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Abstract
Prey may have ontogenetic experience, evolutionary experi-
ence, or both types of experiences with their predators and
how such experiences influences their ability to identify their
predators is of great theoretical and applied interest. We cap-
italized on predator-free exclosures containing populations of
native burrowing bettongs (Bettongia lesueur) and introduced
rabbits (Oryctolagus cuniculus) that ensured we had knowl-
edge of our subjects’ ontogenetic experiences with predators
and asked whether evolutionary experience influenced their
visual predator discrimination abilities. Rabbits evolved with
red foxes (Vulpes vulpes) and wolves (Canis lupus) but had
less than 200 years of prior exposure to dingoes. The rabbit
population we studied had been exposed to dingoes (Canis
dingo) and foxes 8 months prior to our study and had height-
ened responses to red fox models, but not dingo/dog (Canis
dingo/Canis familiaris) models. The insular burrowing
bettong population had no ontogenetic exposure to mammali-
an predators, brief evolutionary exposure to domestic dogs
and possibly dingoes, and a deeper evolutionary history of
exposure to thylacines (Thylacinus cynocephalus)—another
large mammalian predator with convergent body morphology

to dingoes/dogs but no evolutionary or ontogenetic exposure
to foxes. Bettongs showed a modest response to the dingo/dog
model and no response to the fox model. These results are
consistent with the hypothesis that deep evolutionary history
plays an essential role in predator discrimination and provides
support for the multipredator hypothesis that predicts the pres-
ence of any predators can maintain antipredator behavior for
other absent predators.

Significance statement
Prey may have ontogenetic experience and or evolutionary ex-
perience with their predators. How such experiences influence
prey species’ ability to identify their predators is of significance
to theory on the evolution of antipredator response and to im-
prove the success of translocations and reintroductions for con-
servation purposes which often fail because of predation on
predator naïve prey. Here, we show that prey recognition for
two prey species with limited or no ontogenetic exposure to
predators, rabbits, and burrowing bettongs was greatest toward
the predator to which they had the longest period of coevolu-
tion. The results are consistent with the hypothesis that evolu-
tionary history plays an essential role in predator discrimination
and provides support for the multipredator hypothesis that pre-
dicts the presence of any predators can maintain antipredator
behavior for other absent predators.

Keywords Antipredator behavior . Visual predator
discrimination .Multipredator hypothesis

Introduction

Prey may have ontogenetic experience, evolutionary experi-
ence, or both types of experiences with their predators. How
such experiences influence prey species ability to identify
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predators is of considerable theoretical and applied interest
(Cox and Lima 2006; Carthey and Banks 2012).
Theoretically, we need to better understand the conditions that
lead to the maintenance or loss of predator discrimination
abilities and antipredator behavior under relaxed selection that
occurs when a historically important predator is no longer
present (Lahti et al. 2009). This loss can happen through ex-
tinctions of historically important predators, range shifts, and
isolation on islands (e.g., Blumstein 2002).

From a practical perspective, we need to understand how
predator naïveté works to better understand the consequences
of predator introductions and reintroductions as well as to
understand how to improve the success of translocations and
reintroductions for conservation which often fail because of
predation on predator-naïve prey (Moseby et al. 2015).
Indeed, predation by introduced predators, especially mam-
malian predators, is a major factor responsible for the extinc-
tion of wild vertebrate populations and the failure to success-
fully reintroduce endangered vertebrates in many parts of the
world (King 1984; Savidge 1987; Biggins et al. 1999;
Johnson 2006; Moseby et al. 2011).

The Australian mammal fauna has had a long exposure to
mammalian predators including thylacines (Thylacinus
cynocephalus), Tasmanian devils (Sarcophilus harrissii)
quolls (genus Dasyurus), and more recently (from about
3000 yBP), dingoes (Canis dingo) (Letnic et al. 2012a, b).
However, native mammals, especially ground-dwelling mam-
mals in the arid zone within a critical weight range (35–
5500 g) have experienced massive population reductions or
extinction in the last 200 years following the introduction of
novel mammalian predators: feral cats (Felis catus) and red
foxes (Vulpes vulpes) (Burbidge and McKenzie 1989;
Johnson and Isaac 2009).

Endangerment of Australian mammals has been attributed
in part to prey naïveté, the failure of an animal to mount an
effective antipredator defense. Prey naïveté has multiple
levels, which are dependent on the level of experience with
a predator (Banks and Dickman 2007). The highest level of
naïveté is firstly a failure to recognize a predator. Secondly, a
naïve animal may recognize a predator but respond incorrectly
to evade attack. Finally, a naïve animal may respond correctly
but still fail to evade capture. Strong selection imposed by
predators may quickly drive prey population through the
levels of prey naïveté and thus enhance prey species abilities
to recognize and evade predators (Anson and Dickman 2013).

