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Abstract 21 

Traditionally, biological times (gestation period, longevity) are proposed to scale to body 22 

mass M as M
0.25

. Although phylogeny-informed statistics have become widespread, it is still 23 

sometimes assumed that in datasets comprising a very large number of species, analyses that 24 

do not and that do account for phylogeny will yield similar results. Here we show, in a large 25 

dataset on gestation period length in eutherian mammals (1214 species from 20 orders), that 26 

the allometric scaling exponent is about twice as high using conventional statistics (Ordinary 27 

Least Squares OLS, M
0.18-0.20

) as when using Phylogenetic Generalized Least Squares (PGLS, 28 

M
0.07-0.10

), indicating that among closely related taxa, the scaling of gestation is much lower 29 

than generally assumed. This matches the well-known absence of scaling among different-30 

sized breeds of domestic animal species, and indicates that changes in M must be more related 31 

to changes in development speed rather than development time among closely related species, 32 

which has implications for interpreting life history-consequences of insular dwarfism and 33 

gigantism. Only when allowing just one species per order (simulated in 100 randomized 34 

datasets of n=20 species across 20 orders) is 0.25 included in the scaling exponent confidence 35 

interval in both OLS and PGLS. Differences in scaling at different taxonomic levels in 36 

comparative datasets may indicate evolutionary trends where successive taxonomic groups 37 

compete by fundamental variation in organismal design not directly linked to changes in M. 38 

Allometries then do not necessarily represent universal scaling rules, but snapshots of 39 

evolutionary time that depend on diversification and extinction events before the picture was 40 

taken. It is either by analysing subsets separately, or by using PGLS in large datasets, that the 41 

underlying relationships with M can then be unveiled. 42 

 43 
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Introduction 45 

"Scaling is interesting because, aside from natural selection, it is one of the few laws we 46 

really have in biology," said John Gittleman in the New York Times on January 12, 1999. 47 

The appeal of using scaling relationships in understanding, modelling and predicting 48 

biological phenomena is documented in various books dedicated to this approach (Peters 49 

1983; Calder 1984; Schmidt-Nielsen 1984; Bonner 2006; Sibly et al. 2012). In most simple 50 

terms, the scaling approach relies on statistical relationships between body mass (M) and 51 

other measurements that usually follows the relationship y = a M
b
. Various of such 52 

relationships have been linked with each other, in particular with respect to the magnitude of 53 

the exponent. In general terms, it is often assumed that the exponent is a multiple of ¼, such 54 

as ¾ for metabolic rates (or energy requirements or food intake), -¼ for physiological and 55 

ecological rates (such as heart rate, population growth rate), or ¼ for biological times (such as 56 

digesta retention time, gestation period, or longevity) (Brown et al. 2012). A causal link 57 

between these relationships is a fundamental assumption of the Metabolic Theory of Ecology 58 

(MTE; Brown et al. 2004).  59 

 60 

Testing whether certain physiological or ecological measures actually follow the predicted 61 

scaling relationships is therefore considered one way to test the MTE, and a large number of 62 

such tests have been published (reviewed in Sibly et al. 2012). These tests are usually 63 

performed on datasets that comprise large numbers of species. Because these data are not 64 

independent, but may be influenced by – amongst several factors – phylogenetic relationships 65 

between the species, the use of statistical methods that also account for the phylogenetic 66 

structure of the dataset has been recommended for a long time (Harvey and Pagel 1991; 67 

White et al. 2012). Nevertheless, it is sometimes assumed that if datasets are large enough, 68 

results from statistics without accounting for phylogeny, such as in Ordinary Least Squares 69 

(OLS), are similar to those from statistics that do account for the phylogenetic structure, such 70 



as Phylogenetic Generalized Least Squares (PGLS) (White et al. 2012). For example, the 71 

allometric exponent for the scaling of basal metabolic rate with body mass is similar in a large 72 

dataset of mammals, at 0.72 without and 0.73 with accounting for phylogeny (Müller et al. 73 

2012). Actually, a significant result in conventional statistics is often considered a prerogative 74 

for further considerations, because without such significance, the universality of the 75 

relationship can usually not be postulated in the first place (but see e.g. Zerbe et al. 2012 for 76 

an exception). 77 

 78 

Of course, uniformity between OLS and PGLS needs not always be the case. Depending on 79 

the structure of the data, several different combinations of results are possible (Fig. 1). If there 80 

is a similar significant relationship in PGLS as in OLS, the described pattern appears to be 81 

universal (Fig. 1a). If both OLS and PGLS are significant and yield the same allometric 82 

relationship, this can also occur because of (apparently random) variation in this relationship 83 

at lower taxonomic levels (Fig. 1b). Because the scaling of basal metabolic rate differs 84 

