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Abstract It is widely accepted that predator recognition

and avoidance are important behaviors in allowing prey to

mitigate the impacts of their predators. However, while

prey species generally develop anti-predator behaviors

through coevolution with predators, they sometimes show

accelerated adoption of these behaviors under strong

selection pressure from novel species. We used a field

manipulation experiment to gauge the ability of the com-

mon ringtail possum (Pseudocheirus peregrinus), a semi-

arboreal Australian marsupial, to recognize and respond to

olfactory cues of different predator archetypes. We pre-

dicted that ringtails would display stronger anti-predator

behaviors to cues of the invasive European red fox (Vulpes

vulpes) in areas where fox impacts had been greatest, and

to cues of the native lace monitor (Varanus varius) in areas

of sympatry compared with allopatry. We found that

ringtails fled quickly and were more alert when exposed to

the fecal odors of both predators compared to neutral and

pungent control odors, confirming that predator odors are

recognized and avoided. However, these aversive respon-

ses were similar irrespective of predator presence or level

of impact. These results suggest that selection pressure

from the fox has been sufficient for ringtails to develop

anti-predator behaviors over the few generations since

foxes have become established. In contrast, we speculate

that aversive responses by ringtails to the lace monitor in

areas where this predator is absent reflect recent

coexistence of the two species. We conclude that rapid

evolution of anti-predator behaviors may occur when

selection is strong. The maintenance of these behaviors

should allow re-establishment of predator–prey relation-

ships if the interactants regain sympatry via range shifts or

management actions to reintroduce them to their former

ranges.

Keywords Adaptation � Chemical cues � Marsupial �
Naiveté � Predator recognition

Introduction

The adoption of anti-predator behavior is a key survival

strategy in prey populations, often providing prey with

strong mitigation of predator impacts (Sih and Christensen

2001). Anti-predator behaviors include increased vigilance,

escape and avoidance responses (Kats and Dill 1998;

Apfelbach et al. 2005; Martin et al. 2010), as well as

altered habitat use and avoidance of preferred feeding

patches (Lima 1998; Hayes et al. 2006). They may develop

over ecological or evolutionary timeframes depending on

the strength of selection that is imposed (Strauss et al.

2006; Kovacs et al. 2012). However, anti-predator behavior

is costly in terms of time and access to resources and may

be maintained only if it provides net fitness benefits.

Identifying the conditions that allow retention of anti-

predator behaviors is important for understanding the

selective milieu of prey and crucial also in applied con-

servation programs. For example, managers increasingly

are introducing predators back into their historical ranges

to restore natural systems (Miller et al. 1999; Terborgh

et al. 2001; Devineau et al. 2010) or control invasive

species (Kinnear et al. 1998; Olsson et al. 2005), making it
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essential to forecast how native prey will respond to their

reappearance (Griffin et al. 2000).

Some anti-predator behaviors are heritable, but others

are more phenotypically plastic (Blumstein and Daniel

2005). Following the removal of a predator, relaxation of

selection can lead to the rapid loss of costly behavioral

traits from a prey population (Endler and Houde 1995); in

others, however, specific anti-predator responses may be

conserved, with some traits persisting long after isolation

(Coss and Ramakrishnan 2000; Blumstein 2006; Hollen

and Manser 2007). In moose (Alces alces), for example,

behavioral adjustments to the presence of wolves (Canis

lupus) occurred within one generation following the re-

establishment of encounters with the recolonizing predator

(Berger et al. 2001). Likewise, yellow-bellied marmots

(Marmota flaviventris) retain the ability to discriminate

between extirpated predators and associated risks in pop-

ulations exposed to multiple predators (Blumstein et al.

2009). The ‘multipredator hypothesis’ suggests that species

may retain behavioral traits towards predators they no

longer coexist with if subject to persistent pressure from

other predator types (Blumstein et al. 2004; Blumstein

2006).

These observations suggest that prey which accurately

judge predation risk and calibrate their responses

accordingly should maximize the benefit-to-cost ratio of

their behavior and increase their fitness. For prey that are

active by day and detect predators visually, judging both

immediate danger and general levels of predation risk

may be relatively simple. For example, thirteen-lined

ground squirrels (Spermophilus tridecemlineatus) spend

more time in alert postures if their long-range view is

occluded than if unrestrained, allowing them to markedly

reduce their reaction times when exposed to birds of prey

(Arenz and Leger 1997). For prey that are active by night

or that occupy structurally complex habitats, by contrast,

visual assessment of predation risk may not be reliable.

