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is all over the place

Shai Meiri1,*, Tamar Dayan2, Daniel Simberloff3 and Richard Grenyer1

1NERC Centre for Population Biology, Imperial College London, Silwood Park Campus, Ascot, Berkshire SL5 7PY, UK
2Department of Zoology, Tel Aviv University, Tel Aviv 69978, Israel

3Department of Ecology and Evolutionary Biology, University of Tennessee, Knoxville, TN 37996, USA

Published online 25 February 2009
One con
species’.

Electron
1098/rsp

*Autho

Received
Accepted
Evolutionary biologists have long been fascinated by both the ways in which species respond to ecological

conditions at the edges of their geographic ranges and the way that species’ body sizes evolve across their

ranges. Surprisingly, though, the relationship between these two phenomena is rarely studied. Here, we

examine whether carnivore body size changes from the interior of their geographic range towards the range

edges. We find that within species, body size often varies strongly with distance from the range edge.

However, there is no general tendency across species for size to be either larger or smaller towards the

edge. There is some evidence that the smallest guild members increase in size towards their range edges,

but results for the largest guild members are equivocal. Whether individuals vary in relation to the distance

from the range edges often depends on the way edge and interior are defined. Neither geographic range size

nor absolute body size influences the tendency of size to vary with distance from the range edge. Therefore,

we suggest that the frequent significant association between body size and the position of individuals along

the edge-core continuum reflects the prevalence of geographic size variation and that the distance to range

edge per se does not influence size evolution in a consistent way.
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1. INTRODUCTION
Range edges are usually thought to constitute suboptimal

habitats. At the range edge at least one niche axis must

be limiting to a peripheral population, or it would expand its

range. Populations at range edges are therefore often seen as

existing in unfavourable ecological conditions. If range

edges are harsher environments for a species, climates may

be less suitable and resource abundance may be lower

(Brown 1984; Brown et al. 1995; Pitt et al. 2008), and hence

body condition may be poorer (Perez-Tris et al. 2000).

Body size is a major factor influencing animal

morphology, physiology, ecology, evolution and extinction

probability (Haldane 1928; Stanley 1973; Peters 1983;

Schmidt-Nielsen 1984; Cardillo et al. 2005), and has

therefore been studied intensively. The ecology, genetics

and evolution of populations at range edges are also the

focus of much research (Brown 1984; Channell &

Lomolino 2000; Sagarin & Gaines 2002b). The effects of

range edges on ecological variables such as density have

often been investigated (Brown 1984; Brown et al. 1995;

Enquist et al. 1995; Blackburn et al. 1999). Populations

near their range limits are thought to be facing harsh

ecological conditions (such as different climate, abun-

dance, competitors, prey and predator species). These

factors are often thought to influence size evolution but,

surprisingly, the relationship between body size and the

gradient in niche optimality, which may exist from the core
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to the marginal areas of a species distribution, is seldom

studied (e.g. Perez-Tris et al. 2000; Hallas et al. 2002; Fukui

et al. 2005). Owing to the strong relationship between size

and animal life history, ecology and evolution, studying the

mode of size evolution near the limits of species’

distributions may illuminate the ecological circumstances

facing populations living on the edge. Furthermore, general

patterns in the direction of body size evolution towards

range margins might distinguish among the mechanisms by

which the ranges of species become limited.

It is difficult, however, to hypothesize a priori about the

direction and effect size of trends in body size towards the

range edge, because plausible mechanisms from existing

theory generate contrasting predictions. Applicable

mechanisms are broadly categorized into inter- and

intraspecific completion, resource and competitor

density, climatic variation and effects of geographic and

phenotypical scale.

Given a strong relationship between resource abundance

and body size (Bonnet et al. 2002; Jessop et al. 2006; Raia &

Meiri 2006), a plausible hypothesis may be that body sizes

should decrease from core areas towards the edge of a

species’ range. Indeed, Allen (1876) hypothesized that body

size should covary positively with abundance and increase

towards the central distribution of the species.

However, both the relationship between abundance

and position within the range, and abundance and body

size, are much debated. Although it has been argued

repeatedly that population abundances tend to be low at

range edges, other patterns are often reported (e.g.