between individual mammal taxa (Sieg et al. 2009; White et al. 2009; Capellini et al. 2010) 85 

yet the scaling is similar with and without accounting for phylogeny in the entire mammal 86 

dataset (Müller et al. 2012), the example in Fig. 1b likely reflects, qualitatively, the situation 87 

for the scaling of basal metabolism. In this case, one might argue that the basic pattern is 88 

universal, but may be modified to certain degrees by characteristics of certain taxonomic 89 

groups. The magnitude of the individual deviations will then determine whether universality 90 

can still be accepted for the pattern. The situation changes, however, if a Type I error occurs, 91 

which can come in two different versions: On the one hand, the underlying pattern might just 92 

be evident because of the array of taxa, with no relationship among the more closely related 93 

species – a case with a significant result in OLS but no significance in PGLS (Fig. 1c). Such a 94 

result may indicate that the assumed pattern does exist at the level of the basal node (and 95 

therefore could only be called a ‘pattern’ if it was found at this level if additional clades at the 96 



basal node were included in the analysis), but not among more closely related extant species. 97 

On the other hand, in a similar scenario, both OLS and PGLS may yield significant results, 98 

but with different estimates for the exponent (Fig. 1d). Such a result again indicates that the 99 

assumed relationship systematically changes its pattern, depending on the taxonomic level of 100 

analysis. Both such results (Fig. 1cd) cannot be reconciled with the assumption of a universal 101 

physiological pattern, but must lead to hypotheses that link the occurrence or shape of the 102 

pattern to taxonomic levels of organisation. 103 

 104 

When simply analysing for the existence of a relationship between two variables – as often 105 

done in studies that test for convergence, for example by comparing the magnitude of a 106 

morphological or physiological adaptation to an environmental proxy -, a situation as 107 

indicated in Fig. 1d is of little relevance. This is because the exact magnitude of the 108 

convergent adaptation is not in question, just its existence. Only a situation as indicated in 109 

Fig. 1c will refute the hypothesis of convergence. In such situations – when testing ‘only’ for 110 

convergence -, results from phylogenetically informed statistics mostly confirm those of 111 

conventional approaches (e.g. Ricklefs and Starck 1996; Carvalho et al. 2006). If, however, 112 

scaling laws are investigated, it is not only the existence of a significant relationship between 113 

two parameters per se, but the exact pattern of that relationship that is of interest. 114 

 115 

Here, we investigate the scaling pattern of gestation period with body mass in eutherian 116 

mammals, providing an example of how analyses that account for the phylogenetic structure 117 

of datasets can lead to alternative interpretations of evolutionary trends. Eutherian gestation 118 

periods appear as a particularly suited test case for scaling analysed in a phylogenetic context. 119 

On the one hand, they are hypothesized to scale to M
0.25

  (Western 1979; Lindstedt and Calder 120 

1981; Brown et al. 2012), a pattern more or less confirmed in analyses that do not account for 121 

phylogeny, where the scaling pattern varies between M
0.17

 to M
0.24

, depending on the species 122 



composition of the dataset such as the inclusion or exclusion of bats (Kihlström 1972; 123 

Hamilton et al. 2011; Sibly 2012). On the other hand, there is evidence that closely related 124 

organisms do not follow such a scaling pattern. In domestic animals, it is well-known that the 125 

gestation period does not scale with M intraspecifically among different-sized breeds: a 5 kg 126 

dog breed has the same gestation period as a 50 kg dog breed (Kirkwood 1985), gestation 127 

period is nearly constant across rabbit breeds ranging from 2 to 6 kg (King Wilson and 128 

Dudley 1952), a Shetland pony has the same gestation period as a Friesian horse (Bos and 129 

Van der Mey 1980), and dwarf breeds have similar gestation periods as normal-sized breeds 130 

in goats (Amoah et al. 1996), sheep (Jollans 1960; Bradford et al. 1972) and cattle (Crew 131 

1923; Andersen and Plum 1965). Additionally, gestation period showed little interspecific 132 

scaling within the genera Felis, Panthera, Peromyscus, Cercopithecus and Macaca, 133 

respectively (Martin and MacLarnon 1985) or within bats (Jones and Purvis 1997), and is 134 

generally lower within altricial and precocial species if these are analysed separately, and in 135 

many mammalian clades than in datasets covering multiple clades (Martin et al. 2005), for 136 

example in primates (Dubman et al. 2012). Moreover, there seems to be some indication that 137 

in ruminants, secondarily dwarfed species such as the anoa (Bubalus depressicornis) retain 138 

the (relatively long) gestation periods of their larger relatives (Müller et al. 2011). Actually, 139 

the comparatively long gestation periods of some dwarf antelopes have been used to argue 140 

that these species represent cases of secondary dwarfism (Geist 1966). Therefore, we predict 141 

that gestation period shows a difference in the interspecific scaling pattern as analysed by 142 