Some nocturnal prey species use auditory cues to detect

the immediate presence of a predator (e.g. many flying

insects; Triblehorn and Yager 2005), but many use the

more remote but enduring cues provided by predator odor

(Kats and Dill 1998). For example, many mammalian

predators deposit urinary and fecal odors throughout their

home ranges and on range boundaries (Macdonald 1980),

thus providing cues to prey animals about their presence,

identity and potential risk of encounter (Muller-Schwarze

2006).

Although odor cues such as feces and urine provide

ostensibly reliable information about predation risk, the

responses of prey can be very variable (Kats and Dill

1998). Weak responses may arise if the odors are old and

prey animals perceive the risk of encounter with the

predator to be low (Dickman and Doncaster 1984), if the

prey are young or otherwise inexperienced (Kovacs et al.

2012), if the predator has weak selective effects on the prey

(Sih et al. 2010), if the predator is novel and thus not

recognized by the prey (Banks and Dickman 2007) or, in

experimental studies, if predator odors are presented out of

context. In some studies of small mammalian prey, for

example, predator odors that are presented on metal traps

may conflate the effects of the odors with effects of the

novel objects (Dickman and Doncaster 1984; Apfelbach

et al. 2005). In contrast, strongly aversive prey responses

have been reported towards the odors of both familiar and

unfamiliar predators, perhaps reflecting the presence of

chemical cues that occur commonly in predator wastes

(Stoddart 1982; Fendt et al. 2005).

In the study reported here, our broad objective was to

investigate the response of an Australian marsupial, the

common ringtail possum (Pseudocheirus peregrinus),

hereafter referred to as ‘ringtail’, to the odors of two dis-

parate predators, namely, the introduced European red fox

(Vulpes vulpes) and the native lace monitor (Varanus va-

rius). The direct consumptive effects of introduced preda-

tors on prey are generally greater in Australia than in other

parts of the world (Salo et al. 2007, 2010), perhaps because

Australian native prey species are naı̈ve to the predator

archetypes represented by the newcomers or because their

anti-predator behaviors are less effective against the

invaders than against native species (Banks and Dickman

2007). Several naı̈ve local species have been extirpated in

Australia as an apparent consequence of the introduction of

novel predators (Saunders et al. 2010), presumably because

the timeframe was too short for effective anti-predator

responses to evolve. For remaining prey species, however,

predator avoidance appears to be variable: some species

show marked discrimination of predator odors (Gresser

1996; Mella et al. 2010), while others show no recognition

or recognition at some times and places only (Banks 1998;

Banks et al. 2003; Russell and Banks 2007; McEvoy et al.

2008).

The anti-predator behavior of the ringtail has been little

studied. However, it is preyed upon by both the red fox and

lace monitor (Triggs et al. 1984; Jessop et al. 2010), and its

use of dreys—nest-like constructions of leaves and twigs—

for shelter has been interpreted as both a warning to and

escape strategy against arboreal predators, such as the

monitor (Russell et al. 2003; Lindenmayer et al. 2008). As

ringtail occupancy and density are unaffected by fox

presence over large areas (J. Anson, unpublished data), it

has clearly survived the initial impact of fox arrival and has

probably been subject to strong subsequent selection to

distinguish and avoid this predator (Kovacs et al. 2012).

The ringtail now persists with both predators over most of

its range on the Australian mainland, but it occurs in the

absence of the monitor over much of western Victoria.
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Fecal odors likely provide useful cues to the presence and

predation risk posed by both predators because both pre-

dators defecate throughout their ranges rather than at dis-

crete latrines (Macdonald 1980; King and Green 1999),

while the ringtail has well-developed olfactory lobes and

uses olfaction to distinguish among individuals (Walker

and Croft 1990).