Antipredator responses exist on a continuum between
Bhardwired^ responses that are effective on first contact with
a predator and entirely learned behaviors that require experi-
ence (Kats and Dill 1998; Berger et al. 2001). The longevity
and strength of evolutionary experience with a specific preda-
tor may influence the degree to which the response is hard-
wired (Griffin et al. 2000; Tortosa et al. 2015). Thus, ontoge-
netically naïve animals may still display antipredator behaviors

when exposed to cues associated with the presence of a
coevolved predator for the first time (Blumstein 2006).
However, because it is difficult to control for the lifetime ex-
perience of predators in populations of wild prey, isolating the
evolved response can be problematic.

We capitalized on populations of endangered burrowing
bettongs (Bettongia lesueur) and introduced European rabbits
(Oryctolagus cuniculus) living within predator-free exclosures
with known ontogenetic experiences with predators to ask the
question if evolutionary experience with predators (for the
bettongs, limited experience of dogs/dingoes and no exposure
to red foxes; for the rabbits, a long period of coevolution with
red foxes and more recently, dingoes) predict visual predator
discrimination abilities. To answer this question, we filmed the
behavior of bettongs and rabbits at experimental feeding sta-
tions at which we had placed models (Fig. 1) of dingoes/dogs,
red foxes, kangaroos (a harmless herbivore to which both spe-
cies have ontogenetic exposure) and a procedural control.

Methods

Study site

We studied bettongs and rabbits within the Arid Recovery
reserve, a 123-km2 complex of predator-free exclosures in
central South Australia (Moseby et al. 2009) in the Austral
spring of 2014 (30° 22′ S, 136° 54′ E). At the time of our
study, the reserve comprised six paddocks. Four of these pad-
docks contained a total population of more than 2000

Fig. 1 Three-dimensional models used to represent a dingoes/dogs, b
kangaroos, c foxes, and d the control. Dingoes/dogs and foxes are pred-
ators and the kangaroo is a non-threatening species with which bettongs
and rabbits have coexisted at Arid Recovery. Note pictures are not to scale
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burrowing bettongs but no rabbits or mammalian predators.
Two of the paddocks contained rabbits but no burrowing
bettongs. Dingoes and foxes were eliminated from the pad-
docks containing rabbits in early 2014, and cat populations
were present in these two paddocks at low numbers at the time
of the experiment.

Study species

Burrowing bettongs

Burrowing bettongs are small, nocturnal marsupials (body mass
800–2000 g) unique among Macropodoidea as the only species
to construct and live in burrows (Short andTurner 1993). Prior to
European settlement, bettongs were widespread across the
Australian continent, but natural populations are now limited to
three islands off the coast ofWestern Australia (Short and Turner
2000). The bettongs introduced to Arid Recovery in 1999–2001
were captured from wild populations on Bernier Island and
Heirisson Prong (a translocated population from Dorre Islands
in Western Australia, Finlayson and Moseby 2004).

These island populations of bettongs have had limited
contact with mammalian predators because the islands
were isolated from the mainland about 8000 years ago
due to rising sea levels (Short et al. 1997). Prior to isola-
tion, these animals would have been exposed to marsupial
predators, thylacines, and western quolls (Dasyurus
geoffroyii; Letnic et al. 2012a, b). However, at the begin-
ning of the twentieth century, the bettongs were known to
have been exposed to domestic dogs (Canis familiaris) for
at least 10 years when the source islands were used as a
hospital and also when livestock grazing was conducted
on the islands (Shortridge 1910; Stringmore 2010).
During this time, dogs were brought to the island as work-
ing dogs for livestock production and as companions and
pets for the Aboriginal people who hunted bettongs
(Shortridge 1910; Stringmore 2010). Thus, it is likely that
the islands’ bettongs were hunted by dogs accompanied
and unaccompanied by people as is typically the case
around human settlements where dogs are not restrained
(Vanak and Gompper 2009). It is also possible that
Aboriginal people accompanied by dingoes visited the
islands from time to time during the Holocene, as other
similarly isolated islands off the Western Australian coast
have documented archeological evidence of human habi-
tation (Dortch and Morse 1984), but no surveys of prehis-
toric archeology have been undertaken on Bernier and
Dorre Islands (Stringmore 2010). Non-mammalian preda-
tors also depredate bettongs on the source islands and at
Arid Recovery, including eagles (Aquila audax ,
Haliaeetus leucogaster) and monitor lizards (Varanus
spp.) (Short and Turner 1999).

