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When isolated from predators, costly and no longer functional anti-predator behaviour should be selected

against. Predator naiveté is often pronounced on islands, where species are found with few or no predators.

However, isolation on islands involves other processes, such as founder effects, that might be responsible

for naiveté or reduced anti-predator behaviour. We report the first comparative evidence that, in

macropodid marsupials, isolation on islands may lead to a systematic loss of ‘group size effects’—a

behaviour whereby individuals reduce anti-predator vigilance and allocate more time to foraging as group

size increases. Moreover, insular animals forage more, and are less vigilant, than mainland ones. However,

we found no evidence that animals on the mainland are ‘flightier’ than those on islands. Remarkably, we

also found no evidence that isolation from all predators per se is responsible for these effects. Together,

these results demonstrate that anti-predator behaviour may indeed be lost or modified when animals are

isolated on islands, but it is premature to assume that all such behaviour is affected.
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1. INTRODUCTION

When isolated from predators, costly and no longer

functional anti-predator behaviour should be eliminated

by selection (Kavaliers 1990; Magurran et al. 1995; van

Damme & Castilla 1996; Magurran 1999). Indeed,

species on isolated islands, such as the Galápagos, are

often described as being predator-naive (Darwin 1839;

Lack 1947; Curio 1966). The mechanism underlying this

loss is hypothesized to result from a reduction of predation

risk on islands either because islands are able to support

fewer top predators than adjacent mainland sites, or

because islands lost predators following Pleistocene sea-

level changes (Blumstein 2002). Because maintaining

anti-predator behaviour in the absence of predators is

assumed to be costly (Magurran 1999), we would expect

that it would be eliminated by selection if there were no

benefit. Alternatively, loss of anti-predator behaviour in

insular populations could be due to founder effects. If

generally true, and regardless of the mechanism, this

evolutionary effect has important consequences for

conservation biology. For instance, insular birds and

mammals are reported to be more vulnerable to human

exploitation as well as the introduction of exotic predators

than mainland species (Berger et al. 2001; Gittleman &

Gomper 2001).

Currently, there is only one systematic, quantitative

study demonstrating that isolation on islands with

negligible predation risk is responsible for the loss of any

anti-predator behaviour (Beauchamp 2004). Species often

have more than one predator (Lima 2002; Stoks et al.

2003) and many islands may retain a subset of predators.

Thus, it is important to isolate the effects of insularity from

isolation from predators.
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Species have a variety of anti-predator behaviours (Van

Buskirk 2001; Stoks et al. 2003), and some anti-predator

traits may be more phenotypically plastic than others

(Blumstein 2002). Thus, we might expect different types

of behaviour to vary in the degree to which different anti-

predator adaptations respond to isolation (Blumstein &

Daniel 2002).

In this paper, we focus on macropodid marsupials-

kangaroos, wallabies and their relatives—and ask whether

insularity affects anti-predator behaviour, and if so,

whether this effect is specifically due to the loss of

predators. Macropodid marsupials have been isolated on

islands since Pleistocene sea-level changes, as well as from

more recent anthropogenic translocations (King 1990;

Strahan 1995). Some islands are predator-free, some have

a reduced set of predators, and mainland Australia has a

variety of native and non-native predators (Strahan 1995).

We combined data we collected using identical

methods from 23 populations of macropodids represent-

ing 14 species, with those collected using different

methods by other researchers, to develop a dataset

containing 32 populations representing 14 species.

These data were then used to study the effects of isolation

on islands on three anti-predator behaviours: group size

effects, time allocated to foraging and vigilance and flight-

initiation distance.