OLS and PGLS. 143 

 144 

Methods 145 

Data on extant eutherian body mass and length of the gestation period were taken from the 146 

PanTheria database (Jones et al. 2009). Because of the well-known difference in gestation 147 

period length between altricial and precocial species (Martin and MacLarnon 1985; Martin et 148 



al. 2005) but absence of this information for many species in the dataset, we used the number 149 

of offspring per litter as a surrogate proxy (Müller et al. 2012; Müller et al. 2013), classifying 150 

species as those with one, and those with more than one offspring per litter. The data were 151 

linked to a supertree of extant mammals (Bininda-Emonds et al. 2007; 2008), resulting in a 152 

final dataset of 1214 species from 20 orders, with an evident difference in the scaling between 153 

eutherians with one and more than one offspring per litter (Fig. 2). 154 

We tested the relationship between log-transformed M as the independent, and log-155 

transformed gestation period length as the dependent variable, using Ordinary Least Squares 156 

(OLS) and Phylogenetic Generalized Least Squares (PGLS) in the whole dataset and in 157 

taxonomic subsets. Littersize was included as a two-level (litter size = 1 and litter size > 1) 158 

cofactor in several analyses.  159 

While PGLS was used with Pagel’s λ, the character describing the phylogenetic signal (Pagel 160 

1999; Revell 2010), fixed at λ=1 for the series of analyses in various randomised data subsets 161 

(assuming Brownian motion), we additionally estimated λ using maximum likelihood for the 162 

whole dataset and several data subsets (Revell 2010). λ can vary between 0 (no phylogenetic 163 

signal) and 1 (the observed pattern is predicted by the phylogeny; similarity among species 164 

scales in proportion to their shared evolutionary time) (Pagel 1999; Freckleton et al. 2002). 165 

To test whether the use of PGLS was adequate, we compared the fit of OLS and PGLS 166 

approaches for the complete dataset using their respective model log-likelihoods, as compared 167 

by the likelihood ratio test using a chi-square distribution (Pagel 1999; Freckleton et al. 168 

2002). Statistical tests were performed in R 2.15.0 (Team 2011) using the packages ape 169 

(Paradis et al. 2004), caper (Orme et al. 2010), nlme (Pinheiro et al. 2011) and phytools 170 

(Revell 2012). 171 

 172 

Results 173 



The scaling in the overall dataset differed between OLS and PGLS (Table 1); the scaling 174 

exponent was distinctly higher in OLS (0.18-0.20) than in PGLS (0.07-0.10). Notably, even in 175 

OLS the confidence interval of the scaling exponent did not include 0.25. For the overall 176 

dataset, λ was estimated at 0.992 (95% confidence interval 0.982-0.998), indicating that more 177 

closely related species showed similar trait values, and that the OLS model therefore is 178 

inadequate for this dataset. The log-likelihoods in the default PGLS model where λ=1 179 

(1208.426) and with actually estimated λ of 0.99 (1214.058) were both distinctively higher 180 

than the one for the OLS model (-159.438), and a chi-square comparison between the log-181 

likelihoods of OLS and PGLS correspondingly indicated a highly significant difference 182 

(p<0.001), indicating that the PGLS models provided a better data fit. 183 

Because both litter size and the interaction of litter size with M were, as expected from the 184 

data plot (Fig. 2), significant in OLS (t=-25.39, p<0.001 and t=8.17, p<0.001, respectively), 185 

the two groups of species were additionally analysed separately. For species with one 186 

offspring per litter, scaling exponents were numerically similar in OLS and in PGLS, 187 

although they did not quite overlap at 95% confidence (0.097-0.110, and 0.061-0.095, 188 

respectively); for species with more than one offspring per litter, the situation was similar as 189 

for the whole dataset, with an exponent distinctly higher in OLS (0.15-0.18) than in PGLS 190 

(0.06-0.10). Interestingly, the scaling exponent in PGLS was similar in the whole dataset and 191 

in the subsets by littersize category, indicating that littersize categories were reflected in the 192 

phylogenetic structure of the dataset (Table 1). In all these cases, the 95%CI for the intercept 193 

of the allometric regression equation was smaller in OLS than in PGLS (Table 1). 194 

In order to demonstrate how results in OLS and PGLS differed, we analysed random subsets 195 

that allowed only one species per order (100 subsets with 20 species each) and per family 196 

(100 subsets with 105 species each), and one dataset each with an increasing number of 197 

species allowed per genus (from a maximum of 1 up to a maximum of 15 species per genus). 198 