European rabbits

European rabbits were introduced to Australia in the nine-
teenth century. Rabbits are primarily nocturnal, although
sometimes active during the day (Lombardi et al. 2003).
Rabbits invaded arid South Australia in the late nineteenth
century and now occupy most of the former range of
burrowing bettongs (Robley et al. 2001). Rabbits evolved
with red foxes within their native range as well as wolves—
a dingo congener. The rabbit population we studied at Arid
Recovery was contained within exclosures that were free of
red foxes and dingoes at the time of the study but had
contained foxes and dingoes as recently as 8 months earlier.
Rabbits are the primary prey of both foxes and dingoes in the
region of arid Australia where the study was conducted
(Cupples et al. 2011). Because juvenile rabbits in our study
area emerge from warrens in August and September and pop-
ulations in the austral spring (September–November) are
dominated by young of the year (Bowen and Read 1998),
we assume that most of the rabbits at Arid Recovery at the
time of our study (August–November) had not been exposed
to dingoes or foxes. However, rabbits that were more than
8 months old at the time of the study may have had ontoge-
netic exposure to both dingoes and foxes. Nonetheless, despite
variation in the ontogenetic exposure of rabbits at Arid
Recovery to predators, rabbits have had a long period of evo-
lutionary exposure to red foxes in Europe and Australia and a
shorter (<150 years) period of coevolution with dingoes since
their introduction to Australia. Other predators known to prey
upon rabbits present in the exclosures of Arid Recovery are
feral cats, eagles, and varanid lizards.

Methods

Experimental rationale

To determine if evolutionary experience with predators can
predict prey species visual predator discrimination abili-
ties, we filmed prey species behavior at experimental feed-
ing stations at which we placed models of dingoes/dogs,
red foxes, kangaroos, and a procedural control. If the du-
ration of coevolution with predators influenced their ability
to recognize predators, we would expect that rabbits should
have a larger antipredator response to red foxes than to
dingoes/dogs, and that the Arid Recovery burrowing
bettongs should show greater responses to dingoes/dogs
than red foxes. If burrowing bettongs or rabbits recognized
dingoes/dogs or foxes as a threat, we expected that they
should have greater responses to the predator models than
kangaroos, a harmless herbivore with which they have had
ontogenetic exposure to at Arid Recovery and to our pro-
cedural control, which was a metal post of similar height
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(4 cm wide) as our dingo/dog and kangaroo models. It was
not possible to record data blind because our study in-
volved focal animals in the field.

Data collection

We established feeding stations >100 m apart on sand dunes,
prime habitat for both species, to control for variation in the
surroundings, which can influence an animal’s perceived pre-
dation risk (Lima and Dill 1990; Schultz et al. 2004).
Burrowing bettongs readily dig through the sand to obtain
food, so for assays of bettong behavior, 100 g of oats was
evenly distributed through a 20-L bucket of sand that was
buried flush with the ground surface. Rabbits do not dig when
foraging, so for assays of rabbit behavior, oats were placed on
the surface of the sand, although for methodological consisten-
cy, the sand underneath the oats was disturbed using a shovel.

At each feeding station, we deployed motion-sensor night
vision cameras (Scoutguard KGV680V and Bushnell 8MP
Trophy Cam HD). Each feeding station was accompanied by
one predator or control model, placed ∼4 m from the food re-
ward. The choice of model deployed at each feeding station was
determined by a random number generator. Our models (Fig. 1)
included the following: dingo/dog (life-size Lucky Duck™ rub-
ber hunting decoys, body size 94 cm × 20.3 cm × 40.6 cm,
affixed to a post, with faux fur tails and glass eyes), red foxes
(life-size Lucky Duck™ rubber hunting decoys, body size
35.6 × 22.8 × 15.2 cm, affixed to a post, with faux fur tails
and glass eyes), a non-threatening kangaroo (a stationary 51-
cm tall hard resin garden statue by Garden Statues and
Ornaments, Australia: http://www.gardenstatuesandornaments.
com.au/), and a control treatment that consisted of pink
flagging on a metal post that, like the tails of the dingo/dog
and fox models, could move in the wind. To avoid habituation
to the feeding stations and models, each feeding station was
deployed for one night only. In total, we deployed a total of
161 feeding stations for rabbits and 147 for bettongs across 13
nights (3 in August 2014, and 10 in October/November 2014).
In many cases, and for a variety of reasons (human errors posi-
tioning or programming the cameras, battery failure, models
being knocked over, and birds consuming the food before our
target species had an opportunity to forage), the cameras only
operated for part of the night or failed completely and we were
thus unable to obtain or utilize the video footage.

Data analysis

We used generalized linear mixed models with a binomial
distribution to investigate if bettong and rabbit visitation to
feeding stations was dependent on the type of model placed
at the feeding stations. The response variable was visit (1) or
no visit (0). Because the experiments were conducted in

multiple paddocks and on multiple nights, paddock and night
were specified as random effects in the models.