Blackburn et al. 1999; Sagarin & Gaines 2002a; Sagarin

et al. 2006). Furthermore, size is often thought to

be positively correlated with density, because large
This journal is q 2009 The Royal Society
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size confers a competitive advantage within species

(Melton 1982). However, low density may actually allow

individuals access to more resources, and body size is

sometimes negatively correlated with density (Boucher

et al. 2004; Fiori & Defeo 2006). If peripheral populations

inhabit areas where competitors are absent, then small

guild members may increase in size and exploit the niche

of a missing larger competitor (McNab 1971), whereas

large species may decrease in size (Dayan & Simberloff

1998). However, if range edges are characterized by low

resource abundance it may be that large species will

decrease in size, while smaller species may be less affected

(McNab 1971; Heaney 1978; Dayan & Simberloff 1998).

Core individuals may be larger than those living near

range edges if core areas have more continental climates

and if the higher seasonality of such areas selects for large

body size (Brodie 1975; Boyce 1979; Millar & Hickling

1990; cf. Ferguson & McLoughlin 2000; Meiri et al.

2005b). Body size frequently varies clinally across space,

often (in endotherms) in accordance with Bergmann’s

rule, which predicts that size will increase with decreasing

temperatures and by proxy with increasing latitude (Mayr

1963; Freckleton et al. 2003; Meiri & Dayan 2003; Meiri

et al. 2007). Therefore, size may be large at the colder

edges of the range, small at the hotter edges, and, if core

areas of the range are characterized by intermediate

temperatures, intermediate there. The (few) studies that

have explicitly examined intraspecific size variation in

relation to population position along the core—range edge

axis usually did not account for such overriding clinal

variation (e.g. Hallas et al. 2002; Diaz et al. 2007).

Finally, the distance to range edges may not affect size

evolution in any consistent manner but may appear to do

so owing to factors that are not directly related to this

distance. Thus, we would expect that species with larger

ranges, where the scope for geographic variation in size is

greater (Meiri et al. 2007), would more often show a

significant relationship between size and distance to the

range edge than would species with smaller ranges.

Likewise, we would expect that species that vary more in

size will more likely show a significant relationship

between size and distance to the range edge.

Here, we examine the relationship between distance

from the distribution edge and body size in carnivores

(Mammalia: Carnivora) using digitized distribution maps

and a large dataset of carnivore cranial measurements

(Meiri et al. 2005c), while statistically accounting for clinal

geographic variation. We test whether there is a general

tendency for carnivores to be smaller towards the edges of

their geographic range (Allen 1876). We further test

whether (i) a tendency towards smaller sizes near the

range edges is stronger in larger species, owing to low

resource abundance (McNab 1971), (ii) small guild

members tend to grow larger near their range edges,

while larger species grow smaller owing to reduced

interspecific competition near the range edges (McNab

1971; Dayan & Simberloff 1998); this hypothesis differs

from the previous one in that small members of one guild

(e.g. American black bears Ursus americanus) can be larger

than even the largest members of other guilds (e.g. the

wolverine, Gulo gulo), and vice versa, and (iii) sizes of

species with larger geographic ranges, and greater size

variability across their ranges, tend to respond to the
Proc. R. Soc. B (2009)
distance from range ends more than to sizes of species with

smaller ranges.
2. MATERIAL AND METHODS
We use condylobasal skull length (CBL) as a measure of body

size. This commonly used size index is associated with low

measurement error, does not increase in adults and is

independent of body condition (Gould 1974; Gittleman &

Van Valkenburgh 1997; Dayan et al. 2002; Meiri et al. 2005c).

We measured skulls in natural history museums (see

acknowledgments) and use only wild-caught, sexed adult

specimens. Log transforming CBL has no qualitative effect on

our results (not shown), and we therefore use raw CBL

values. Here, we use only species for which our sample size is

greater than or equal to 100 specimens with relatively precise

locality data (less than 18 error, although in the vast majority

of cases precision was much higher; figure 1).

Some studies compare populations they consider to be

peripheral with those they consider to inhabit core areas (e.g.