In the light of these observations, our specific aims are

to test three hypotheses. We predict that the common

ringtail possum will show:

1. generally aversive responses to the fecal odors of the

red fox and the lace monitor, but not to other pungent

odors or to neutral odors;

2. increasing aversion to the odor of the fox in localities

of increasing fox impact;

3. aversion to the odor of the lace monitor in localities

where the two species co-occur, but little or no

aversion where they are allopatric.

We assumed that fox impact—and selection pressure—

on the ringtail would be related to the length of time the

predator had occurred in a locality and to its density while

present.

Methods

Study species

The common ringtail is a small (700–900 g) folivorous

possum that feeds largely on eucalyptus leaves. The species

is primarily arboreal, but animals are often active on or

near the forest floor and occupy small home ranges cov-

ering 0.02–0.05 ha (Smith et al. 2003; Van Dyck and

Strahan 2008). The lace monitor is a carnivorous tree

goanna that hunts by day in both the terrestrial and arboreal

environments (Weavers 1989). Weighing on average 7 kg,

but reaching up to 14 kg in an altered habitat with human

food subsidies, this species is the second largest carnivore

in eastern Australia (Weavers 1988; Guarino 2001). The

ringtail is a key component of its diet, representing over

60 % by volume of ingested prey in some areas (Jessop

et al. 2010); monitors can remove nesting ringtails directly

from tree hollows and dreys. The red fox (Vulpes vulpes)

was first introduced to southern Victoria for hunting pur-

poses in 1845, but did not become established in the state

more broadly until about 1880 (Abbott 2011). The fox has

therefore co-existed with ringtails in some parts of the

latter species’ range for approximately 130 years, or [60

ringtail generations. It achieved formal pest status in Vic-

toria in 1894 and is now a serious agricultural pest over

most southern parts of the continent (Saunders et al. 2010).

This novel predator has broadly negative impacts on native

vertebrates via direct predation and, probably, competition

(Banks et al. 2000; Short et al. 2002; Glen and Dickman

2005, 2008; Olsson et al. 2005; Glen et al. 2009; Ritchie

and Johnson 2009), with the ringtail forming a large part of

its diet in some areas (Triggs et al. 1984). Both predators

are mobile and occupy ranges that potentially overlap those

of many ringtails.

Study sites

We chose three coastal study sites in south-eastern Aus-

tralia with populations of common ringtail possums: Cape

Conran (East Gippsland), Point Lonsdale (Bellarine Pen-

insula) and Phillip Island (Western Port) (Fig. 1). Sites

were chosen to represent the different geographical ranges

of the two predators and allow testing of the three

hypotheses. These sites also have very few or no native

mammalian predators; the spotted-tailed quoll (Dasyurus

maculatus) may occur in small numbers at Cape Conran

but not at the other two sites.

Cape Conran Coastal Park (CCCP) is located in far East

Gippsland (37�480S, 148�520E). Our 13,000-ha site was

established as a protected area in 1997 and is a mosaic of

coastal heath, banksia woodland and lowland forest. Both

lace monitors and foxes are present, the fox probably

arriving and establishing after 1900 (Abbott 2011). Fox

baiting has occurred since 1998 throughout parts of the

park, with ‘1080’ (sodium monofluoroacetate) baits

deployed on a regular basis by the Southern Ark fox

management program (Murray et al. 2006). Due to its

widespread distribution, baiting is aimed at fox suppression

rather than complete eradication, so that densities are kept

well below 1 fox km-2 (Diment 2010).

Point Lonsdale is a coastal community located on a

rocky outcrop at the south-eastern end of the Bellarine

Peninsula, approximately 100 km south of Melbourne

(38�170600S, 144�360800E). The site covers 4,000 ha and is

bordered by both semi-urban and agricultural land. The

habitat is fragmented due to urbanization but retains sub-

stantial remnant vegetation and dense clusters of coastal tea

tree (Leptospermum laevigatum) that provide a good hab-

itat for ringtails (How et al. 1984). Point Lonsdale is out-

side the geographical range of the lace monitor. Foxes were

first recorded here in 1845 but probably established around

1878–1881 (Abbott 2011); they are now abundant ([1

fox km-2) and widespread and have not been subject to

any management.

Phillip Island is located 140 km south-east of Mel-

bourne (38�28060S, 145�13060E). This island covers

10,000 ha and is located in Bass Strait (south and west

coast) and Western Port Bay (north coast). The landscape

consists of cleared grazing land, remnant and revegetated

forest, estuarine vegetation, coastal heath and urban areas.