Modifying time allocation as a function of group size is

a commonly reported anti-predator behaviour that, for

macropodids, is probably most effective against terrestrial

mammalian predators (e.g. Blumstein et al. 2004). Two

models of predation hazard assessment (detection and

dilution; Krause & Ruxton 2002) predict that animals

should forage more and allocate less time to anti-predator

vigilance as group size increases, because predation risk

declines with the addition of alternative prey, and

collective vigilance. Animals living with predators
q 2005 The Royal Society
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commonly trade off foraging with anti-predator vigilance

(Bednekoff & Lima 1998; Beauchamp 2003) so we should

expect differences when predators are present or not. And,

the distance at which animals flee an approaching

human—flight initiation distance—is a standardized

metric by which to quantify perceived predation risk

(Bonefant & Kramer 1996; Blumstein et al. 2003a). We

expected that predator-free populations would tolerate

closer approach.
2. MATERIAL AND METHODS
(a) Developing the comparative dataset

Most of our original data and methods on time allocation and

group size effects have been published (Blumstein et al. 1999,

2001a,b, 2002, 2003b, 2004; Blumstein & Daniel 2002,

2003a,b,c), but we added additional unpublished data on

Thylogale thetis (at Lamington National Park, Queensland),

and Macropus robustus (at Fowlers Gap, NSW). To summar-

ize our methods, we video-recorded 5 min focal samples of

foraging animals. We stood or sat in the open at distances

where we did not obviously influence our focal subject’s

behaviour. Videotapes were scored using an event recorder

(e.g. Blumstein et al. 2000). At the beginning of each focal

sample we counted the number of conspecifics within 10 and

50 m of the focal subject. For some analyses, we also included

three studies of captive animals—Macropus eugenii, T. thetis

and Petrogale xanthopus. Macropus eugenii were either wild

caught from Kangaroo Island or were first generation

offspring from this population. Thylogale thetis had been in

captivity for at least one generation and were originally from

wild New South Wales populations. Petrogale xanthopus were

captive-reared from a population in captivity for many

generations. For the first two species, we systematically

manipulated group size in captivity. The third study relied on

naturalistic observations in a large enclosure. We averaged

time allocation for each group size and then fitted linear and

logarithmic regressions to these aggregated group size data.

By aggregating data, we reduced variation within a group size

category and thus increased our ability to detect group size

effects if they were present. We then scored a species as having

group size effects if there was a significant regression between

group size and time allocation or, for less social species, only

found alone or in groups of two, whether there was a

significant difference in time allocation when alone or in a

group. In addition to these systematically collected data (see

electronic appendix 1), we included data on the presence or

absence of group size effects reported in the literature

(Heathcote 1987; Jarman 1987; Johnson 1987; Colagross &

Cockburn 1993; Coulson 1999; Payne & Jarman 1999

Wahungu et al. 2001). Because time allocated to foraging

may be influenced by body size, we compiled the mean female

body size for each species from Strahan (1995).

Populations were scored as being exposed to predators in

two ways. Captive populations were scored as predator-free;

some subsequent analyses included or excluded these captive

populations. Direct observations and published sources

(King 1990; Watts 1993; Strahan 1995) were used to identify

predator-free insular populations. While many of the free-

living studies were conducted in protected areas, we do not

exclude human predation as a potential source of occasional

mortality. Thus, our analyses focus on the presence of

contemporary non-human predators. Moreover, we included

anthropogenic isolation (i.e. animals were moved to offshore
Proc. R. Soc. B (2005)
island) with ‘natural’ Pleistocene isolation. We justify

including these species by noting that costly traits may

respond rapidly to relaxed selection (e.g. Endler 1980, 1986).

Field data on flight-initiation distance were collected using

identical protocols (Blumstein 2002) in 18 free-living

populations. Individuals were approached at a constant pace

of 0.5 m sK1 to measure the flight initiation distance for each

species and at each site. With calibrated paces, we measured

the distance from the subject at which we began walking

(‘starting distance’), and the distance at which an individual

hopped off. This starting distance was used as a covariate in

subsequent analyses because of its potentially confounding

effect on flight initiation distance (Blumstein 2003).