While we are aware that the distinction of these different taxonomic levels implies a 199 



(historical) arbitrariness, so that e.g. a ‘family’ in one order might rather correspond to a 200 

‘genus’ in another order, this approach nevertheless guarantees a successive increase in the 201 

number of more closely related species. The results indicate that both the intercept and the 202 

scaling exponent differ between OLS and PGLS at the genus level (Fig. 3); at this level, the 203 

intercept is higher (and has a larger 95% confidence interval) in PGLS, and the scaling 204 

exponent in PGLS was about half the magnitude as that in OLS. An exponent of 0.25 was 205 

only included at the order level in both OLS and PGLS. In PGLS, allowing a larger number of 206 

more closely related species led to an increase of the intercept and a decline of the scaling 207 

exponent. 208 

In orders with more than 10 species, a similar pattern as in the overall dataset was evident 209 

(Table 1). Either scaling exponents were lower in PGLS than in OLS, or they were similar, 210 

and low, at around 0.10. In the three families that had more than 50 species, the Bovidae, 211 

Muridae and Sciuridae, the results followed a similar pattern (Table 1). Generally, results 212 

were similar whether λ was fixed or estimated in the PGLS procedure. The only two orders in 213 

which λ was not significantly different from zero were the lagomorphs and the perissodactyls, 214 

the two taxonomic subsets with the lowest sample sizes (Table 1). 215 

 216 

Discussion 217 

Eutherian gestation periods are a prime example where analyses accounting for the 218 

phylogenetic structure of the dataset yield relevantly different results compared to 219 

conventional analyses, a fact that in itself cannot be reconciled with a universal scaling 220 

pattern. In particular, the results demonstrate that even though a quarter-power scaling of 221 

gestation period might be reached in eutherians at the order level, such a scaling cannot be 222 

supported at lower taxonomic levels, where gestation period scales at about M
0.1

 or lower 223 

among closely related extant species. Within closely related taxa, shifts in body mass are thus 224 



not associated with the large shifts in gestation period length that one would expect if quarter-225 

power scaling was operating, or that one can observe between not so closely related taxa. 226 

 227 

Rather than representing a universal scaling characteristic, the high scaling at high taxonomic 228 

levels in OLS appears to be particularly linked to altriciality (or the production of several 229 

offspring per litter). Among the precocial species alone, differences in the scaling exponent in 230 

OLS and PGLS were slight (Table 1). As noted previously, altriciality is associated with 231 

shorter gestation periods and other life history and physiologic characteristics, such as higher 232 

rates of population increase (Hennemann 1984; Müller et al. 2012). Most importantly for 233 

allometric analyses, altriciality is mostly constrained to the lower body mass range of 234 

mammals, possibly due to reasons unrelated to metabolism (Müller et al. 2012), whereas 235 

precociality or the production of a single offspring per litter occurs across the whole body 236 

mass spectrum. In large comparative datasets, this systematic bias can generate different 237 

scaling effects that should be controlled for. Interestingly, such a control can be performed 238 

not only by testing for scaling within different reproductive groups or groups that differ in 239 

other fundamental biological traits, but in the case of gestation period also by using PGLS in a 240 

large dataset, indicating that the distribution of these traits is reflected in mammalian 241 

phylogeny and that the scaling pattern is not fundamentally different between the two 242 

reproductive groups. 243 

 244 

The results suggest that evolutionary shifts in body mass are related to different modifications 245 

in organismal development at different taxonomic levels. At lower taxonomic levels, 246 

interspecific changes in body mass are not primarily achieved by changes in development 247 

time, which shows only a low scaling exponent, but must therefore be realized mainly by 248 

altering development speed. Unravelling the physiological mechanisms behind such changes 249 

in development speed appears a promising area of research. While such changes are most 250 



likely linked to differences in growth hormone regulation (Bernstein 2010), it is unlikely that 251 

they have a direct link to metabolism. Based on the findings in different domestic dogs breeds 252 

mentioned in the Introduction, Kirkwood (1985) suggested that gestation is controlled by a 253 

‘clock’ that is independent of body size and thus metabolic rate; our results suggest that this 254 

holds true not only during shorter evolutionary time scales like artificial selection process of 255 

domestication, but also during more recent radiation processes within a linage, i.e. at the 256 

genus level. Other arguments also suggest that gestation period is to a large degree 257 

independent from metabolism. Whereas metabolic scaling is similar in a large eutherian 258 

dataset whether analysed without or with accounting for phylogeny (Müller et al. 2012), this 259 

does not apply to gestation period (Fig. 3). Whereas metabolic scaling differs between 260 

eutherian littersize categories even when controlling for phylogeny (Müller et al. 2012), no 261 

difference in the scaling of gestation period was evident between the two groups in this study 262 