Sexton et al. 1992; Fukui et al. 2005). Kark et al. (2008) have

argued that such a dichotomy may miss important aspects of

the between-population variation, and have used a third

category of ‘sub-periphery’. They showed that genetic

variability peaks at the sub-periphery (see also Schwartz

et al. 2003). We use two ways to divide specimens into edge,

sub-edge and interior categories. In the first, we find, for each

species separately, the distance to range edge attained by the

specimen furthest away from the edge. We then divide the

logarithm of this distance by three, and note for each

specimen of that species whether it falls in the furthest

segment, the intermediate one or the one closest to the range

edge. Under this classification, approximately 20, 29 and 51

per cent of the specimens are assigned to the edge, sub-edge

and interior categories, respectively. In the second, we assign

equal numbers of specimens to the three categories (but in

case of ties, we classify specimens as edge and interior in

preference to sub-edge). In a separate analysis, we treat

distance to the nearest edge of the range (log transformed in

all analyses) as a continuous predictor of size (following

Blackburn et al. 1999; Komonen et al. 2004). Because

specimen localities are often labelled in quite general terms

we repeat this analyses at three levels of precision, with

distances rounded up to the nearest 1, 5 and 30 km.

We treat populations of three species inhabiting both

North America and the Palaearctic (Mustela erminea, Mustela

nivalis and Vulpes vulpes) separately, owing to intraspecific size

differences between North America and Eurasia (e.g. the first

two species are larger in Eurasia, and response of their sizes to

latitude differs between continents). We study Alopex lagopus,

Canis lupus, G. gulo and Ursus arctos in their Nearctic range

only, because we measured fewer than 100 Palaearctic

specimens. While island populations are often peripheral,

insularity may be associated with a host of selection pressures

unrelated to position relative to the range end. Thus, at a

similar distance to the near coast, even adjacent insular and

mainland individuals may differ greatly in size. Furthermore,

we have extensively examined the effects of insularity on body

size elsewhere (Meiri et al. 2005a,b, 2006, 2008), so we opt to

exclude all insular specimens from the present study.

Range edges can reflect either physiological–ecological or

dispersal barriers such as mountain chains or oceans. Because

we mainly measured specimens in order to compare island

and mainland populations (see above), most (approx. 91%)
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Figure 1. Specimen data localities for all species plotted onto the Fuller Dymaxion projection used for distance calculations.
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of the specimens we study here were collected closer to coasts

than to inland range edges. It is reasonable to believe that

inland edges more likely reflect physiological or ecological

barriers rather than dispersal barriers. If similar ecological or

ecophysiological conditions affect body size, then the distance

to inland edges may be a more informative size predictor than

distance to coastal edges. We therefore introduce another

analysis using only specimens that are closer to an inland than

to a coastal edge. For this analysis, we use a minimum sample

size of 20 specimens.

We digitized polygon range maps for each species used in

Grenyer et al. (2006), modified, where necessary, using other

published sources (see appendix 1 in the electronic supple-

mentary material) and extended these range maps, where

needed, to include specimen localities using ARCGIS v. 9.2

(ESRI, 2005). We used VMAP level 0 (NIMA 1997) to

define the global extent of land. We generalized this outline

and the digitized range maps to force 1 km between vertices

to reduce computational demands.

Linear distances from specimen point localities were

calculated to both the nearest coastal edge and the nearest

inland edge. It proved computationally unfeasible to calculate

geodesic distances (i.e. the ‘true’ distance between points on

the surface of the Earth) between every specimen and the

coastal or inland range edges. Consequently, the distances

between specimens and range edges (and therefore the

decision as to which point was nearest) were computed with

the projected data. Since it was not feasible to produce over

7800 equidistant projections centred upon each specimen

location, a compromise projection had to be chosen to

minimize distortion across the analytical domain.

The Buckminster Fuller’s Dymaxion projection (Fuller

1954) has two appealing properties for our purpose. Since it is

a projection of the globe onto an icosahedron with each face

subtending a separate centred gnomonic projection, both

scale and conformal error are kept low across the global
Proc. R. Soc. B (2009)
extent. The standard Dymaxion projection also positions the

world’s coastline such that it remains unbroken across

discontinuities in the projection, and so facilitates the

calculation of distances.

