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Introduction

Studies of geographic variation in behavior illustrate

both remarkable plasticity and remarkable persist-

ence when a population becomes isolated from pred-

ators (Diamond 1990; Berger 1998, 1999; Coss 1999;

Magurran 1999; Berger et al. 2001). For instance,

reduction in predation pressure allows animals to

forage more and allocate less time to antipredator

vigilance (e.g. Catterall et al. 1992; Hunter & Skin-

ner 1998; Blumstein et al. 2001), be choosier when

looking for mates (e.g. Forsgren 1992; Berglund

1993; Briggs et al. 1996), spend less time with others

(Magurran & Seghers 1994), modify group sizes

(Heard 1992), aggressively defend breeding terri-

tories (Huntingford 1982), or forage in other places

(e.g. Werner et al. 1983; Bland & Temple 1990;

Suhonen 1993). Very costly traits, such as those that

reduce reproductive success (e.g. those subject to

sexual selection), seem to respond quickly to relaxed

selection brought about by the removal of predators

(Endler 1980; Endler & Houde 1995). However,

some antipredator behavior persists for many thou-

sands of years after isolation (Byers 1997; Coss 1999;

Blumstein et al. 2000; Blumstein & Daniel 2002),

and there is no adequate model to account for this

variation.

Existing Hypotheses to Explain Persistence

There are several inter-related hypotheses to explain

the persistence of antipredator traits under relaxed
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Abstract

Isolation from predators affects prey behavior, morphology, and life his-

tory, but there is tremendous variation in the time course of these

responses. Previous hypotheses to explain this variation have limited

predictive ability. I develop a ‘multipredator’ hypothesis to explain the

evolutionary persistence of antipredator behavior after the loss of some,

but not all, of a species’ predators. The hypothesis assumes pleiotropy,

whereby elements of antipredator behavior may function in non-predat-

ory situations, and linkage, such that genes influencing the expression

of antipredator behavior do not assort independently. The hypothesis is

restricted to species with multiple predators (most species) and aims to

predict the conditions under which antipredator behavior will persist

following the loss of one or more of a species’ predators. I acknowledge

that the relative costs of non-functional antipredator behavior will influ-

ence the likelihood of linkage and therefore persistence. The hypothesis

makes two main predictions. First, genes responsible for antipredator

behavior will not be scattered throughout the genome but rather may

be found close together on the same chromosome(s). Secondly, the

presence of any predators may be sufficient to maintain antipredator

behavior for missing predators. Advances in behavioral genetics will

allow tests of the first prediction, while studies of geographic variation

in antipredator behavior provide some support for the second.
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selection; however, they act at different levels

(Tinbergen 1963) of biological organization and are

not necessarily mutually exclusive. All assume some

degree of heritable variation in antipredator behavior

(e.g. Seghers 1974; Magurran 1990; Riechert &

Hedrick 1990). Much antipredator behavior requires

some experience for proper performance (Griffin

et al. 2000), and I acknowledge that mechanisms of

antipredator behavior can influence the phenotypic

response to isolation from predators (Blumstein

2002). Specifically, relatively hard-wired traits will

have evolutionary responses, while relatively experi-

ence-dependent traits will have an immediate

response to the loss of experience with predators.

However, hypotheses that explain the evolutionary

response to relaxed selection treat experience as an

obscuring variable (i.e. it increases phenotypic vari-

ation).

The ‘ghost of predators past’ hypothesis (Peckarsky

& Penton 1988; Byers 1997) simply says that a

species subject to past selection for antipredator

behavior will retain antipredator behavior if it is not

too costly to do so (e.g. Neill 1990). This hypothesis,

while descriptive, does not enable us to explain vari-

ation in how different species and populations

within a species respond to relaxed selection without

specific knowledge of selection differentials (i.e. dif-

ferential costs) and heritability estimates (Falconer

1981). However, it does highlight the importance of

costs, which will be developed further below.

Darwin (1859) recognized that vestigial structures

will become more variable after selection is relaxed

because they are no longer checked by natural selec-

tion. Haldane (1933) noted that mutations will accu-

mulate on non-selected traits causing an increase in

variation. Decay (Coss 1999) of non-selected traits is

not inevitable, however, and is less likely for traits

with pleiotropic effects (Byers 1997).

