areas of greater net primary productivity. However, in the tropical north, there is also a 370 

strong correlation between summer maximum temperature and winter minimum temperature 371 

which is not typical for the rest of Australia (r = 0.3, compared to r = 0.8 in tropics). As P. 372 

ariel skull length increases with increasing winter minimum temperatures (which coincides 373 
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with increasing summer maximum temperature), P. ariel skull length is shorter where net 374 

primary productivity is greater, therefore rejecting the primary productivity hypothesis, at 375 

least for this species.  376 

 377 

Within Australia, evidence for Bergmann’s thermoregulation hypothesis has 378 

previously been found in studies of the short-beaked echidna (Tachyglossus aculeatus), 379 

kangaroos (Macropus gigantus, M. fuliginosus, M. rufus), the koala (Phascolarctos cinereus), 380 

and in earlier studies of P. breviceps, P. norfolcensis, and T. vulpecula (Agnarsson et al. 381 

2011; Briscoe et al. 2015; Quin et al. 1996; Yom-Tov and Nix 1986). In contrast to Yom-Tov 382 

and Nix (1986), we found no support for Bergmann’s rule or any other competing hypotheses 383 

relating to variation in body size for P. breviceps. Yom-Tov and Nix (1986) would not have 384 

made a distinction between P. breviceps and P. notatus, likely including skulls from both 385 

species within what they classified as P. breviceps.  We believe the disparity in our findings 386 

likely reflects the restricted climatic range over which those skulls occurred, and our smaller 387 

sample size of P. breviceps skulls (n = 23). Regardless, based on the consistent evidence to 388 

support Bergmann’s thermoregulation hypothesis, we conclude that thermoregulation is a 389 

significant driver of variation in the body size of Australia’s marsupials.  390 

 391 

In this study, we found consistent evidence to support thermoregulation as a 392 

significant driver of variation in body size, with heat conservation and/or heat dissipation as 393 

the ultimate mechanisms. However, our findings are complex and not easily interpretable. 394 

This is a fundamental issue with many studies relating to ecogeographic rules and likely 395 

reflects the unaccounted influence of other species traits such as habitat use, population 396 

density, and fur thickness, in mediating the response of individuals to their external 397 

environment. For example, Briscoe et al. (2015) found a stronger relationship between fur 398 
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properties of Phascolarctos cinereus and climate, than with body size and climate. 399 

Additionally, P. breviceps is known to employ daily torpor and reduce activity time during 400 

adverse weather conditions as a potential alternative to thermoregulation which is more 401 

energetically expensive (Körtner and Geiser 2000). Further research into how species' traits, 402 

in addition to body size, vary with climate would greatly facilitate our understanding of the 403 

mechanisms that underpin Bergmann’s rule. 404 

 405 

More generally, future studies on the drivers of geographic variation in body size 406 

should critically evaluate the geographical context from which specimens of their study 407 

species have been collected. In our study, both winter minimum temperature and summer 408 

maximum temperature better explained variation in skull length than average annual 409 

temperature. Thus, our findings suggest the extremes of temperature likely have a stronger 410 

influence on variation in body size than average annual temperature. Further understanding of 411 

how extremes of temperature drive variation in body size and the point at which heat 412 

conservation becomes more important than heat dissipation would yield a better 413 

understanding of how ambient temperature drives variation in body size. Future studies 414 

should include specimens from a species’ entire geographic range to capture the full suite of 415 

climatic variation that occurs within it. Without this, we are unlikely to resolve the debate 416 

surrounding geographic variation in body size.  417 

 418 

There also is need for more consistent methodologies and terminology in the literature 419 

surrounding geographic variation in body size. Our study provides a model example for 420 

future studies of geographic variation in body size, as our approach includes: (1) multiple 421 

species that occur over different climatic regions; (2) robust statistical models that explicitly 422 

account for spatial autocorrelation; and (3) the use of uncorrelated climate predictor variables 423 
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that are linked to hypotheses of geographic variation in body size. Importantly, we have made 424 

use of the recent articulation of Bergmann’s hypothesis by Salewski and Watt (2017). Using 425 

this approach, our study has provided evidence to support Bergmann’s hypothesis that 426 

thermoregulation drives intraspecific geographic variation in body size. Support for this 427 

ecogeographic hypothesis highlights ambient temperature (due to an individual’s need to 428 

thermoregulate), as a significant evolutionary force on fauna species globally and should not 429 

be underestimated in the wake of climate change, especially considering the subsequent 430 

influence body size has on a species’ ecology (McCain and King 2014; Tucker et al. 2014).  431 