Because in carnivores males are almost always larger than

females, and because both latitudinal and longitudinal size

clines are common (Meiri et al. 2005d, 2007), we modelled

CBL for each species as a function of sex, latitude, longitude

and the distance to the edge of the range, or one of the three

distance categories discussed above. Because specimen

locality data are often imprecise, we repeated the analysis

with distances binned to either 5 or 30 km intervals of

distances from range edges. Slopes of CBL as a function

of distance had identical signs for all three categories (see

appendix 2 in the electronic supplementary material) in all

species associated with significant (log) distance/CBL slopes.

All the significant results (at p!0.05) obtained using 1 km

bins remained significant using 5 and 30 km bins, and no

result became significant using coarser distance measures. We

are therefore confident that minor imprecision in locality data

has negligible effects on our analysis, and we proceed using

the 1 km precision data only.

We performed exploratory data analysis with generalized

additive models (GAMs). CBL was modelled as a function of

specimen sex and a multidimensional smooth function of

latitude and longitude (following Wood 2006), using a thin

plate regression spline as the smooth function basis, and

determining the degree of smoothing by generalized cross-

validation. Model summaries and maps of the spatial

components and ranges for all species are presented in the

electronic supplementary material, appendix 3. Exemplar

plots of the spatial components for three species showing

opposing patterns are shown in figure 2.

We test whether the response of size to distance from range

edge is related to carnivore body mass (data from Meiri et al.

2005e) or position along the large-to-small axis within guilds,
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Table 1. Slopes and probabilities for the effect of distance
from range edge (km) on CBL (mm). (The results are slopes
and probabilities for a linear model of CBL as a function
of sex, latitude, longitude and distance to range edge.
P, Palaearctic sample; N, Nearctic sample. Coefficients for
other variables are given in the electronic supplementary
material, appendix 4A.)
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defined on the basis of morphological similarities that

reflect similarities in movement and killing behaviour (see

Simberloff & Dayan (1991) for discussion of ecological

guilds): we classify U. arctos, C. lupus and G. gulo as the largest

members of their guilds, and A. lagopus, Urocyon procyonoides,

Viverricula indica and M. nivalis as the smallest guild

members. Other species are deemed intermediate and are

not used in this analysis.
species n

slope (mm
CBL per
log (km)
distance) p-value

Alopex lagopus 153 0.087 0.900
Canis aureus 108 K1.255 0.153
Canis latrans 176 K0.251 0.741
Canis lupus 173 3.879 0.0002
Gulo gulo 128 K0.201 0.689
Herpestes edwardsii 103 0.751 0.172
Lontra canadensis 153 K1.868 0.0001
Lutra lutra 105 K1.128 0.105
Lynx canadensis 197 K0.145 0.748
Martes americana 307 K0.678 0.001
Martes foina 264 K0.190 0.482
Martes martes 145 0.232 0.637
Meles meles 328 0.730 0.061
Mustela erminea (N) 1227 0.199 0.014
Mustela erminea (P) 437 0.256 0.135
Mustela frenata 714 K0.589 !0.0001
Mustela nivalis (N) 149 K0.473 0.001
Mustela nivalis (P) 823 K1.492 !0.0001
Mustela putorius 467 1.380 !0.0001
Mustela vison 404 0.211 0.285
Paradoxurus

hermaphroditus
109 3.181 0.001

Procyon lotor 131 0.902 0.123
Spilogale gracilis 102 K1.839 0.002
3. RESULTS
(a) Distance to range edge as a continuous

predictor

Our dataset contains 7871 specimens belonging to 25

species (three of which are examined separately in the

Nearctic and Palaearctic; mean sample size 281G49 s.e.,

range 102–1227). The models of distance from range edge

as a continuous predictor are presented in the electronic

supplementary material, appendix 4A. Sex significantly

affected CBL in all models (males were always larger).

Latitude and longitude were significantly correlated

with CBL in 16 and 19 of 28 cases, respectively.