(Table 1). Additionally, the scaling exponent of gestation period in the overall dataset or the 263 

littersize category subsets – 0.06-0.10 – cannot be directly linked to the exponents for 264 

metabolic scaling (about 0.67-0.75) in the form of reciprocal quarter-power pattern as 265 

proposed in the Metabolic Theory of Ecology. Differences in intrauterine developmental 266 

speed between closely related species of different sizes, therefore, are unlikely directly linked 267 

to differences in metabolism one would derive from these differences in body size. 268 

 269 

These findings are particularly relevant for case studies in dwarfism and gigantism. As 270 

already mentioned, the anoas – dwarf buffaloes of the Sulawesi island – have longer gestation 271 

periods, and higher maximum longevities, than expected from their body size (Müller et al. 272 

2011). This suggests that using gestation period length to detect cases of secondary dwarfism, 273 

as originally suggested by Geist (1966), is a reasonable approach. It also suggests that 274 

dwarfism is achieved by a reduction in development speed, i.e. reduced growth rates – a 275 

hypothesis supported by analyses of bones and teeth in a fossil dwarf bovid from Majorca 276 



(Köhler and Moyà-Solà 2009; Jordana and Köhler 2011). In the debate on the life history 277 

consequences of insular dwarfism, however, the opposite – a faster life history –, has 278 

repeatedly been suggested (Raia et al. 2003; Palombo 2007; Meiri and Raia 2010). Studies 279 

that link insular dwarfism to a shift towards a faster life history often rely on the 280 

reconstruction of life history traits using allometry. For example, Roth (1990; 1992), Raia et 281 

al. (2003) or Palombo (2007) explicitly use quarter-power scaling to reconstruct the life 282 

histories of insular dwarf elephants – an approach not supported by the results of our study. In 283 

contrast, findings on comparatively fast tooth growth in large, and slow tooth growth in small 284 

fossil elephant species (Dirks et al. 2012) might support the hypothesis on variation in growth 285 

rate resulting from our study. Broadening the animal spectrum beyond mammals, an increase 286 

in growth rate (rather than an increase in development time) in gigantism and a decrease in 287 

growth rate (rather than a decrease in development time) in insular dwarfism have also been 288 

suggested, based on histological investigations of bones, in various dinosaurs (Sander et al. 289 

2004; Sander et al. 2006; Benton et al. 2010; Stein et al. 2010). The pattern that development 290 

time is rather constant but development speed varies between closely related species of 291 

different body size may thus emerge as a more general rule that encompasses various animal 292 

clades in future studies. Importantly, this approach focuses on a universal physiological 293 

mechanism of body size variation in closely related animals, rather than a variation in 294 

extrinsic factors such as mortality and resource availability (e.g. Jordana et al. 2012). 295 

 296 

Apart from the low scaling of gestation period among closely related species, the general 297 

variation at higher taxonomic levels needs to be accounted for; actually, this is reflected in the 298 

higher variation of the intercept of the allometric equation in PGLS. Note that the 95% 299 

confidence interval for the intercept in the overall dataset is much larger in PGLS than in OLS 300 

(Table 1). Differentiation of taxonomic lineages based on differences in the intercept 301 

correspond to the finding of Egset et al. (2012), who showed in a selection experiment that it 302 



was easier to change the intercept than the slope of an allometric relationship for a 303 

morphological trait. If taxonomic lineage differentiatiation is accompanied by changes in the 304 

intercept, this could induce a different conceptual approach to the interpretation of 305 

comparative datasets. A conceptual decision in dealing with allometries in comparative 306 

datasets is whether one assumes the resulting relationship to represent some fundamental rule 307 

or natural law that indicates a physiological constraint. The scaling of basal metabolic rate 308 

with body mass has reached such a status (whether this is correct or not), and even if the exact 309 

nature of the exponent or the groups of animals to which one common exponent applies may 310 

still be under debate, the existence of scaling rules for metabolism are usually not disputed 311 