Oecologia (2013) 171:367–377 369

123



Phillip Island is connected to the mainland via a perma-

nent artificial bridge. The lace monitor is not present as

Phillip Island is outside its geographical range. The red

fox was first recorded on the island in 1907 (Gliddon

1968) and has been subject to control efforts since the

1930s. Baiting maintains the population island-wide at

very low levels of just 15–30 breeding pairs (Berry and

Kirkwood 2010).

In terms of testing hypothesis (2), fox impact was

expected to be greatest at Point Lonsdale, intermediate at

Cape Conran and least on Phillip Island, thus forming a

cline in impact strength. The contrasting sympatry of

ringtails and monitors at Cape Conran and allopatry at the

other sites allowed testing of hypothesis (3).

Experimental design

Experimental manipulations were carried out at each site

using four odors: a procedural non-odor control (distilled

water); a chemical pungency control (1 part cologne to 5

parts distilled water); odors from the introduced predator

(fox) and native predator (lace monitor), respectively.

Predator odors were obtained by liquidizing freshly col-

lected fecal material with distilled water in a ratio of 1 part

feces to 5 parts water. The chemical pungency control was

expected to provide a non-predator odor and allow us to

distinguish whether odor-responses by ringtails were spe-

cific to predator odors or simply responses to strong odor

per se.

Ringtails were located in situ in each study site on

branches in low trees and shrubs using hand-held variable

100-W spotlights (Faunatech, Victoria, Australia) from 1 to

6 h after sunset when the animals were active. After dis-

covery, each individual was approached slowly under low

light to reduce further disturbance. A 2-m pole with an

odor-soaked cloth at the end was raised slowly and held

steady in a fixed position at the face level of the animal for

30 s. A pilot trial showed that if individuals responded to

an odor it would occur within this timeframe. Separate

poles were used for each odor to ensure no cross-contam-

ination of scents, and at all sites each odor was deployed to

ten different ringtail possums (n = 40 ringtails per site). To

ensure independence, home ranges were not sampled again

once an individual had been used in an odor trial. We

recorded observations digitally during each response trial

and also noted the time, height and vegetation type where

each animal was observed. Trials were not conducted

during full moon or on nights immediately preceding or

Fig. 1 Map of western Victoria, Australia, showing study sites at Cape Conran Coastal Park, Point Lonsdale, and Phillip Island. Inset Location

of the study region in Australia
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following a full moon, or on nights with high wind speeds

(Wayne et al. 2005a, b) in order to reduce the possibility

that unfavorable environmental conditions might alter

behavior through increasing predation risk. All trials were

completed between November 2010 and February 2011.

Data analysis

A two-step analysis was used to assess the responses of

ringtails to the experimental odor manipulations. These

steps quantified ringtails’ responses to the initial approach

of the observer, and then to the non-predator (odor control)

and predator cues (recognition and response). As our

approach to animals could be interpreted as a stimulus, we

first wanted to test whether our presence introduced any

systematic bias into their subsequent responses to the

experimental odors. Digital recordings were used initially

to categorize each individual’s posture upon our approach

into three escalating levels, termed ‘aware’, ‘alert’ and

‘alarmed’. An individual was categorized as aware if it

looked towards the observer and continued to hold its body

parallel with the branch it was detected upon and to pursue

the activities that it was engaged in when first seen. Indi-

viduals were scored as alert if they stopped engaging in an

activity when they were first detected and raised their body

to an angle of 45� or more, and they were scored as

alarmed if they raised their forelimbs and prepared to flee.

We used generalized log-linear modeling (GLM) and

Pearson v2 tests of independence to determine whether

these initial postures differed between study sites or odor

treatments.

Secondly, to describe the responses of ringtails to the

four different odors, we again used our digital recordings

to score 11 types of behavior in the broad categories of

‘movement’, ‘alertness’ and ‘other’ (Table 1). We used

J-Watcher (ver. 1.0) to tally the frequency of discreet

behaviors and measure the duration of continuous

behaviors (Blumstein and Daniel 2007). To test hypoth-

esis (1) we compared the behavioral responses of ringtails

to the four different odors pooled across all study sites.