(CBL significantly increased with latitude in 12 cases

and significantly decreased in 4 cases. It significantly

increased eastwards in five cases and westwards in 14.)

Slopes and probabilities for the effect of distance from

range edge are shown in table 1. Twelve relationships were

significant. Size increases towards the range interior in

four cases and the range edge in eight cases. Adding a

quadratic term to the log distance variable, to account for

nonlinearity, resulted in significantly better models in 5 of

28 cases (determined by both ANOVA and AIC scores;

see the electronic supplementary material appendices 4B

and 4C).
Urocyon cinereoargenteus 174 K0.063 0.906
Ursus arctos 151 K8.817 !0.0001
Viverricula indica 108 K1.201 0.028
Vulpes vulpes (N) 235 K0.332 0.481
Vulpes vulpes (P) 300 0.747 0.224
(b) Distance to range edge as a categorical

predictor

The models with all predictor variables are shown in the

electronic supplementary material, appendix 4D. With

equal distances categorization, edge specimens are signi-

ficantly larger than core ones in seven cases and smaller in

five cases (table 2). Edge specimens are significantly larger

than sub-edge ones in four cases and smaller in two cases.

With equal numbers of specimen categories, edge
Proc. R. Soc. B (2009)
specimens are significantly larger than core ones in eight

cases and smaller in six cases. Edge specimens are

significantly larger than sub-edge ones in four cases and

smaller in four others (table 2).



Table 2. Comparison of edge individuals to those at the sub-edge and core. (Sample sizes as in Table 1. For each species, categories
of edge, sub-edge and interior were based on either (i) equal distances, or (ii) equal numbers of specimens. Edge specimens
are compared with (a) interior ones, and (b) sub-edge ones. P, Palaearctic sample; N, Nearctic sample. The results are t values
from a linear model of CBL as a function of sex latitude, longitude and distance to range edge categories. Sample sizes in Table 1.
Precise p values and coefficients for other variables are given in appendix 4D in the electronic supplementary material. *p!0.05;
**p!0.01; ***p!0.001.)

(a) comparison of edge to interior (b) comparison of edge to sub-edge

(i) categories based
on equal distances

(ii) categories based
on equal sample sizes

(i) categories based
on equal distances

(ii) categories based
on equal sample sizes

Alopex lagopus K0.601 0.614 1.090 K0.842
Canis aureus K1.083 K1.440 K1.027 K0.945
Canis latrans 0.305 0.126 K0.688 K0.979
Canis lupus 3.454** 2.877** 1.227 0.952
Gulo gulo 0.141 K0.236 0.290 0.625
Herpestes edwardsii 1.451 0.114 1.609 K0.266
Lontra canadensis K4.421*** K3.571*** K0.835 K2.335*
Lutra lutra K1.123 K1.028 0.237 0.461
Lynx canadensis K0.911 0.681 K1.486 0.517
Martes americana K4.911*** K4.354*** 1.466 K0.238
Martes foina K1.342 1.090 K2.127* 0.480
Martes martes K0.303 0.698 K0.569 K0.595
Meles meles 2.162* 2.916** 0.524 0.222
Mustela erminea (N) 2.383* 2.762** K0.743 2.557*
Mustela erminea (P) 0.484 1.394 0.971 K0.732
Mustela frenata K2.896** K3.672*** K2.414* K2.442*
Mustela nivalis (N) K3.343** K3.006** K1.979* K1.925
Mustela nivalis (P) K11.171*** K13.445*** K2.996** K8.470***
Mustela putorius 4.695*** 5.318*** 2.699** 2.190*
Mustela vison 0.481 2.053* K0.674 K0.515
Paradoxurus hermaphroditus 3.136** 2.250* 1.480 2.467*
Procyon lotor 0.653 0.900 1.322 1.668
Spilogale gracilis K3.369** K3.247** 2.469* 2.477*
Urocyon cinereoargenteus K0.219 K1.093 0.790 0.673
Ursus arctos K5.454*** K4.788*** K1.848 K2.551*
Viverricula indica K0.866 K2.561* 1.434 K1.856
Vulpes vulpes (N) K1.054 K0.204 K0.794 K1.715
Vulpes vulpes (P) 1.749 0.241 0.788 K0.996
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In four species, all five tests (distance as a continuous

variable, edge versus sub-edge and edge versus interior

with both equal distances and equal number of specimens)

are significant. Mustela putorius is larger in the interior of

its range, whereas Mustela frenata and Palaearctic

M. nivalis are larger towards the edges. Specimens of

Spilogale gracilis increase linearly in size towards the range

edge, and edge specimens are larger than interior ones.