(Müller et al. 2012) (but see e.g. Kozlowski and Weiner 1997). By contrast, allometric 312 

relationships originating from comparative data collections can also be considered as 313 

snapshots in evolutionary time, which will vary depending on the species included, and thus 314 

depend on the sequence of species radiations and extinctions that occurred before the picture 315 

was taken. A physiological innovation may allow a taxonomic lineage to change the intercept 316 

of the allometric relationship; once this lineage has evolved or diversified, its contribution 317 

will shift the allometric relationship of the overall dataset in the direction of this new 318 

intercept. For example, Fritz et al. (2009) investigated the allometric relationship between 319 

body size and faecal particle size in herbivores, and observed that taxonomic groups with 320 

more recent radiations (e.g. equids as compared to rhinoceroses, or ruminants as compared to 321 

equids) achieved finer faecal particles. Prior to the diversification of ruminants, such an 322 

allometry would therefore have shown a different picture. The allometric relationship between 323 

body mass and faecal particle size therefore does not represent a universal law, but is subject 324 

to modifications by morphophysiological innovations. 325 

 326 

This concept can also be applied to the present study. One evident difference between equids 327 

and ruminants are the shorter gestation periods achieved by ruminants at similar sizes (Zerbe 328 



et al. 2012). Within the artiodactyla, a similar difference in the gestation period length 329 

between camelids and giraffids on the one hand – both groups with a low diversity of extant 330 

species – and the bovids on the other hand, with their high species diversity and shorter 331 

gestation periods, is also striking (Müller et al. 2011). Yet why a calf (cattle) attains an 332 

apparently similar level of precociality after app. 280 days of gestation as a foal (horse) after 333 

app. 340 days, a dromedary (Camelus dromedarius) newborn after app. 390 days, or an okapi 334 

(Okapia johnstoni) newborn after app. 440 days remains, to our knowledge, unexplored so 335 

far. We only know that these differences cannot be explained by differences in body size. 336 

Thus, rather than considering life history parameters such as gestation period as characters 337 

subject to static scaling relationships mainly determined by body size, they can also be 338 

understood as variables by which different taxonomic lineages may compete for niche space, 339 

for example by reducing gestation periods in order to optimally use seasonal habitats (Zerbe 340 

et al. 2012) or to reduce generation times (and thereby increase fecundity). The differences in 341 

the intercept a in Table 1 between taxonomic groups, and the difference in the scaling 342 

between OLS and PGLS suggests that by differing in organismal design (and hence 343 

phylogenetic affiliation), animals can achieve variation in the characteristic under 344 

investigation (here: gestation period) that they could not achieve by simply varying body size. 345 

To investigate the mechanism behind such fundamental differences in organismal design 346 

appears a promising area of research that might expand our understanding for the historical 347 

succession of radiations of different taxonomic groups competing for shared resources. For 348 

example, we might predict that in general, the taxa with the potentially more advanced 349 

characteristic – here, the shorter gestation period (at a similar level of development of the 350 

offspring) - should be the more diverse, as when comparing bovids against giraffids, 351 

camelids, or perissodactyls (note that the latter three groups all once comprised a higher 352 

diversity and covered broader body size ranges in the fossil record). For zebras, for example, 353 

the comparatively longer generation times than sympatric ruminants have been implied as a 354 



factor limiting their abundance (Grange et al. 2004).  Because equid gestation periods exceed 355 

a year, it is difficult for equids to synchronize births with a seasonal pattern without losing 356 

reproductive opportunity, a factor that may make them both more susceptible to predation 357 

(Grange and Duncan 2006) and less adapted to highly seasonal environments (Zerbe et al. 358 

2012). How the surviving species of those taxa with the lesser advantageous characteristic can 359 

defend their extant ecological niches must then depend on other factors. 360 

 361 

We conclude that gestation period, analysed by PGLS, shows a relevantly lower allometric 362 

scaling with body mass than often communicated. This could suggest that interspecific 363 

changes in body mass are not predominantly effected by changes in development time, but 364 

(also) by changes in intrauterine development speed during evolution. A direct link between 365 

the scaling of gestation period and that of metabolism is not evident. The uneven distribution 366 

of species across the body mass spectrum when classified by some proxy of littersize or 367 

developmental mode (altricial/precocial) will lead to artefacts in scaling relationships that 368 

need to be accounted for. Because the dichotomy in developmental mode is partially reflected 369 

in the phylogeny of mammals, PGLS-based analyses will often correct for this effect, unless 370 

the scaling itself varies between altricial and precocial species. Larger datasets, with larger 371 

numbers of closely related species, will make potential differences between OLS and PGLS 372 

analyses more evident. If other life history variables, such as longevity, time to weaning, time 373 

to first reproduction etc. would show similar deviations from traditionally assumed scaling 374 

patterns when analysed by PGLS, a re-assessment of theories that rely on the universality of 375 

quarter-power scaling, and that link life history directly to metabolism, would be warranted. 376 
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Table 1. Parameter estimates for the scaling of eutherian gestation period (G, in days) with 553 

body mass (M, in grams) according to G = aM
b
 as analysed in various taxonomic and 554 

functional subsets of the dataset, analysed by Ordinary Least Squares (OLS, i.e. without 555 

accounting for the phylogenetic structure of the data) and by Phylogenetic Generalized Least 556 