We tested hypotheses (2) and (3) by comparing the

responses of ringtails to the odors of fox and lace mon-

itor, respectively, between the study sites. Generalized

linear modeling again was used to analyze behavioral

responses, with discreet behaviors compared using mul-

tinomial GLM and Pearson v2 tests of independence and

the single continuous variable (response time, or time to

flee) analyzed using linear GLM with pairwise compari-

sons for different odors within and between sites. Addi-

tionally, we compared discrete behaviors displayed by

animals to the two control odors and the two predator

odors using multinomial GLM. All tests were carried out

using SPSS ver.15.0 (SPSS 2006).

Results

Initial responses

The initial posture of individuals upon approach suggested

high awareness but very little perception of risk. Thus,

76 % of individuals were scored as ‘aware’ and 24 % as

‘alert’, with no individuals recorded in the ‘alarm’

posture. The distribution of these postures was consistent

among trials, with no differences detected between sites

(GLM: v2
2 = 2.95, P = 0.229) or odors (v2

3 = 0.656,

P = 0.418).

Responses to odors

In terms of the time taken for them to flee, ringtails

responded to the four odors very differently (GLM:

v2
3 = 134.25, P \ 0.001). While the mean time to flee was

slow and almost identical for the two control odors (26.6 s;

P = 0.95), by (Varanus varius); comparison animals fled

3.8-fold more rapidly when exposed to fox odor and 3.1-

fold faster in response to the odor of lace monitors (Fig. 2).

Comparisons across sites revealed no difference in the time

taken for ringtails to respond to fox odor (GLM:

v2
2 = 3.332, P = 0.189) (Fig. 3). There was also no dif-

ference in response time to lace monitor odor between sites

(GLM: v2
2 = 0.773, P = 0.679) or in the time that ringtails

Table 1 Ethogram of the behavioral responses of common ringtail

possums (Pseudocheirus peregrinus) to predator odors

Behavior

category

Description

Movement

Flee Time taken to flee from odor

Up Upwards direction of movement into tree canopy

Down Downwards direction of movement into understorey

Sideways Sideways direction of movement into midstorey

Turn Turn body away from odor

Speed Category of speed of fleeing motion (motionless,

walk, run)

Alertness

Initial

posture

Category of posture upon initial approach

Final posture Category of posture upon cessation of odor exposure

(aware—body parallel with branch, alert—body at

45� angle, alarmed—body upright, forelimbs

raised)

Other

Investigation Sniff, hold onto or lick odor deployment device

Feeding Commence or continue feeding during odor

deployment

Vocalization High pitched chirping during odor deployment
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took to respond to the two predator odors within each site

(CCCP: GLM: v2
1 = 0.278, P = 0.598; Phillip Island:

GLM: v2
1 = 1.102, P = 0.294; Point Lonsdale (GLM v2

1 =

2.667, P = 0.102).

In terms of discreet behavioral responses by the ringtail

to odor, there was only one difference in all the between-

site comparisons (Table 2). A significant difference was

found between sites in the posture of ringtails at the ces-

sation of their exposure to fox odor (GLM: v2
4 = 19.741,

P = 0.001), with 60 % of individuals at CCCP in the

‘alarmed’ category after exposure to fox odor, compared

with no individuals at either Point Lonsdale or Phillip

Island. There were several differences in discrete behaviors

between the two control odors and the two predator odors,

with very marked increases observed in escape behaviors

in the presence of predator odor, including the direction

and speed of movement and alertness at cessation of

exposure to the odor (Table 3).