A second hypothesis suggests that antipredator be-

havioral traits have pleiotropic effects on other traits,

which will be functional regardless of the presence

or absence of predators (Byers 1997; Coss 1999). At

the genomic level proteins that are centrally located

in networks (Hahn & Kern 2004) are buffered from

change, and this centrality may provide a mechan-

ism by which pleiotropy may constrain the rate of

evolutionary change. Pleiotropy occurs at higher

levels of organization as well. For instance, local

guidance molecules are used for both axonal and

dendritic organization (Kim & Chiba 2004), and the

same genes are responsible for the organization of

the visual cortex and the thalamus (Sestan et al.

2001). For all of these reasons, pleiotropy seems to

be a reasonable mechanism explaining persistence.

Unfortunately, without detailed knowledge of

behavioral genetics (e.g. Brodie 1989), the ‘pleio-

tropic’ hypothesis does not enable us to predict how

a given species or population will respond to relaxed

or modified selection.

A third, but related, hypothesis focuses on the spe-

cific type of antipredator behavior and the degree to

which it is ‘functionally integrated’ with other be-

haviors (Coss 1999). At the genomic level we know

that overlapping gene function slows the evolution-

ary rates of specific genes and prevents mutational

loss (Wagner 2000). And, specific and novel adapta-

tions are likely to respond quickly to loss-of-function

(Curio 1993; Biardi et al. 2000, 2005). Antipredator

behavior varies in its specialization and uniqueness

(Caro 2005). Some less specialized antipredator be-

havior has components used for other non-antipred-

ator activities. For instance, vigilance has social

(Roberts 1988) and antipredator functions (Lima &

Dill 1990) and we might not expect animals to stop

looking around if there are suddenly no predators.

Alternatively, a specialized antipredator adaptation

may no longer have a benefit following isolation and

will be lost if there is any cost (Cruz & Wiley 1989;

Magurran 1999). The ‘specialization’ hypothesis pre-

dicts that specialized and less functionally integrated

antipredator behavior will be the first to be lost fol-

lowing isolation. In practice, however, it is difficult

to rank behaviors with respect to their specialization

or functional integration.

The Multipredator Hypothesis

Here, I developed an integrated hypothesis that

incorporates components from the previous hypo-

theses. Because these act at different levels of biolo-

gical organization, all may be viewed as relating to a

central hypothesis: that shared systems may be buf-

fered from change at the genomic, epigenetic, and

functional level of behavioral expression. I assume

that antipredator behavior has pleiotropic effects and

that behaviors may be genetically linked (see

below). I acknowledge that prey have more than a

single species of predator and a suite of antipredator

adaptations. Many studies of the evolutionary

response of antipredator behavior to relaxed selec-

tion have considered only the loss of a single, pre-

sumably important, predator. However, recent

theory suggests that the picture is much more com-

plex when multiple predator species are considered

(Lima 1992, 2002; Sih et al. 1998; Krams 2000). For

instance, small mammals commonly must avoid
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being killed by raptors, carnivorous mammals, and

reptiles. Avoiding different predators may require

predator-specific strategies (e.g. Owings & Coss 1977;

Cheney & Seyfarth 1990; Bouskila 1995; Caro

2005). Thus, when desert rodents remain close to

cover on moonlit nights they will avoid raptor pre-

dation, but the risk of snake predation may be

moonlight independent (Bouskila 1995).

All antipredator behavior shares some common

physiological and behavioral mechanisms. Consider

vertebrates that respond to predators by escape. To

avoid a predator, individuals must be able to become

physiologically aroused – they must have a fear

response (e.g. Blanchard et al. 1989, 1990). They

must also allocate some time to antipredator vigil-

ance. Such inter-related behavioral mechanisms

(sensu Coss 1999) should be resistant to the loss of a

single predator because both physiologic arousal and

vigilance may have other functions.

Antipredator behavior, while often species specific,

should not be expected to evolve independently.

Antipredator behavior commonly involves an indi-

vidual first identifying a predator, and then respond-

ing in some way. If there are common cues shared

among predators (e.g. if predatory raptors have sim-

ilar silhouettes), then we expect an integrated raptor

recognition system (sensu Curio 1973). In this case,

the removal of a single raptor should have limited

effect on the persistence of the system. Alternatively,

some traits may be evolutionary fragile (such as the

recognition of the shrike eye band by pied flycatch-

ers; Curio 1993). The multipredator hypothesis goes

beyond simply predicting that specifically shared

antipredator responses (e.g. raptor recognition) will

be buffered from the loss of a single species of rap-

tor, it suggests a deeper level of integration brought

about by linkage.