Squares (PGLS, i.e. with accounting for the phylogenetic structure of the data, with λ either 557 

fixed to 1 or estimated by maximum likelihood). Differences between OLS and PGLS marked 558 

by grey shading. 559 

Dataset n Statistic λ a 95%CI t p b 95%CI t p 

All species 1214 

OLS (0) 21.5 19.9-23.3 75.11 <0.001 0.19 0.18-0.20 36.27 <0.001 

PGLS 
1 53.8 42.1-68.9 31.65 <0.001 0.08 0.07-0.10 12.72 <0.001 

0.99** 52.4 41.3-66.3 32.83 <0.001 0.09 0.08-0.10 13.34 <0.001 
            

1offspring 541 

OLS (0) 73.5 69.2-78.2 136.78 <0.001 0.10 0.10-0.11 30.99 <0.001 

PGLS 
1 77.2 59.2-100.7 32.13 <0.001 0.08 0.06-0.10 8.99 <0.001 

0.98** 74.4 58.3-95.0 34.58 <0.001 0.08 0.07-0.10 9.81 <0.001 
            

>1offspring 673 

OLS (0) 16.7 15.3-18.3 61.42 <0.001 0.17 0.15-0.18 22.57 <0.001 

PGLS 
1 41.7 31.9-54.6 27.19 <0.001 0.08 0.06-0.10 8.78 <0.001 

1.00* 41.7 31.9-54.6 27.19 <0.001 0.08 0.06-0.10 8.78 <0.001 
            

Cetartiodactyla 218 

OLS (0) 68.1 55.5-83.6 40.29 <0.001 0.11 0.09-0.12 11.82 <0.001 

PGLS 
1 101.3 72.3-142.0 26.80 <0.001 0.07 0.06-0.09 7.59 <0.001 

0.97** 96.6 71.4-130.6 29.67 <0.001 0.08 0.06-0.10 8.41 <0.001 
            

Artiodactyla 175 

OLS (0) 66.3 49.0-89.7 27.26 <0.001 0.10 0.08-0.13 7.44 <0.001 

PGLS 
1 93.0 62.7-137.8 22.57 <0.001 0.07 0.05-0.10 6.06 <0.001 

0.98** 88.3 61.6-126.7 24.36 <0.001 0.08 0.06-0.10 6.64 <0.001 
            

Cetacea 43 

OLS (0) 282.3 225.5-353.4 49.26 <0.001 0.02 0.00-0.03 2.07 0.045 

PGLS 
1 136.4 96.9-192.1 28.16 <0.001 0.07 0.04-0.09 5.61 <0.001 

1.00* 136.4 96.9-192.1 28.16 <0.001 0.07 0.04-0.09 5.61 <0.001 
            

Carnivora 173 

OLS (0) 7.1 5.5-9.2 15.17 <0.001 0.28 0.25-0.30 19.94 <0.001 

PGLS 
1 35.5 19.9-63.4 12.07 <0.001 0.11 0.07-0.15 5.78 <0.001 

1.00* 35.5 19.9-63.4 12.07 <0.001 0.11 0.07-0.15 5.78 <0.001 
            

Chiroptera 151 

OLS (0) 70.6 60.4-82.7 53.02 <0.001 0.13 0.08-0.18 5.36 <0.001 

PGLS 
1 117.8 78.2-177.5 22.79 <0.001 0.00 -0.06-0.07 0.09 0.930 

0.95** 116.2 80.8-167.1 25.66 <0.001 0.01 -0.06-0.07 0.20 0.842 
            

Insectivora 
47 

OLS (0) 18.7 16.2-21.6 39.55 <0.001 0.13 0.10-0.17 7.23 <0.001 

PGLS 
1 26.0 17.8-37.9 16.95 <0.001 0.07 0.02-0.13 2.47 0.018 

 0.58** 23.4 18.3-29.9 25.29 <0.001 0.09 0.04-0.14 3.77 <0.001 
            

Lagomorpha 33 

OLS (0) 12.9 9.8-17.1 17.84 <0.001 0.14 0.10-0.18 6.81 <0.001 

PGLS 
1 19.2 9.6-38.6 8.29 <0.001 0.07 -0.03-0.17 1.38 0.178 

0.81 14.9 8.2-27.0 8.87 <0.001 0.11 0.02-0.20 2.45 0.020 
            

Perissodactyla 16 

OLS (0) 86.2 28.3-262.8 7.84 <0.001 0.12 0.03-0.20 2.65 0.019 

PGLS 
1 72.5 9.7-541.0 4.18 0.001 0.13 -0.03-0.28 1.64 0.122 

0.07 88.2 27.1-287.0 7.44 <0.001 0.11 0.02-0.21 2.47 0.027 
            

Primates 140 

OLS (0) 66.5 56.9-77.8 52.63 <0.001 0.11 0.09-0.13 11.24 <0.001 

PGLS 
1 84.4 59.7-119.4 25.08 <0.001 0.09 0.05-0.12 4.62 <0.001 

0.97* 81.2 59.5-110.9 27.67 <0.001 0.09 0.06-0.13 5.29 <0.001 
            

Rodentia 385 

OLS (0) 12.2 10.8-13.7 40.70 <0.001 0.21 0.19-0.24 17.32 <0.001 

PGLS 
1 29.1 22.3-37.8 25.07 <0.001 0.07 0.05-0.09 6.35 <0.001 

1.00* 29.1 22.3-37.8 25.07 <0.001 0.07 0.05-0.09 6.35 <0.001 
            

Bovidae 106 

OLS (0) 63.7 47.6-85.3 27.89 <0.001 0.11 0.08-0.13 7.97 <0.001 

PGLS 
1 93.5 66.1-132.2 25.67 <0.001 0.08 0.05-0.11 5.29 <0.001 

1.00* 93.5 66.1-132.2 25.67 <0.001 0.08 0.05-0.11 5.29 <0.001 
            

Muridae 216 

OLS (0) 20.7 18.3-23.4 48.22 <0.001 0.06 0.03-0.09 3.70 <0.001 

PGLS 
1 21.7 18.2-25.9 34.18 <0.001 0.04 0.01-0.07 2.64 <0.001 

1.00* 21.7 18.2-25.9 34.18 <0.001 0.04 0.01-0.07 2.64 <0.001 
            

Sciuridae 68 