To analyze bettongs’ and rabbits’ time budgets in response
to models placed at feeding stations, we focused on quantify-
ing the first minute of video footage of the first visit of a
bettong or rabbit to a feeding station. We did so because this
eliminated any variation in the potential food reward present
(which could influence responsiveness) and the influence of
previous visitation to foraging stations by conspecifics. We
developed an ethogram that focused on locomotion, foraging,
and vigilance and was suitable for both species (Table 1). We
then scored behavioral transitions using an event recorder
(Cowlog version 2.0; Hänninen and Pastell 2009). After scor-
ing, we calculated the proportion of time in sight allocated to
each behavior and then combined these into four categories.
BLow vigilance^ was comprised of feeding, locomotion, in-
traspecies interactions, and exploratory behaviors. BWary
approach^was a slow and cautiousmovement toward the feed
tray. BLooking^ comprised all activities where the animal
paused to acquire more information by moving its head about
their surroundings while not actively ingesting food. BEscape^
was scored when an animal fled the feeding tray. We also
quantified the duration of time that animals were BOut of
Sight,^ scored when an animal was out of view of the camera.

We fitted linear mixed effects models (LME) in SPSS v22
to test whether bettongs and rabbits allocated different
amounts of time measured as the duration or proportion of
time in sight to these composite behaviors as a function of
treatment. Because the response variables were not normally
distributed, we rank-transformed each variable prior to analy-
sis (Quinn and Keough 2002). Because the experiments were
conducted in multiple paddocks and on multiple nights, pad-
dock and night were specified as random effects in the models.
By design, we fitted LMEs for each variable and in instances
where the treatment effect was significant (P < 0.05), we cal-
culated planned comparisons for the difference in response to
each pair of stimuli using Fisher least significant difference
tests because each comparison was meaningful (Quinn and
Keough 2002). Thus, for all variables, we investigated the
planned contrasts dingo/dog vs. fox, dingo vs. kangaroo,
dingo/dog vs. control, fox vs. kangaroo, fox vs. control, and
kangaroo vs. control.

Results

Visits to stations

There was no effect of the models on visitation to feeding
stations (Table 2) by bettongs (F = 0.856, df = 3, 111,
P = 0.466) or rabbits (F = 0.332, df = 3, 158, P = 0.802).
Thus, both bettongs and rabbits were equally likely to visit
the stations regardless of the specific treatment present.
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Behavioral response to stimuli

Burrowing bettongs: Bettongs displayed a tendency to modify
the time they allocated to looking as a function of treatment
(F = 2.557, df = 3, 95.666, P = 0.060, Fig. 2a). The plot of
looking versus treatment (Fig. 2a) suggests that they spent
more time looking at feeding stations with dingo/dog models
than other models. Similarly, there was a weak, non-signifi-
cant, effect of treatment on bettongs’ allocation of time to
escape behavior (F = 2.231, df = 3, 95.792, P = 0.090;
Fig. 2b). However, again, the plot of escape behavior versus
treatment (Fig. 2b) suggests a trend toward bettongs allocating
more time to escape behavior in the presence of the dingo/dog
model. The experimental treatment had no effect on the
amount of time that bettongs allocated to wary approach
(F = 1.924, df = 3,98.08 P = 0.131; Fig. 2c), low vigilance
(F = 2.046, df = 3,96.190, P = 0.113), or the time they spent
out of sight (F = 1.817, df = 3, 96.326, P = 0.158).

European rabbits: Rabbits did not modify the time they
allocated to looking as a function of treatment
(F = 0.116, df = 3,85.351, P = 0.951, Fig. 3a). There
was a significant effect of treatment on the proportion of
time that rabbits allocated to escaping (F = 7.522, df = 3,
84.313, P < 0.001, Fig. 3b). Planned comparisons
(Fig. 3b) revealed that rabbits spent more time in escape
behavior with model foxes than they did at feeding sta-
tions with dingo/dog (Fishers LSD fox vs. dingo/dog,
P = 0.001) and kangaroo models (fox vs. kangaroo
Fishers LSD P = 0.001) or the control (Fishers LSD,
fox vs. control, P < 0.001). Treatment also explained
significant variation in the time rabbits were engaged in
wary approaches (F = 3.094, df = 3, 85.717, P = 0.031,
Fig. 3c). Planned comparisons (Fig. 3c) revealed that
rabbits spent more time in wary approach at feedings
stations with model foxes than they did at feeding sta-
tions with kangaroo models (fox vs. kangaroo Fishers
LSD P = 0.025) and the control (fox vs. control
Fishers LSD P = 0.006). There was no effect of treat-
ment for the time that rabbits spent in low vigilance
(F = 0.679, df = 3, 80.295, P = 0.568, Fig. 3d).
Finally, there was an effect of treatment on the amount
of time that rabbits spent out of sight (F = 3.197, df = 3,
82.367, P = 0.028, Fig. 3e). Planned comparisons
(Fig. 3e) revealed that rabbits spent more time out of
sight at feeding stations with fox models than with kan-
garoo models (fox vs. kangaroo Fishers LSD P = 0.020)
or the controls (fox vs. control Fishers LSD, P = 0.005).