We should expect traits that function together to

be linked. For instance, animal homeodomain

(HOM/Hox genes) are responsible for the variety of

traits that determine anterioposterior axial develop-

ment (Purugganan 1998; Halanych & Passamaneck

2001). These genes are remarkably conserved among

phyla and have evolved into clusters along chromo-

somes (Cohn 2002). Similarly, we see tight linkage

(whereby genes responsible for parts of a process are

located next to each other) in physiologically

important genes such as the lac operon, which codes

for proteins involved in lactose metabolism.

Avoiding predation is something that virtually all

animals must do and there has been a long history

of selection for antipredator behavior in all phyla.

Thus, we might expect similar genomic architecture

underlying the genetic basis of antipredator behav-

ior. Consider an ungulate which, when born,

reduces predation risk by combining its crypsis with

immobility. If these traits evolved independently,

individuals with one but not both of them would be

at a selective disadvantage. It is also possible to envi-

sion more complex relationships between antipreda-

tor behaviors. Chickens (Gallus gallus) and other

galliforms commonly avoid predation by raptors by

crouching and freezing after they detect a raptor, yet

have a more active response to terrestrial predators

(Evans et al. 1993). Individuals with one, but not

both, appropriate responses would be at a selective

disadvantage. We might therefore expect loci

responsible for these responses to be linked.

Fisher (1958) first suggested that complex traits

would be relatively resistant to mutational change

because mutations are less likely to be favorable in a

complex organism than in a simple one. More

recently, Orr (2000) demonstrated that this muta-

tional cost is much larger than Fisher assumed. Thus,

complex antipredator behavior may be buffered from

change. A potential cost of such complexity, how-

ever, is degenerative change in the absence of any

selection. Pleiotropy may provide the necessary

selection to maintain complex traits.

When antipredator behavior has pleiotropic

effects, and/or when it does not assort independ-

ently, species living with multiple predators may

have evolved specific traits to reduce predation risk

in response to each predator, but their expression is

not predicted to vary independently. Thus, the pres-

ence of a single predator should maintain antipreda-

tor adaptations for predators no longer present.

A Caveat: the Relative Costs to Maintaining No

Longer Functional Behavior will Influence the

Likelihood of Linkage and the Likelihood of

Persistence Under Relaxed Selection

Imagine a linked complex of three different pred-

ator-specific antipredator traits, A, B, and C. Assume

the benefits associated with their proper perform-

ance is identical; when properly used they reduce

predation risk. However, each will have a cost that

emerges in the absence of the predator for which it

evolved. For instance, galliforms are often immobile

after detecting a raptor (Evans et al. 1993). If there

are no raptors, but an individual falsely identifies a

raptor (i.e. a Type II error), it will, by freezing,

experience a lost opportunity cost. Suppressing

foraging for a few minutes while responding to a

non-existent predator may not substantially reduce
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fitness. However, costs may be more extreme than a

simple lost opportunity cost. Many species have

metabolically expensive protective body armor in

areas with predators (e.g. sticklebacks, Gasterosteus

aculeatus – Reimchen 1994). By investing in armor,

animals allocate energy that could be otherwise used

for reproduction and we know that the loss of piciv-

orous fish, but not the loss of picivorous birds leads

to the rapid loss of protective armor (Reimchen

1994). Thus, there are clear differences in the costs

of missed opportunities (most of which are likely to

be relatively small) compared with the costs of main-

taining armor in a predator-free location (which

directly affects reproductive success). These costs

should influence the likelihood of pleiotropy and/or

linkage, and therefore the likelihood of antipredator

adaptations persisting after the removal of one or

more predators.

Assume that A and B have identical costs (e.g.

missed opportunity or other time costs), but C is

much more costly (e.g. body armor). The removal of

the predator that has selected for behavior C will

make the maintenance of behavior C extremely

costly. Thus, we might not expect that costly traits

will be incorporated into co-evolved complexes of

antipredator behavior.

More generally, the removal of a predator that

selects for a high-cost response will have different

effects than the removal of a predator with a low-

cost response. Over time, species are exposed to dif-

ferent types of predators, and populations are

exposed to different subsets of predators (e.g. Reim-

chen 1994). We might expect pleiotropy and/or link-

age to evolve in situations where the costs of

different traits are relatively equal. We might also

generally expect behavioral traits to co-evolve

whereas more costly, and less plastic, morphological

and life-history traits might evolve independently.