 432 
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FIGURE LEGENDS 551 

Fig. 1.—Source locations of the skulls used for modeling the skull length of (a) Trichosurus 552 

vulpecula and (b) four Petaurus species. 553 

 554 

Fig. 2.—Modeled relationship for winter (June–August) minimum temperature (°C) and 555 

summer (December–February) maximum temperature (°C) on skull length (mm) of: Petaurus 556 

ariel, P. notatus, P. norfolcensis, and Trichosurus vulpecula, derived from ordinary least-557 

squares linear models. Black dots are the collected data points, black solid lines show model 558 

fit, and grey bands indicate 95% confidence intervals. 559 

 560 

Fig. 3.—Estimated regression coefficients for the four Petaurus glider species and 561 

Trichosurus vulpecula, derived from single-species models (Table 3). Error bars indicate 562 

95% confidence intervals; ticks and crosses indicate where an effect is statistically significant 563 

(i.e. 95% confidence intervals do not overlap zero). Values that fall within cross-hatched 564 

zones represent responses that are contradictory to the tested hypothesis (i.e. ticks indicate 565 

support for the hypothesis and crosses indicate no support). 566 

  567 
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TABLES 568 

Table 1.—Climate predictor variables used for hypothesis testing of geographic variation in body size of four Petaurus species and Trichosurus 569 

vulpecula. Predictor variables were each associated with a hypothesis and each hypothesis has a proposed mechanism and a predicted 570 

relationship between skull length and the variable. 571 

Hypothesis Predictor variable Description 

Hypothesis 1: Thermoregulation 

(Bergmann's Rule). Low surface area to 

volume ratios of large individuals increases 

heat conservation in cold environments; high 

surface area to volume ratios of small 

individuals increases heat dissipation in warm 

humid environments (Bergmann 1847; James 

1970; Salewski and Watt 2017). Predicted 

pattern: Skull length decreases with increasing 

temperature. 

Mean annual 

temperature 

Mean annual temperature, based on a 30-year climatology (1961-

1990); 5 km resolution (BoM, 2016) 

 

Winter minimum 

temperature 

Mean minimum temperature for June, July, and August, based on 

a 30-year climatology (1961-1990); 5 km resolution (BoM, 2016)  
Summer maximum 

temperature 

Mean maximum temperature for December, January, and 

February, based on a 30-year climatology (1961-1990); 5 km 

resolution (BoM, 2016) 

Hypothesis 2: Net primary productivity. 

Body size is limited by the availability of food 

(net primary productivity) (Huston and 

Wolverton 2011; McNab 2010; Rosenzweig 

1968). Predicted pattern: Skull length 

increases with net primary productivity. 

Actual 

evapotranspiration 

Mean areal actual evapotranspiration based on a 30-year 

climatology (1961-1990); 10 km resolution (BoM, 2016)  
Rainfall Mean annual rainfall based on a 30-year climatology (1961-1990); 

5 km resolution (BoM, 2016)  
Effective rainfall A measure of climatic water balance, calculated from mean annual 

rainfall minus mean annual areal potential evapotranspiration; 10 

km resolution (1961-1990) (BoM, 2016)  
NPP Mean annual net primary productivity; 1 km resolution (product of 

NASA Earth Observing System MODIS Land Algorithm, 2017)  
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Lean season effective 

rainfall  

Effective rainfall (as above) averaged over the three consecutive 

months with the lowest total. (BoM, 2016) 

Hypothesis 3: Seasonality. 

Large individuals are better able to cope with 

food shortage in more seasonal environments 

because of their greater relative and absolute 

capacity for fat storage (Boyce 1978). 

Predicted pattern: Skull length increases with 

seasonality. 