Discussion

The results of our study suggest that common ringtail

possums have retained specific anti-predator responses

towards the olfactory cues of an ancestral predator and that

Fig. 2 Pooled response times [seconds ± standard error (SE)] of

common ringtail possums (Pseudocheirus peregrinus; n = 120)

across Victoria to each of four olfactory cues (n = 30): chemical

pungency control, procedural control and fox (Vulpes vulpes) and lace

monitor (Varanus varius; goanna) fecal odor

Fig. 3 Response times (seconds ± SE) of common ringtail possums

(n = 60) to lace monitor (goanna) and fox odors at three sites that

vary in coexistence histories with these two predator archetypes with

respect to fox introduction and management and geographical range

of the goanna: Cape Conran Coastal Park (fox suppression and

goanna sympatry), Phillip Island (fox suppression and goanna

allopatry) and Point Lonsdale (no fox suppression and goanna

allopatry)

Table 2 Behavioral responses of common ringtail possums to dis-

crete predator odors compared between three study sites in Victoria

(Cape Conran Coastal Park, Point Lonsdale and Phillip Island) using

Pearson v2 tests of independence

Odor Behavior df v2 P value

Goanna Direction of movement 8 8.69 0.369

Goanna Speed of movement 4 0.505 0.973

Goanna Investigation 2 1.25 0.535

Goanna Feeding 2 4.286 0.117

Goanna Initial posture 2 2.386 0.303

Goanna Final posture 2 1.071 0.585

Fox Direction of movement 8 6.354 0.608

Fox Speed of movement 4 5.634 0.228

Fox Investigation 2 0.28 0.869

Fox Feeding 2 2.17 0.338

Fox Vocalization 2 2.399 0.301

Fox Initial posture 2 4.092 0.129

Fox Final posture 4 19.741 0.001

Table 3 Discrete behavioral responses of common ringtail possums

to pooled predator versus control odors pooled across three study sites

in Victoria (Cape Conran Coastal Park, Point Lonsdale and Phillip

Island) using multinomial generalized linear modeling

Behavior df v2 P value

Movement

Flee 1 46.462 \0.001

Initial direction 1 41.830 \0.001

Secondary direction 1 43.999 \0.001

Turn 1 3.538 0.060

Speed 1 43.027 \0.001

Alertness

Initial posture 1 0.070 0.792

Final posture 1 4.471 0.034

Investigation

Sniff 1 2.739 0.098

Grab 1 0.708 0.400

Lick 1 2.995 0.084

Other

Feeding 1 0.189 0.663

Vocalization 1 0.91 0.340
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they have developed anti-predator responses towards the

olfactory cues of an evolutionarily novel predator. Upon

discovery, ringtails were either aware of, or alert to, our

presence; while animals looked towards us, perhaps to

monitor the level of threat that we represented, none fled.

Upon presentation with the two odor-control stimuli,

ringtails continued to exhibit very little response. Most

animals simply ceased foraging and maintained their initial

posture or oriented themselves towards the stimulus while

remaining apparently unthreatened. In several instances,

ringtails continued to forage or showed investigative

behavior, holding onto the pole or the cloth, sniffing and

even on occasion licking the pole. In contrast, the odors of

both lace monitor and fox elicited strong anti-predator

responses. In almost all instances, ringtails immediately

stopped foraging to engage in vigilance and escape strat-

egies, with alarm calling employed on three occasions in

addition to these other behavioral responses (Table 3).

There was little difference in behavioral response to the

odor of either predator, even though ringtails might be

expected to escape foxes most readily by climbing up and

to escape monitors by freezing or moving to thin twigs that

could support their weight but not that of the more massive

predator. Taken together, these findings provide strong

support for our first hypothesis.

With respect to our second hypothesis, we predicted that

ringtails would show varied levels of response to red fox

odor that would be calibrated by the level of fox impact

that had been experienced by animals across the study

sites. This hypothesis was not supported. On the one hand,

there was a trend for animals to flee more quickly when

exposed to fox odor at the most strongly fox-impacted site

(Point Lonsdale) than at the less impacted sites (Fig. 3), as

we had predicted. However, the trend was not significant;

post hoc power analysis (Cohen 1988) indicated that a

doubling of the sample size would be needed to achieve a

significant effect at the 5 % level, suggesting that—even if

real—any grading of response by ringtails to fox impact

would be weak. On the other hand, the lack of response to

fox odor in all but one of the discreet categories of behavior

(Table 2) and the high level of alarm shown by ringtails to

fox odor at Cape Conran, but not at the other two study

sites, were entirely inconsistent with our second

hypothesis.