Testing the Multipredator Hypothesis

The multipredator hypothesis makes predictions

about genomic design and predictions about how pop-

ulations will respond to the loss of some vs. all of their

predators. First, genes responsible for antipredator

behavior will not be scattered throughout the gen-

ome. It is likely that traits of equal cost will be found

together for selection should break apart linkages for

traits that impose high costs in the absence of preda-

tors. Secondly, the presence of any predators may be

sufficient to maintain antipredator behavior for miss-

ing predators. Advances in behavioral genetics and

functional genomics will allow tests of the first predic-

tion, while studies of geographic variation in antipred-

ator behavior have allowed tests of the second.

Preliminary Support for the Multipredator

Hypothesis

Kangaroos and wallabies are found in locations with

different histories of exposure to predators (Blum-

stein 2002). Western grey kangaroos (Macropus fuligi-

nosus) isolated from all predators for approx. 9500 yr

on Kangaroo Island, South Australia, lost group size

effects – the systematic change in time allocated to

vigilance and foraging as a function of group size

(Blumstein & Daniel 2002). By contrast, tammar

wallabies (Macropus eugenii) isolated from terrestrial

predators on Kangaroo island, but not from aerial

predators, retained group size effects (Blumstein &

Daniel 2002). This result could be explained by the

presence of raptors on Kangaroo Island maintaining

a heightened state of nighttime readiness in the wal-

labies. Such perceptual priming is seen in other anti-

predator systems (e.g. snake-naı̈ve squirrels

monkeys, Saimiri sciureus, respond fearfully to snakes

only when reared with live food – Masataka 1993,

and with humans suffering post-traumatic stress

may re-experience the traumatic situation in differ-

ent contexts – Ehlers & Clark 2000), and suggests a

proximate mechanism underlying the responds to

wallabies without mammalian predators.

Further support for the multipredator hypothesis

comes from a study of tammar wallabies isolated

from all predators for as few as 130 yr in New Zea-

land, which lost antipredator behaviors that were

seen in populations exposed to some risk of preda-

tion (Blumstein et al. 2004). Specifically, predator

discrimination abilities degraded (cf. Blumstein et al.

2004 with Blumstein et al. 2000), and group size

effects were lost. Intriguingly, a recent finding sug-

gests that the presence of group size effects may be

more influenced by being isolated on islands than by

predators, per se (Blumstein & Daniel 2005). Insular-

ity effects are consistent both with the idea that

founder effects may have a substantial influence on

the presence of antipredator behavior, as well as the

idea that the relative costs of maintaining certain

behaviors is influenced by living on islands. Future

empirical work is needed to tease these different

causal factors apart.

An agent-based simulation modeled after the kan-

garoo and wallaby system allowed the study of the

effect of the presence of one predator on antipreda-

tor recognition for another, no longer present preda-

tor. Results documented asymmetric responses
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whereby, terrestrial predator recognition was influ-

enced by the presence of terrestrial predators, but

the presence of aerial predator recognition was

neither influenced by the presence of aerial preda-

tors, nor the presence of terrestrial predators (Blum-

stein et al. 2005). This finding of asymmetric

responses is consistent with the multipredator hypo-

thesis. Results also revealed that escape costs are

more important than the presence of predators in

explaining the persistence of antipredator behavior:

expensive traits are likely to be lost quickly, a find-

ing consistent with the caveat about costs described

above.

Examining other reports of evolutionary persist-

ence in light of the multipredator hypotheses pro-

vides further support for the importance of species

encountering any predators. A great deal is known

about the evolutionary persistence of rattlesnake

(Crotalus spp.) recognition in California ground squir-

rels (Spermophilus beecheyi) (reviewed in Coss & Gold-

thwaite 1995; Coss 1999). Studies of a number of

populations have suggested that rattlesnake recogni-

tion abilities can be maintained for >70,000 yr after

isolation from rattlesnakes. While anti-snake behav-

ior (prolonged investigation) is very different from

the antipredator behavior elicited by birds and mam-

mals (flee to burrow), the multipredator hypothesis

would suggest that the remarkable persistence of

anti-snake behavior results from California ground

squirrels encountering a variety of other mammalian

and avian predators along with a less-threatening

snake.

Galápagos finches (Geospiza spp.) retain respon-

siveness to snakes and raptors, but the overall level

of responsiveness may be attenuated on islands

without a specific predator (Curio 1966). Finches on

a predator-free island also retained rudimentary

responses, but it is neither clear when these finches

colonized the island (Coss 1999), nor what the costs

of these rudimentary responses are. Traits will only

be lost if there is some cost to their maintenance (or

due to chance events not selected against), but loss

may take some time, and variable responses are

expected (e.g. Darwin 1859).