(b) Developing the phylogeny

A consensus phylogeny was developed that included species

of interest. The overall relationship between macropodid

‘groups’ came from Kirsch et al. (1997; fig. 13). This was a

DNA–DNA hybridization phylogeny that was broadly in

agreement with Flannery’s morphological hypothesis

(Flannery 1989; fig. 12). For our set of species, we used

Setonix brachyurus as an out-group. Petrogale relationships

were resolved using Campeau-Peloquin et al.’s (2001) DNA–

DNA hybridization phylogeny. The position of Thylogale was

supported by Kirsch et al. (1997). The ‘Macropus group’ was

less well resolved. Flannery (1989), Sharman (1989) and

Burk & Springer (2000) have M. rufogresis, M. eugenii and/or

M. agilis grouped in various ways. We follow Flannery and

resolve them as a polytomy. In placing M. robustus and

M. rufus together, we follow Flannery (1989) and Kirsch et al.

(1997) and we follow Flannery in placing M. giganteus and

M. fuliginosus together.

Within a species, M. eugenii come from three genetically

distinctive populations: the mainland western Australian

population (Strahan 1995), the now extinct mainland south

Australian population, which exists in New Zealand (Taylor &

Cooper 1999), and the Kangaroo Island population.

A subspecies of M. rufogriseus is found in Tasmania (Strahan

1995). We assumed nothing about genetic substructure of

M. fuliginosus, nor did we assume anything about the

substructure of mainland populations of M. giganteus. We

did assume that Tasmanian populations were distinct from

mainland populations, which were all studied in eastern

Australia. Polytomies were then resolved randomly.

(c) Testing the comparative hypotheses

To study group size effects, we used the concentrated changes

test (Maddison 1990) to determine whether the evolutionary

loss of group size effects was concentrated in populations on

islands or in those populations living without non-human

predators. For this, analyses used data from the 32 studies that

reported the presence or absence of group size effects.

Additional analyses were restricted to data collected from

free-living populations and those data only collected by us.The

concentrated changes test requires a fully resolved phylogeny,

hence the random resolve option in MACCLADE v. 4.03

(Maddison & Maddison 2001) was used to resolve remaining

polytomies. The dichotomous traits were optimized on to the

resolved tree to reconstruct the ancestor states for each. In all

cases, strict parsimony fully resolved the reconstructions.

The ‘actual changes’ simulation option was used for 10 000

replicates to estimate p-values for each reconstruction. Also, to

account for incorrect resolutions of the ancestor state,

simulations were run with the ‘either ancestral’ option selected.



Macropus eugenii M ( Blumstein & Daniel 2002)  

Macropus eugenii I ( Blumstein et al .2004) 

Macropus eugenii* I ( Blumstein et al. 2004)

Macropus eugenii I ( Blumstein & Daniel 2002) 

Macropus eugenii* C, I ( Blumstein et al. 1999)

Macropus rufogriseus M ( Coulson 1999)

Macropus rufogriseus M ( Payne & Jarman 1999)

Macropus rufogriseus  I ( Blumstein & Daniel 2003)

Macropus rufogriseus* I ( Blumstein & Daniel 2003)

Macropus agilis M ( Blumstein et al. 2003)

Macropus fuliginosus M ( Blumstein & Daniel 2002)

Macropus fuliginosus M ( Coulson 1999)

Macropus fuliginosus I ( Blumstein & Daniel 2002)

Macropus giganteus M ( Payne & Jarman 1999)

Macropus giganteus M ( Heathcote 1987)

Macropus giganteus M ( Colagross & Cockburn 1993)

Macropus giganteus M ( Coulson 1999)

Macropus giganteus M ( jarman 1987)

Macropus fuliginosus* I ( Blumstein & Daniel 2003)

Macropus fuliginosus I ( Blumstein & Daniel 2003)

Macropus robustus M ( Blumstein & Daniel, unpublished)

Macropus rufus M ( Blumstein & Daniel 2003)

Thylogale billardierii I ( Blumstein & Daniel 2003)

Thylogale thetis* C, M ( Blumstein et al. 2002) 

Thylogale thetis M ( Wahungu et al. 2001)

Thylogale thetis M ( Blumstein & Daniel, unpublished)

Petrogale assimilis I ( Blumstein & Daniel 2003)

Petrogale assimilis M ( Blumstein & Daniel, unpublished)

Petrogale inornata M ( Blumstein & Daniel 2003)