However, they are smaller than sub-edge ones (although a

quadratic term for distance in this species was not

significant). Ursus arctos, Lontra canadensis and Nearctic

M. nivalis are significantly larger closer to the range edge

in four of five tests, while Paradoxurus hermaphroditus and

Nearctic M. erminea are significantly smaller closer to the

edge in four tests.

Twelve species showed no significant response to range

edge in any test (including V. vulpes in both the Nearctic

and the Palaearctic). The other six species showed

significant change in size in relation to range edges in

one to three of five tests.

By examining the effect of distance to range edge using

only specimens closer to an inland edge than to a coastal

one (table 3, see appendix 4E in the electronic supple-

mentary material), we found that size significantly

increased towards range edges in 3 of 11 cases and
Proc. R. Soc. B (2009)
significantly decreased in two others. In just one case

(M. frenata) was the direction of size change similar to that

found for the whole dataset. In one case (Nearctic

M. erminea), the direction of size changes was opposite to

that found in the whole dataset, and three species showing

no significant response to distance in the whole dataset

showed significant size changes when only specimens closer

to an inland edge than to a coastal one were considered.
(c) Correlates of response to range ends

Body size per se does not influence the response of CBL to

distance from range edges: of three large (more than 10 kg)

species in our dataset, one (C. lupus) increases in size

away from range edges (all comparisons here refer to

distance treated as a continuous variable; table 1); one

(U. arctos) decreases (figure 2); and a third (the coyote,Canis

latrans) shows no significant change. Small (up to approx.

1 kg) species either increase in size towards the range edge

(M. nivalis in both Palaearctic and Nearctic, M. frenata,

S. gracilis and Martes americana), increase in size away from

the range edge (Nearctic M. erminea and M. putorius) or

show no response (PalaearcticM. erminea,Mustelavison and

EurasianMartes). The standardized slope for the distance to

range edge/CBL relationship is not correlated with body

mass (nZ28, tZ0.70, R2Z0.019, pZ0.49), nor is the



Table 3. Data of specimens closer to inland than to coastal
edges. (Slopes and probabilities for the effect of distance from
range edge (km) on CBL (mm). Only specimens inhabiting
areas closer to an inland edge than to a coastal edge are used.
The results are slopes and probabilities for a linear model of
CBL as a function of sex, latitude, longitude and distance to
range edge. P, Palaearctic sample; N, Nearctic sample.
Coefficients for other variables are given in the electronic
supplementary material, appendix 4E.)

species n slope p-value

Herpestes edwardsii 54 0.603 0.575
Martes americana 53 K1.669 0.488
Meles meles 22 6.744 0.008
Mustela erminea (N) 143 K1.996 0.0002
Mustela erminea (P) 37 5.091 0.031
Mustela frenata 111 K0.869 0.033
Mustela nivalis (N) 28 0.399 0.701
Mustela nivalis (P) 23 K0.644 0.851
Mustela vison 28 K11.607 0.0001
Viverricula indica 30 2.435 0.337
Vulpes vulpes (N) 78 K3.145 0.117
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absolute value of this standardized slope correlated with

mass (tZ0.10, R2!0.001, pZ0.92).

One largest guild member (C. lupus) decreases in size

towards the edge of its range, in agreement with the

prediction of McNab (1971), while one other (the

wolverine, G. gulo) shows no trend and a third (U. arctos)

shows the opposite pattern. Two of the smallest members of

their guilds (M. nivalis and V. indica) increase in size

towards the edges of their range, in accordance with the

predictions of McNab (1971), whereas the two small

members of the canid guild, the arctic and grey foxes

(A. lagopus andUrocyon cinereoargenteus), show no response.