North American pronghorn antelope (Antilocapra

americana) retain a number of antipredator behaviors

(including their relatively fast sprint speeds) that are

presumably adaptive for dealing with large cursorial

predators that went extinct in the Pleistocene (Byers

1997). However, while apparently uncommon,

mammalian predators (Byers 1997), and presumably

golden eagles (Aquila chrysaetos) still prey upon

adult and young pronghorn. Thus, it may not be

surprising that antipredator behavior persists despite

the loss of historically important predators.

The multipredator hypothesis assumes that the

underlying genetic basis of antipredator behavior

has, by pleiotropy or linkage, become a functional

package. While the arguments are logically sound,

precise genetic evidence is lacking. Evidence from

quantitative genetics suggests that many traits do

not evolve independently. For instance, in one of

the best-studied natural systems, a number of

guppy traits covary with predation risk (Endler

1995). However, there are several ways that this

phenotypic covariation can arise, and it is prema-

ture to say whether these phenotypic correla-

tions represent an underlying genetic covariance

(Rausher 1992), or simply reflects underlying envi-

ronmental covariation (e.g. Rausher 1992; Endler

1995). Quantitative genetic studies tell us that there

may be genetic correlations, but we currently do

not know the precise degree to which different

components of antipredator behavior are linked

(McMillian et al. 2002). At this point the assump-

tion of coevolving packages of antipredator behavior

on which the multipredator hypothesis acts must

remain a testable hypothesis.

Broader Implications of the Multipredator

Hypothesis

The multipredator hypothesis may be particularly

useful to those interested in predicting how species

would respond to encountering predators after a per-

iod of relaxed selection. Such encounters may be

natural, as seen during range expansions or result

from translocations – the moving of animals from

one location to another, and reintroductions – the

movement of animals from captivity to the wild

(Kleiman 1989). Translocations and reintroductions

are two important tools for conservation, but most

fail (Wolf et al. 1996; Fischer & Lindenmayer 2000)

and predation is often involved in their failure (Beck

et al. 1991; Short et al. 1992; Miller et al. 1994).

Predator-naı̈ve animals may be given pre-release

experience with predators (Griffin et al. 2000, 2001)

that may increase survival (van Heezik et al. 1999).

However, evolutionarily unprepared species will

likely not benefit from such training (Griffin et al.

2000). The key factor is likely to be prior experience

with any predators. Additionally, species are rou-

tinely moved around the Earth by humans (Low

1999), and global climate change is modifying spe-

cies distributions (e.g. Burgman & Lindenmayer

1998; Davis & Shaw 2001). To predict how species
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that suddenly encounter predators may respond,

some knowledge of past exposure to predators is

needed. Species with historical exposure to predators

may fare better than those with no exposure,

although the introduction of completely novel

predators (e.g. humans: Martin 1984; red foxes:

Short et al. 2002) might pose additional unique

problems.

The ‘overkill’ or ‘blitzkreig’ hypothesis (e.g. Mar-

tin 1963, 1984; Diamond 1989) to explain the

extinction of mega-herbivores upon encountering

humans assumes that species such as moas on New

Zealand, mammoths and mastodons in North Amer-

ica, and large kangaroos in Australia were predator

naı̈ve and had no flight response to humans (e.g.

Flannery 1994, 2001). However, the multipredator

hypothesis would predict that continental species

would not be entirely predator-naı̈ve because they

evolved with a remarkable variety of avian, mam-

malian, and in some cases reptilian predators (e.g.

Wroe 1999; Flannery 2001; Wroe et al. 2002,

2004). Rather than having a continent of fearless

animals waiting to be killed by an advancing wave

of hunters (e.g. Flannery 2001), it is more likely

that human hunters posed unique threats, and that

while not entirely predator-naı̈ve, the hunted ani-

mals did not have sufficient antipredator behavior

to cope with these unique threats. Similar extinc-

tions of Australian mammals following the intro-

duction of the red fox may not have resulted from

Australian mammals being entirely predator naı̈ve,

but rather because foxes have novel hunting be-

havior (e.g. they may engage in surplus killing –

i.e. kill more than it can eat at a single sitting –

Short et al. 2002). Thus, the lessons from blitzkrieg

models may explain human proficiency in eradicat-

ing species, but may not be generalizable to more

‘natural’ processes following range expansions or

the processes that follow re-introductions for con-

servation.
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