Petrogale mareeba M ( Blumstein & Daniel 2003)

Petrogale xanthopus* C, M ( Blumstein et al. 2001)

Setonix brachyurus* I ( Blumstein et al. 2001)

loss of group size effects

Figure 1. Partial phylogeny illustrating the distribution of populations and species in this study. Populations without group size
effects are illustrated in black, and those with group size effects are white. Abbreviations: asteriskZpredator free, MZmainland
population, IZisland population, CZcaptive population. Source of group size effects results are specified.
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To minimize the possibility of falsely interpreting results as

significant, we employed a conservative approach by selecting

fewer and as many gains in the distinguished character, and

fewer than, as many as, or more losses in the distinguished

character than actually counted when calculating the p-value in

MACCLADE. We calculated these tests on the full set of 32

observations, a set of 29 observations that excluded the three

captive populations, and a set of 20 free-living populations for

which we systematically collected all data.

While the concentrated changes test allowed comparisons

between the distributions of two traits on a phylogenetic

tree, the contingent states test (Sillén-Tullberg 1993) allowed

the use of the phylogenetic reconstruction of characters to
Proc. R. Soc. B (2005)
ask whether the transition in one character from 0 to 1 or

1 to 0, or the lack of a transition, is equally likely to occur

under either state of another character. The main assumption

involved is that each branch has an equal probability of

state transition. To understand the directionality of the

evolution of the three traits, a series of pair-wise contingent

states tests using COSTA v. 1.03 (Lindenfors 1999) were

performed. Specifically, we asked, whether isolation on

islands or the loss of all predators was likely to be associated

with evolutionary changes in group size effects.

For time allocation and flight initiation distance,

we calculated phylogenetically independent contrasts

(Felsenstein 2004) using COMPARE 4.5 (Martins 2003).



Table 1. Effect of isolation on islands on group size effects
(GSE).
( p-values from the contingent states test that evaluates the
hypothesis that evolutionary change in the presence of group
size effects is more or less likely when a population is in a
particular independent variable state (i.e. found on the
mainland or on an island).)

independent
variable state

dependent
variable state p-value

all 32 populations gained GSE remained
without
GSE

mainland 8 3 0.016
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This comparative method avoids the problems of

similarities among closely related species by estimating,

and then using in subsequent analyses, the phylogenetically

independent evolutionary divergence between traits. These

analyses were restricted to data we systematically collected

on free-living subjects. We set branch lengths as equal and

thus assume a punctuational model of evolution. Multiple

regressions were used to control for the effects of body

mass while examining the relationship between insularity

and isolation from all predators on time allocation, and to

control for the effects of starting distance on the

relationship between insularity and isolation from all

predators on flight initiation distance. Contrast values

were regressed through the origin (Felsenstein 2004).
island 2 9
kept GSE lost GSE

mainland 18 6 0.507
island 11 6

23 populations only gained GSE remained
without
GSE

mainland 0 2 O0.9
island 0 4

kept GSE lost GSE
mainland 14 3 O0.9
island 17 5

Table 2. Effect of isolation from predators on group size
effects (GSE).
( p-values from the contingent states test that evaluates the
hypothesis that evolutionary change in the presence of group
size effects is more or less likely when a population is in a
particular independent variable state (i.e. living with or
without predators).)

independent
variable state

dependent
variable state p-value

all 32 populations gained GSE remained
without
GSE

no predators 10 9 0.221
predators 0 3

kept GSE lost GSE
no predators 22 6 0.146
predators 7 6

twenty-three
populations only

gained GSE remained
without
GSE

no predators 0 3 O0.9
predators 0 3

kept GSE lost GSE
no predators 26 7 O0.9
predators 5 1
3. RESULTS
Assuming parsimony, and using the concentrated changes

test, we found that the loss of group size effects was

significantly more likely to occur in animals living on

islands (figure 1; all 32 populations p!0.001; 29 free-

living populations pZ0.003; 20 free-living populations we

studied pZ0.003; electronic appendix 2). The contingent

states test provided equivocal support for this finding:

following isolation on islands, species were significantly

likely not to evolve group size effects when data from all 32

populations (table 1) were included (pZ0.016), but they

were not more likely to lose group size effects (pZ0.507).