Effective rainfall CV Coefficient of variance for effective rainfall, calculated from 

monthly indices of mean rainfall minus average areal potential 

evapotranspiration (1961-1990); 10 km resolution (BoM, 2016)  
Rainfall CV Coefficient of variance for mean rainfall calculated from monthly 

indices of mean rainfall (1961-1990); 5 km resolution (BoM, 

2016)  

572 
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Table 2.—Number of skulls measured to assess variation in body size, and the mean, 573 

minimum, and maximum skull length for the four Petaurus species and Trichosurus 574 

vulpecula specimens used in this study.  575 

Species 
Number of 

skulls 
Body mass range (g) 

Mean skull length (mm) 

(minimum–maximum) 

    

Petaurus ariel 41 50 - 150a 41.6 (33.6 - 48.5) 

Petaurus breviceps 23 60 - 150b 38.2 (35.1 - 44.1) 

Petaurus norfolcensis 44 150 - 300b 45.7 (40.1 - 48.5) 

Petaurus notatus 61 60 - 150b 38.3 (35.1 - 44.1) 

Trichosurus vulpecula 436 1400 - 3600b 78.3 (63.2 - 91.5) 

    
abased on our field measurements  576 

btaken from Goldingay and Jackson (2004). As P. breviceps and P. notatus were conflated at 577 

that time, we have used the body mass range indicated for P. breviceps for both species. 578 

  579 
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Table 3.—Model selection results for single-species modeling of skull length of four 580 

Petaurus species and Trichosurus vulpecula.  wi  indicates the Akaike weight; ΔAIC 581 

represents the difference between the model’s Akaike Information Criterion (AIC) value and 582 

that of the top-ranking model; R2 indicates the conditional goodness-of-fit (not supported for 583 

generalized least-square models so values have been generated from ordinary least-square 584 

models); * indicates datasets that were analysed using generalized least-square models. Bold 585 

text indicates well-supported models (ΔAIC ≤2) of skull length. Grey highlighted models 586 

indicate the simplest model in the candidate set.  587 

Hypothesis Model ΔAIC wi R2 

  

 Petaurus ariel  

Thermoregulation Sex + Summer max temp 0.0 0.40 0.39 

Productivity Sex + NPP 7.7 0.24 0.31 

Seasonality Sex + Effective rainfall CV 8.0 0.15 0.28 

Thermoregulation Sex + Winter min temp 13.5 0.09 0.21 

Productivity Sex + Lean season effective rainfall 19.5 0.05 0.11 

Thermoregulation Sex + Mean annual temp 22.2 0.03 0.06 

 Sex 23.3 0.02 0.05 

  

 Petaurus norfolcensis  

Thermoregulation Sex + Winter min temp 0.0 0.55 0.37 

Thermoregulation Sex + Mean annual temp 0.4 0.44 0.36 

Productivity Sex + NPP 12.2 <0.00 0.16 

Seasonality Sex + Effective rainfall CV 13.3 <0.00 0.14 

 Sex 14.0 <0.00 0.09 

Productivity Sex + Lean season effective rainfall 14.2 <0.00 0.12 

Thermoregulation Sex + Summer max temp 15.6 <0.00 0.10 

  

 Petaurus notatus  

Thermoregulation Sex + Winter min temp 0.0 0.41 0.19 

Productivity Sex + Lean season effective rainfall 0.7 0.29 0.19 

Seasonality Sex + Effective rainfall CV 2.3 0.13 0.16 

 Sex 3.7 0.06 0.11 

Thermoregulation Sex + Mean annual temp 4.3 0.05 0.14 

Productivity Sex + NPP 5.0 0.03 0.13 
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Thermoregulation Sex + Summer max temp 5.7 0.02 0.12 

  

 Petaurus breviceps  

Thermoregulation Mean annual temp 0.0 0.27 0.14 

Thermoregulation Summer max temp 0.7 0.19 0.11 

Thermoregulation Winter min temp 1.4 0.14 0.03 

 Null 1.5 0.13  

Productivity NPP 2.4 0.08 0.04 

Productivity Lean season effective rainfall 2.7 0.07 0.03 

 Sex 3.0 0.06 0.02 

Seasonality Effective rainfall CV 3.4 0.05 <0.01 

  

 Trichosurus vulpecula*  

Thermoregulation Summer max temp 0.0 0.49 0.21 

Productivity Lean season effective rainfall 1.5 0.23 0.31 

Productivity NPP 3.0 0.11 0.14 

Seasonality Effective rainfall CV 4.0 0.07 0.05 

Thermoregulation Mean annual temp 5.2 0.04 0.10 

 Null 5.4 0.03  

Thermoregulation Winter min temp 5.7 0.03 0.06 

     

 588 