Table 1 Ethogram used to classify behaviors of bettongs and rabbits

Behavior Category Behavior Description Vigilance category

Locomotion Fast approach Animal moves quickly and directly towards feed tray Low vigilance

Slow approach Animal moves slowly towards feed tray Wary approach

Fast retreat Animal retreats quickly from feed tray Escape

Slow retreat Animal retreats slowly from feed tray Low vigilance

Vigilant lateral movement Other movement (neither towards or away from feed tray)
while remaining observant

Looking

Relaxed lateral movement Other movement (neither towards or away from feed tray)
while not observing

Low vigilance

Foraging Vigilant feeding Animal chews with its head up and observing surroundings Looking

Relaxed feeding Animal eats with its head down without observing
surroundings. Also includes attempts to eat the feed tray.

Low vigilance

Vigilance Looking Sniffing or looking Looking

Interaction with environment Vigilant interaction with model Animal interacts with model (predator, non-threat or control)
while remaining vigilant

Looking

Relaxed interaction with model Animal interacts with model (predator, non-threat or control)
without remaining vigilant

Low vigilance

Interacting with conspecifics Interacting with conspecifics, including fighting and courtship Low vigilance

Interacting with other species Interacting with other species Low vigilance

Out of sight Out of sight Out of camera range Hide

The ethogram summarizes behaviors by type and classifies them into categories used to analyze responses to stimulus presentation

Table 2 The number foraging stations visited by bettongs and rabbits
by treatment

Control Dingo/dog Fox Kangaroo

Rabbit 22 (40) 24 (39) 25 (39) 25 (44)

Bettong 29 (33) 27 (28) 23 (26) 27 (28)

The number in parentheses indicates the total number of foraging trays
deployed in each treatment for the bettong and rabbit experiments for
which cameras functioned the entire night

Behav Ecol Sociobiol (2016) 70:1755–1763 1759



Discussion

The results of this experiment are consistent with the evolu-
tionary exposure hypothesis of prey naïveté. While both
burrowing bettongs and rabbits foraged on the supplementary
food provided at our treatments, both species, while visiting
the feeding stations, adjusted their antipredator behavior in the
presence of a predator with whom they shared a longer evo-
lutionary history but did not significantly adjust their behavior
when in the presence of a predator they have had a compara-
tively short period of coexistence with. However, it is impor-
tant to note that bettongs’ responses to the dingo/dog models
were weak in comparison to the rabbits’ responses to foxes.

The homogeneity between treatments in our visitation re-
sults indicates that neither bettongs nor rabbits responded to
the visual cues we presented by avoiding the area entirely.
Avoidance behaviors are predicted to have the greatest influ-
ence on the outcome of a potential predator interaction; how-
ever, due to the greater opportunity cost (as compared to

vigilance responses), they may be lost more readily under
relaxed selection (Barrio et al. 2010). Alternatively, previous
studies on rabbits have attributed a lack of avoidance response
to scale-sensitive antipredator behavior, where behaviors may
change at a larger scale than that studied (Barrio et al. 2010).

Instead of avoiding our sites entirely, rabbits and bettongs
adjusted their antipredator behavior when in the presence of a
predator with which they had greater evolutionary experience.
These findings accord with our a priori predictions and sug-
gest that rabbits and, to a lesser extent, bettongs were able to
distinguish the predator species with which they had the lon-
ger period of coevolution from the other models and were not
simply responding to the presence of the models regardless of
the species they represented or the difference in size between
the models.

Rabbits responded strongly to the fox models and tended to
spend more time in wary approach, escaping, and out of sight
at foraging stations where fox models were deployed. Indeed,
rabbits did not adjust the amount of time looking, but rather

Fig. 2 Boxplots of the responses
of burrowing bettongs to the
deployment of predatory and
control stimuli (dingoes/dogs
n = 28, foxes n = 23, kangaroos
n = 26, and a procedural control
n = 28) in the first minute of
visitation to foraging stations. The
box indicates one quartile either
side of the median, and the bars
indicate 1.5 times the interquartile
range. Dots and stars indicate
outliers that fall outside the range
of the boxes and bars. Stars
indicate extreme outliers that have
values more than three times the
height of boxes. The median is
indicated by the lines within the
boxes

1760 Behav Ecol Sociobiol (2016) 70:1755–1763



were more wary when approaching the feeding station,
retreated quickly far more often, and spent more time away
from the bait station where the fox model was present at the
bait station. Remarkably, rabbits seemingly failed to respond
to our dingo/dog models despite their evolutionary history
with closely related wolves and given that the rabbits we stud-
ied had more than 100 years of evolutionary experience with
dingoes in Australia. Moreover, this finding is perhaps even
more remarkable because any rabbits older than 8 months at
the time of the study are likely to have had ontogenetic expo-
sure to dingoes at Arid Recovery.