There are several possible reasons why ringtails showed

generally invariant levels of response to fox odor across

sites. Firstly, ringtails may show a general avoidance of

canid odor owing to their relatively long (4,500 year) co-

occurrence with the Australian ‘native dog’, or dingo

(Canis lupus dingo). Although this predator is rare in

Victoria due to continuous persecution from humans, it

includes ringtails in its diet at low but consistent frequen-

cies (Brown and Triggs 1990; Glen et al. 2006, 2011).

However, Banks et al. (2003) argued that wild dog feces

were likely to be too sparse to provide reliable indicators of

predator encounter and demonstrated that native Australian

bush rats did not avoid the feces of domestic dogs. In

addition, the fear-inducing chemical constituent of fox

feces—2,4,5-trimethyl-thiazoline—(Vernet-Maury 1980)

is absent from the feces of dogs (Arnould et al. 1998),

perhaps allowing ringtails to distinguish between the two

predators. These observations do not preclude the possi-

bility that ringtails show general avoidance of canid fecal

odors, but we consider this explanation unlikely.

Secondly, the impacts of predators can be mediated by

habitat structure. Preference by prey for structurally com-

plex habitats can represent general habitat-based avoidance

behavior irrespective of predator type (Sutherland and

Predavec 1999; Stokes et al. 2004). In our study, however,

we are confident that the perception of predation risk by

ringtails was not unduly influenced by habitat structure.

Habitats were very similar throughout our study sites, with

ringtails in each site showing a particular preference for

complex mid- and under-storey habitats.

Thirdly, we assumed that animals that had been subject

to limited fox impact would be more naı̈ve to this novel

predator than animals in sites with a longer fox presence

and higher densities. Naiveté towards fox odor has previ-

ously been demonstrated in several Australian mammals,

including bush rats (Banks 1998; McEvoy et al. 2008),

antechinuses (Russell and Banks 2007), hare-wallabies

(McLean et al. 1996), quolls (Jones et al. 2004) and

tammar wallabies (Griffin et al. 2001), and we therefore

expected the ringtail possum also to be relatively fox naı̈ve

at sites where its exposure to the fox had been limited. It is

possible, however, that fox density and impact on prey may

be decoupled due to certain aspects of fox behavior, such

as surplus killing (Kruuk 1972). In this case, the per capita

effect of foxes on prey increases as fox density falls

because prey that are surplus to the predators’ energetic

requirements are killed anyway and cached (Short et al.

2002). Even single foxes can rapidly deplete small popu-

lations of naı̈ve prey and thus exert strong selection for

anti-predator behavior (Short et al. 2002; Dickman 2012).

Rapid evolution of behavioral responsiveness to a novel

predator has been demonstrated previously, with native

black snakes (Pseudechis porphyriacus) developing

behavioral adaptations to the invasive cane toad (Bufo

marinus) within 70 years of the latter’s introduction to

Australia in 1935 (Phillips and Shine 2006). Studies of

island populations also have demonstrated potential plas-

ticity or rapid evolution of behavioral traits in response to

novel predators. Island foxes Urocyon littoralis subject to

predation by invasive golden eagles (Aquila chrysaetos)

rapidly shifted their activity patterns (Hudgens and Garc-

elon 2011), while New Zealand island birds responded
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quickly to novel predatory mammals with behavioral

changes in parental care (Massaro et al. 2008). In all of

these studies, prey have responded within a few genera-

tions to strong predator-induced selection; we suspect this

has occurred here with ringtails.

Our third hypothesis also received no support. We pre-

dicted that ringtails would be less sensitive to the fecal

odors of the native lace monitor outside the predator’s

geographical range than where the two species co-occur.

However, ringtails fled quickly when presented with

olfactory cues of the monitor in all sites, despite the allo-

patric occurrence of populations at Point Lonsdale and

Phillip Island. This result can be interpreted in several

ways: (1) ringtails show aversive behavior generally to

predator odors; (2) aversive behavior is maintained by the

presence of similar predator archetypes; (3) monitors and

ringtails have co-occurred at all our study sites until so

recently that ringtails still retain specific aversive behavior

to monitors. We discuss these possibilities below and

suggest that the latter two interpretations are probably most

applicable.