Range size (log transformed) did not differ between

carnivores that show a significant linear relation-

ship between CBL and distance to range edge (mean

log range sizeZ6.97) and those that did not (mean log

range sizeZ7.09 tZK1.22, pZ0.23). Furthermore, there

was no correlation between range size and the standar-

dized slope for the distance to range edge/CBL relation-

ship (slope K0.056G0.10, R2Z0.011, pZ0.59) or the

absolute value of this slope (slope K0.05G0.07,

R2Z0.019, pZ0.48).

The range sizes of the carnivores we examine are

uniformly large, with just one order of magnitude covering

the entire range size (2.9 million km2 for S. gracilis to

42 million km2 for Palaearctic red foxes (V. vulpes); see

appendix 5 in the electronic supplementary material).

Carnivores showing a significant linear relationship

between CBL and distance to range edge have higher

overall geographic variation in size (measured as the

average of the coefficients of variation for male and female

CBL, to control for sexual dimorphism) to those that do

not (mean CVZ5.99 versus 4.59; tZ2.41, pZ0.027).
4. DISCUSSION
Size change in response to distance from range edge is

relatively common: between 21 and 50 per cent of our

results in the different analyses are significant. We are

unsure, however, whether this high prevalence of signi-

ficant results truly reflects an effect of range edge per se.

Apart from species’ tendencies to vary in size, none of the

factors we examined seem to predict the direction and

magnitude of size evolution consistently. There does not

seem to be an excess of species in which body size is

smaller near the range edges (cf. Allen 1876). In fact,

individuals inhabiting range edges are often larger than

core-area conspecifics (Thurber & Peterson 1991; Law

et al. 2002; Goltsman et al. 2005; this study), but again this

pattern is not general. Neither does there seem to be a

general tendency for similar patterns to be obtained in

relation to range size or absolute body size. There is some

indication that small carnivores and small guild members

may increase in size towards the edges of their ranges in

line with McNab’s (1971) hypothesis that small-bodied

members of guilds are likely to increase in size away

from their mid-latitudinal distribution. However, even

these results are equivocal, and there is no general pattern

of size decrease towards the edge of the range in the largest

guild members.

Body sizes may often differ greatly between range edges

and core area in parallel with clinal responses to latitude or

temperature (i.e. according to Bergmann’s rule, Mayr

1963; Meiri & Dayan 2003). Such a pattern, for example,
Proc. R. Soc. B (2009)
is seen in Nearctic M. erminea (figure 2). However,

whether an animal will be small or large at the range edge

depends on which edge it inhabits and is not a response to

living on the edge per se. The common occurrence of

insular dwarfs and giants (Foster 1964; Clegg & Owens

2002; Meiri et al. 2008) also probably depends on an

interaction between the biology of a given species and the

autecological conditions present on each island (Case

1978; Lawlor 1982; Raia & Meiri 2006; Meiri 2007).

The high variability of responses to range edge in body

size of carnivores suggests the occurrence of different

forces that block range expansion in different species (see,

for example, Hersteinsson and Macdonald 1992) and

differing directions, and a probable diversity in causes of

size variation. In brown bears, for example, Ferguson &

McLoughlin (2000) found that coastal populations with

access to salmon had large body sizes, whereas inland

bears were smaller (see also Meiri et al. 2007). However,

barren-ground bears were smaller still, despite also

living near the species’ range edge. Thus, Ferguson &

McLoughlin (2000) concluded that food abundance

determines bear body size. We think body size variation

often reflects autecological conditions interacting with

species’ biology.

We therefore believe that the common but somewhat

idiosyncratic response of body size to distance from range

edge we report here is more of a manifestation of the

remarkable variability of carnivore body size than a

reflection of a common response of size to position along

the range edge–core continuum. Our finding that

carnivores that vary more geographically also tend to

show greater response to distance from the range edge

supports this view. We hope that the finding that size often

evolves in relation to the position of individuals within the

geographic range will lead to further efforts to reveal the

mechanisms that underpin such an impressive tendency

for geographic variation in size.
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