In comparison to rabbits, bettongs displayed a muted re-
sponse to the predator models. The weak responses may result
from their limited ontogenetic and evolutionary exposure to
mammalian predators on the source islands and more recently
in the predator-free exclosures at Arid Recovery. However,
bettongs tended to spend more time looking and escaping at
foraging stations where dingo/dog models were deployed
(Fig. 2a, b). This result suggests that despite complete

ontogenetic naïveté, the bettongs at Arid Recovery may have
some ability to discriminate the dingoes/dog models from the
other models.

A plausible explanation for the apparent response of
bettongs to the dingo/dog models could be that bettongs main-
tained an evolutionary response to the large-bodied thylacine
which has remarkably convergent morphology with dingoes
(Letnic et al. 2012a). On mainland Australia, thylacines were
approximately dingo/dog-sized and thus would have similar
silhouettes to our dingo/dog models (Letnic et al. 2012a).
Alternatively, bettongs simply responded to the size of the
models deployed at the stations and thus exhibited more wary
behavior at the stations with the largest models—which were
the dingo/dog models. Support for this explanation is provid-
ed by our observation that bettongs spent more time out of
sight at the stations with the second largest model, the kanga-
roo, than they did at our controls. However, it is important to
note that another study conducted at Arid Recovery found that
bettongs had an ability to respond to the scent of dingoes, but

Fig. 3 Boxplots of the responses
of rabbits to the deployment of
predatory and control stimuli
(dingoes/dogs n = 23, foxes
n = 24, kangaroos n = 25, and a
procedural control n = 22) in the
first minute of visitation to
foraging stations. The box
indicates one quartile either side
of the median, and the bars
indicate 1.5 times the interquartile
range. Dots and stars indicate
outliers that fall outside the range
of the boxes and bars. Stars
indicate extreme outliers that have
values more than three times the
height of boxes. The median is
indicated by the lines within the
boxes. Similar letters (e.g., a or b)
above the bars identify pairwise
differences that were statistically
indistinguishable (P > 0.05)
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not foxes (MH unpubl. data). Taken together, these results
suggest that bettongs have a modest ability to identify
dingoes/dogs but no ability to identify foxes. That bettongs
can discriminate dingoes/dogs from other models is consistent
with the idea that the Arid Recovery bettong population has
undergone selection by thylacines, dingoes, or domestic dogs
in the past.

Cox and Lima’s (2006) archetype hypothesis would predict
that a species with similar morphological adaptations to capture
prey would elicit a similar antipredator response, especially
with respect to visual cues which are remarkably convergent
(Blumstein et al. 2000). Indeed, other studies suggest that ar-
chetypes can explain the ability of tammarwallabies (Macropus
eugenii) to respond to evolutionarily and ontogenetically novel
foxes (Blumstein et al. 2000). The archetype hypothesis could
explain bettongs’ responses to the dingo/dog models despite
their brief period of evolutionary coexistence because they
coevolved with the morphologically convergent and similarly
sized thylacine prior to the isolation of the islands about
8000 yBP. However, neither bettongs nor rabbits responded in
the same way to both the fox and dingo/dog models. This
finding suggests perhaps that rabbits and bettongs perceive
the differently sized fox and dingo as distinct archetypes, de-
spite being members of the same family (Canidae). If so, this is
notable because Family is often used as a proxy for archetype in
predator recognition research (Cox and Lima 2006).

Escape behaviors are an important part of evading capture
by predators (Blumstein 2006; Cooper and Blumstein 2015)
but come with a cost of missed foraging and mating opportu-
nities. Optimal foraging theory predicts that animals will only
seek the reward if the risk is low enough (Brown 1988), and in
insular populations, costly escape behaviors may be lost rela-
tively quickly (Blumstein and Daniel 2005). Consistent with
this idea, the Arid Recovery bettongs displayed a weak escape
response to the dingo models.

Our finding that bettongs had some ability to discriminate
dingoes/dogs from other stimuli even though they have been
completely isolated from mammalian predators at Arid
Recovery and are thought to have only some limited exposure
to mammalian predators on the islands from which the popu-
lations were sourced are in broad support of the multipredator
hypothesis (Blumstein 2006). The multipredator hypothesis
predicts that species will retain antipredator behavior after
isolation from them as long as they experience some risk of
predation (Blumstein 2006; Blumstein et al. 2009). The reten-
tion of some antipredator behavior may be because at both
Arid Recovery and the source islands, the bettongs were sub-
ject to predation by eagles and varanid lizards.