Although ringtails showed similar avoidance of the fecal

odors of fox and lace monitor, these odors are quite dif-

ferent to the human nose; given the well-developed powers

of olfactory discrimination of P. peregrinus (Walker and

Croft 1990) and the ability of animals in our study to

distinguish between predator and strong control odors, it is

plausible that ringtails should also be able to distinguish the

two predator odors. It is more likely that monitor fecal odor

is similar to that of other ringtail predators that occur in our

study sites. These could include forest owls, such as the

powerful owl (Ninox strenua), which hunts ringtails as a

major prey species in southern Victoria (Cooke et al.

2002). If so, this could represent an example of the multi-

predator hypothesis, with ringtails showing aversive

behavior towards monitor odor because of persistent

pressure from olfactorily similar predator types (Blumstein

2006). Future work could resolve the generality of ringtail

responses to predator odor by running tests of animals’

responses to smaller and non-threatening sympatric pre-

dators, such as phascogales (Phascogale tapoatafa) or

larger allopatric predators.

The past distribution of the lace monitor is not known,

but spatial modeling suggests that this species can occupy

diverse habitats in Victoria and would likely have occurred

more broadly before disturbance and fragmentation of its

preferred woodland habitats (Poodat et al. 2011). We do

not know whether it once occurred at or near Point Lons-

dale or the Bellarine Peninsula, but this possibility seems

likely. In addition, gene flow between ringtails in previ-

ously continuous forest (Lancaster et al. 2011) may have

been sufficient to maintain some level of recognition of

lace monitors even in sites where monitors did not occur.

Behavioral responses towards ancestral predators have

been retained similarly in the Californian ground squirrel

(Otospermophilus beecheyi), which recognizes snakes as

potential predators after 70,000–300,000 years of isolation

(Coss 1999), and in marine iguanas (Amblyrhynchus cri-

status) over even longer periods (Berger et al. 2007).

Likewise, deer mice (Peromyscus maniculatus) on islands

previously inhabited by island foxes (Urocyon littoralis)

still display aversion to fox odor, whereas rodents on his-

torically fox-free islands do not (Orrock 2010). In many of

these situations, the costs of maintaining anti-predator

behaviors may be small and offset further if they reduce

impacts from other predators. However, such responses are

not uniform. Island primates (Simias concolor) exposed to

ancestral predator cues may respond to the novel stimulus

but not with specific anti-predator behaviors (Yorzinski and

Ziegler 2007). Geckos also respond to sympatric predators

rather than allopatric ones, with this response driven by the

coevolution of prey behavior and predator foraging tactics

rather than the loss of ancestral traits (Downes and Shine

1998).

One limitation of our study may have been in using only

olfactory cues. Martin et al. (2010) found that roach

(Rutilus rutilus) avoidance behavior changed between

olfactory and visual cues, suggesting a difference between

perceiving versus locating a threat. Evolutionary and eco-

logical naiveté in prey can prevent predator recognition and

the mounting of appropriate anti-predator behaviors. If

specific anti-predator responses differ between perception

and location, olfactory studies may be important in estab-

lishing a species’ capability in recognizing a predator, but

insufficient to establish specific anti-predator behaviors. It

is difficult to gauge if ringtails are employing appropriate

behaviors to specific predators; if they are not, this may

explain the lack of differentiation in discrete behavioral

responses to predator cues (Table 2). Nevertheless, we

have established that predator recognition occurs in this

marsupial to both novel invasive and native predators

regardless of their evolutionary history or geographical

range.

The direct effects of invasive predators in Australia

have contributed to the extinctions of several species of

native vertebrates (Saunders et al. 2010), and the con-

sumptive effects of these predators on extant species

remain stronger that those on prey in other parts of the

world (Salo et al. 2007). While prey naiveté provides a

partial explanation for this, our results suggest that ring-

tails are no longer naı̈ve and have rapidly developed anti-

predator behavior which is similar to that shown towards

a key native predator. Strauss et al. (2006) predicted that

common and widespread native species would be more

likely than rare or localized species to survive the initial

impact of an invasive predator and then would be subject
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to strong selection to avoid it. Our results are consistent

with the prediction of a widespread species undergoing

selection to resist an invasive predator, and would further

benefit from comparison with the responses shown by

more localized species. From a conservation perspective,

understanding the rate of behavioral adaptation by prey to

novel predators is of great importance, and one that

requires further research across a broad range of prey

species.
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