OLS (0) 33.6 25.6-44.2 25.29 <0.001 -0.01 -0.05-0.04 -0.23 0.815 

PGLS 
1 30.1 22.3-40.7 22.11 <0.001 0.05 0.01-0.09 2.55 0.013 

0.98* 30.1 22.6-40.1 23.15 <0.001 0.05 0.01-0.09 2.55 0.013 

* λ significantly different from 0 560 
** λ significantly different from 0 and from 1 561 
  562 
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Figure 1. Potential combinations of results when applying statistical analyses without (result represented by the 563 

interrupted regression line) and with (result represented by the dark regression line) considering the phylogenetic 564 

structure of the sample (Harvey and Pagel 1991; Baker 2002; Nunn 2011). Dots represent data points for species 565 

that are linked by a hypothetical phylogeny with a basal node represented by the black square. Schemes on the 566 

left with dataset where different taxonomic levels are clearly separated in terms of their ranges for traits A and 567 
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B; schemes on the right allow for overlap of these ranges within taxonomic groups. A) both analyses yield the 568 

same (significant) result with similar scaling relationships; these relationships are identical at all taxonomic 569 

levels. This result strongly supports a universal scaling rule. B) both analyses yield the same (significant) result 570 

with similar scaling relationships, and the result is therefore indistinguishable from that of A; however, the result 571 

occurs because of a (apparently random) deviation of the scaling pattern within taxonomic subsets. This may 572 

support a universal scaling rule that allows for some ‘deviation’. C) the analysis without accounting for 573 

phylogeny yields a significant result whereas the one that accounts for it does not, because there is no scaling 574 

pattern across closely related species. This result cannot be reconciled with the hypothesis that the scaling 575 

pattern is a physiological/ecological universal, because it differs between closely related species and at the level 576 

of the basal node. D) both analyses yield significant results, but the scaling relationships differ in their slope, 577 

because the scaling at the basal node is different from the scaling within closely related taxa. This result can also 578 

not be reconciled with the hypothesis that the scaling pattern is a physiological/ecological universal, but the 579 

scaling exponent may well be among closely related species. Note that in cases C and D, not only the slope of 580 

the relationship differs, but also the intercept; the intercept will have a larger confidence interval when 581 

accounting for phylogeny.  582 



 583 

Figure 2. Body mass and gestation period length in eutherian mammals with one or more than one offspring per 584 

litter.  585 
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Figure 3. 95% confidence intervals of a) the intercept of the allometric relationship and b) the scaling exponent 586 

between gestation period (G) with body mass (M) according to G = aM
b
 as analysed with statistical procedures 587 

that do not (OLS) and do (PGLS) account for the phylogenetic structure of the dataset in random data subsets 588 

allowing only a defined number of species per taxonomic level. n increased from 20 to 105, 574, 805, 927, 1006, 589 

1054, 1092, 1124, 1148, 1165, 1177, 1185, 1193, 1197, 1200, 1203 and 1214. For the analyses at the order and 590 

family level, 100 randomized subsets were analysed each; for the analyses at the genus level, only one subset per 591 

species number step was analysed. 592 
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