Our findings that bettongs’ and rabbits’ predator discrimi-
nation abilities are scaled with their period of evolutionary
coexistence is consistent with previous studies examining the
abilities of mammals to discriminate the scents and images of
predators with which they have had varying periods of

coevolution (Blumstein et al. 2000; Carthey and Banks 2012;
Tortosa et al. 2015). Our results have implications for future
reintroduction programs of burrowing bettongs and other
mammals endangered by introduced predators because they
suggest that naïveté toward introduced predators could be re-
duced if mammals were exposed to predators to create or select
for abilities to recognize introduced predators (Moseby et al.
2015). However, it is important to add the caveat that the short
time of coexistence between the island bettongs and dogs/
dingoes together with only a weak capacity to recognize
dingoes/dogs suggests that the ontogenetically naïve bettong
population at Arid Recovery may not at the present time pos-
sess the appropriate suite of antipredator responses required to
withstand predation by dingoes or other mammalian predators.

Acknowledgments We acknowledge the Arid Recovery staff and vol-
unteers for their assistance with the study and the anonymous reviewers
for their constructive comments on the manuscript.

Compliance with ethical standards All applicable international, na-
tional, and/or institutional guidelines for the care and use of animals were
followed. This article does not contain any studies with human partici-
pants performed by any of the authors.Work was conducted under animal
ethics APEC Approval Number 15/19A and in accordance with The
Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes (1997).

Funding Funding for this project was provided by the Australian
Research Council (LP130100173).

Conflict of interest The authors declare that they have no competing
interests.

References

Anson JR, Dickman CR (2013) Behavioral responses of native prey to
disparate predators: naiveté and predator recognition. Oecologia
171:367–377

Banks PB, Dickman CR (2007) Alien predation and the effects of multi-
ple levels of prey naiveté. Tr Ecol Evol 22:229-230.

Barrio IC, Bueno CG, Banks PB, Tortosa FS (2010) Prey naivete? In an
introduced prey species: the wild rabbit in Australia. Behav Ecol 21:
986–991

Berger J, Swenson J, Persson I (2001) Recolonizing carnivores and naive
prey: conservation lessons from Pleistocene extinctions. Science
291:1036–1039

Biggins DE, Vargas A, Godbey JL, Anderson SH (1999) Influence of
prerelease experience on reintroduced black-footed ferrets (Mustela
nigripes). Biol Conserv 89:121–129

Blumstein DT (2002) Moving to suburbia: ontogenetic and evolutionary
consequences of life on predator-free islands. J Biogeogr 29:685–692

Blumstein DT (2006) The multipredator hypothesis and the evolutionary
persistence of antipredator behavior. Ethology 112:209–217

Blumstein DT, Daniel JC (2005) The loss of anti-predator behaviour
following isolation on islands. Proc R Soc Lond B 272:1663–1668

Blumstein DT, Daniel J, Griffin A, Evans C (2000) Insular tammar wal-
labies (Macropus eugenii) respond to visual but not acoustic cues
from predators. Behav Ecol 11:528–535

1762 Behav Ecol Sociobiol (2016) 70:1755–1763



Blumstein DT, Ferando E, Stankowich T (2009) A test of the
multipredator hypothesis: yellow-bellied marmots respond fearfully
to the sight of novel and extinct predators. Anim Behav 78:873–878

Bowen Z, Read J (1998) Population and demographic patterns of rabbits
(Oryctolagus cuniculus) at Roxby Downs in arid South Australia and
the influence of rabbit haemorrhagic disease. Wildl Res 25:655–662

Brown JS (1988) Patch use as an indicator of habitat preference, predation
risk, and competition. Behav Ecol Sociobiol 22:37–47

Burbidge AA, McKenzie NL (1989) Patterns in the modern decline of
western Australia’s vertebrate fauna: causes and conservation impli-
cations. Biol Conserv 50:143–198

Carthey AJR, Banks PB (2012) When does an alien become a native
species? A vulnerable native mammal recognizes and responds to
its long-term alien predator. PLoS One 7:e31804

Cooper WE Jr, Blumstein DT (eds) (2015) Escaping from predators: an
integrative view of escape decisions. Cambridge University Press,
Cambridge

Cox JG, Lima SL (2006) Naiveté and an aquatic-terrestrial dichotomy in
the effects of introduced predators. Trends Ecol Evol 21:674–680

Cupples JB, CrowtherMS, Story G, Letnic M (2011) Dietary overlap and
prey selectivity among sympatric carnivores: could dingoes sup-
press foxes through competition for prey? J Mammal 92:590–600

Dortch CE, Morse K (1984) Prehistoric stone artefacts on some offshore
islands in Western Australia. Aust Archaeol 19:31–47