When analyses were restricted to our data only, we found

no effect of isolation on the evolution or loss of group size

effects (pO0.9). It is not obvious whether this effect can be

attributed to the loss of all predators on islands. While the

concentrated changes test suggested that animals living

without predators were significantly likely not to have

group size effects (p!0.001 for all three subsets of data),

the contingent states tests did not support this interpret-

ation (table 2). Following the loss of predators, popu-

lations were not significantly more likely to gain group size

effects (pZ0.221), nor were they more likely to lose group

size effects (pZ0.146) when data from all 32 populations

were included. When analyses were restricted to our data

only, we found no effect of isolation from predators on the

evolution or loss of group size effects (pO0.9).

Independent contrast analyses on our data collected

using identical protocols demonstrated that insularity

itself, rather than the loss of all predators, may eliminate

some, but not all, anti-predator behaviour. After account-

ing for non-significant variation explained by body mass

(p-valuesO0.36), there was a significant effect of insular-

ity on time allocated to foraging (pZ0.009) and vigilance

(pZ0.009). Animals on islands were less wary, allocating

20.8% (G7.69 s.d.) of their time to vigilance compared

with those on those on the mainland, which allocated

43.6% (G21.8 s.d.). Consequently, insular animals

allocated a greater percentage time to foraging, 73.3%

(G7.57 s.d.), than did mainland ones, 49.3 (G23.0 s.d.).

There was no effect of isolation from all predators on time

allocation (p-valuesO0.85). After significant variation

(p!0.001) was explained by the distance we initiated

our experimental approaches (Blumstein 2003), and after

non-significant variation was explained by body mass

(pO0.93), neither isolation on islands (pZ0.221), nor

from all predators (pZ0.790), explained significant

variation in flight initiation distance.
Proc. R. Soc. B (2005)
4. DISCUSSION
Taken together, these results suggest that some, but not

all, anti-predator behaviour is lost following isolation on

islands. These results may reflect variation in develop-

mental mechanisms underlying anti-predator behaviour.

While some anti-predator behaviour may be heritable

(Breden et al. 1987; Riechert & Hedrick 1990; Cousyn

et al. 2001), other behaviour may be much more
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phenotypically plastic. Indeed, both time allocation

(Hunter & Skinner 1998; Laundré et al. 2001) and flight

initiation distance (Ikuta & Blumstein 2003) may be

highly experience-dependent and thus vary for reasons

other than variation in the number or types of predators

per se.

More importantly, the loss of some anti-predator

behaviour types does not necessarily result from the loss

of all predators. This result was unexpected and is novel.

While our sample size of predator-free populations is small

(only 6/32 populations in the analyses of group size effects,

and 4/18 populations in the analyses of continuous data

were predator-free), our results suggest that although

living without predators was associated with a lack of

group size effects, the loss of all predators did not

necessarily lead, over evolutionary time, to a subsequent

loss of group size effects. Similarly, time allocation was

influenced specifically by isolation on islands, rather than

the presence or absence of predators: insular animals

allocated less time to vigilance while foraging. Flightiness

is apparently insensitive to either form of isolation because

we found no effect of either insular living or the loss of all

predators on flight initiation distance.

Thus, other factors, such as founder effects, may play

an important role in determining which anti-predator

behaviours persist in insular populations. This conclusion

is consistent with the pattern of predator naiveté found on

the Galápagos; an archipelago where native birds have

some risk of predation from a much reduced community

of predators, and where founder effects are likely to have

been important in the past. It is conceivable that certain

behavioural phenotypes (e.g. Sih et al. 2004b) have higher

fitness in insular populations. If so, there may be

correlated selection against certain anti-predator beha-

viours. For instance, island living may select against highly

‘reactive’ (Sih et al. 2004a) individuals and this selection

will have wide-ranging effects on anti-predator behaviour.

Future experimental research in model systems could

isolate the effects of founder effects from various degrees of

predator isolation.
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