Griffin A, Blumstein DT, Evans C (2000) Training captive-bred or
translocated animals to avoid predators. Conserv Biol 14:1317–1326

Hänninen L, Pastell M. (2009) CowLog: Open-source software for cod-
ing behaviors from digital video. Behavior Research Methods 41:
472-476

Johnson C (2006) Australia’s mammal extinctions: a 50000 year history.
Cambridge University Press, Cambridge

Johnson CN, Isaac JL (2009) Body mass and extinction risk in Australian
marsupials: the Bcritical weight range^ revisited. Austral Ecol 34:35–
40

Kats LB, Dill LM (1998) The scent of death: chemosensory assessment
of predation risk by prey animals. Ecoscience 5:361–394

King CM (1984) Immigrant killers: introduced predators and the conser-
vation of birds in New Zealand. Oxford University Press, Auckland

Lahti DC, Johnson NA, Ajie BC, Otto SP, Hendry AP, Blumstein DT,
Coss RG, Donohue K, Foster SA (2009) Relaxed selection in the
wild: contexts and consequences. Trends Ecol Evol 24:487–496

Letnic M, Fillios M, Crowther MS (2012a) Could direct killing by larger
dingoes have caused the extinction of the thylacine from mainland
Australia? PLoS One 7:e34877

Letnic M, Ritchie EG, Dickman CR (2012b) Top predators as biodiver-
sity regulators: the dingoCanis lupus dingo as a case study. Biol Rev
87:390–413

Lima S, Dill L (1990) Behavioral decisions made under the risk of pre-
dation: a review and prospectus. Can J Zool 68:619–640

Lombardi L, Fernández N, Moreno S, Villafuerte R (2003) Habitat-
related differences in rabbit abundance, distribution and activity. J
Mammal 84:26–36

Moseby KE, Blumstein DT, Letnic M (2015) Harnessing natural selec-
tion to tackle the problem of prey naïveté. Evol Appl 9:334–343

Moseby KE, Hill BM, Read JL (2009) Arid recovery—a comparison of
reptile and small mammal populations inside and outside a large
rabbit, cat and fox-proof exclosure in arid South Australia. Austral
Ecol 33:156–169

Moseby KE, Read JL, Paton DC, Copley P, Hill BM, Crisp HA (2011)
Predation determines the outcome of 10 reintroduction attempts in
arid South Australia. Biol Conserv 1442:863–872

Quinn GP, Keough MJ (2002) Experimental design and data analysis for
biologists. Cambridge University Press, Cambridge

Robley A, Short J, Bradley S (2001) Dietary overlap between the
burrowing bettong (Bettongia lesueur) and the European rabbit
(Oryctolagus cuniculus) in semi-arid coastal Western Australia.
Wildl Res 28:341–349

Savidge JA (1987) Extinction of an island forest avifauna by an intro-
duced snake. Ecology 68:660–668

Short J, Turner B (1993) The distribution and abundance of the burrowing
bettong (Marsupialia: Macropoidea). Wildl Res 20:525–534

Short J, Turner B (2000) Reintroduction of the burrowing bettong
Bettongia lesueur (Marsupialia: Potoroidae) to mainland Australia.
Biol Conserv 96:185–196

Short J, Turner B. (1999) Ecology of burrowing bettongs, Bettongia
lesueur (Marsupialia: Potoroidae), on Dorre and Bernier Islands,
Western Australia. Wildl Res, 26:651-669

Short J, Turner B,Majors C Leone J, (1997) The fluctuating abundance of
endangered mammals on Bernier and Dorre Islands, Western
Australia-conservation implications. Aust. Mammal. 20:53-62

Shortridge GC (1910) Account of the geographical distribution of the
marsupials and monotremes of south-west Australia, having special
reference to the specimens collected during the Balston expedition
of 1904-1907. Proc Zool Soc London 1909:803–848

Stringmore JL (2010) Surviving the "cure": life on Bernier and Dorre
Islands under the lock hospital regime. PhD Dissertation,
University of Western Australia

Tortosa FS, Barrio IC, Carthey AJ, Banks PB (2015) No longer naïve?
Generalized responses of rabbits to marsupial predators in Australia.
Behav Ecol Sociobiol 69:1649–1655

Vanak AT, Gompper ME (2009) Dogs Canis familiaris as carnivores:
their role and function in intraguild competition. Mammal Rev 39:
265–283

Behav Ecol Sociobiol (2016) 70:1755–1763 1763


	Deep evolutionary experience explains mammalian responses to predators
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Study site
	Study species
	Burrowing bettongs
	European rabbits


	Methods
	Experimental rationale
	Data collection
	Data analysis

	Results
	Visits to stations
	Behavioral response to stimuli

	Discussion
	References


