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Introduction

Abstract

Many animals assess their risk of predation by listening to and evaluating
predators” vocalizations. We reviewed the literature to draw generaliza-
tions about predator discrimination abilities, the retention of these abili-
ties over evolutionary time, and the potential underlying proximate
mechanisms responsible for discrimination. Broadly, we found that some
prey possess an ability to respond to a predator after having been evolu-
tionarily isolated from a specific predator (i.e., predators are allopatric)
and that some prey are predisposed to respond to certain types of preda-
tors that they coevolved with but without having ecological experience.
However, these types of studies are lacking, and relatively, few studies
have examined predator discrimination abilities in ungulates. To begin
addressing these knowledge gaps, we performed field experiments on
Mule deer (Odocoileus hemionus) in which we investigated the ability of
deer to discriminate among familiar predators [coyotes (Canis latrans) and
mountain lions (Puma concolor)] and an evolutionary relevant predator
with which deer have had no recent exposure [locally extinct wolves
(Canis lupus)]. We found that Mule deer respond to and discriminate
among predators based on predator vocalizations and have retained an
ability to respond to wolves that have been extinct from the study area
since the early 20th century. Previous playback studies have shown that
responses vary among human-habituated and non-habituated popula-
tions and differ according to human proximity. Deer greater than 0.5 km
from human residences allocated more time to heightened responses both
before and after stimulus playback. Our findings may help predict how
prey—predator interactions may change as a result of the recovering wolf
population with a basis in ecological and evolutionary experience in pred-
ator discrimination and desensitization.

potential predators, or through direct interactions
with predation (Chivers & Ferrari 2013). By testing

Most predators do not vocalize, while hunting, yet
many species are reported to respond to the sounds of
their predators by engaging in antipredator behavior
(Blumstein et al. 2008). Several mechanisms underlie
the capacity for prey to acoustically discriminate
among their predators. Prey may be able to discrimi-
nate among their predators from birth. Predator dis-
crimination capabilities may also be learned by
observing the behaviors of conspecifics (Griffin 2009)
or heterospecifics (Fallow et al. 2013) in response to
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prey with varying levels of prior exposure to preda-
tors, several studies have provided insights into the
mechanisms that underlie the ability to discriminate
among different predator types, such as birds, felids,
or canids. Our study examined how ecological vs.
evolutionary experience with the predator, proximity
to humans, and the specific predator taxa influences
discrimination.

We defined different experiences a prey individual
or species may have with a specific predator species.
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‘Ecological and evolutionary” experience (eco-and-
evol) refers to instances in which a prey animal has
interacted with a given predator in its lifetime and has
had a coevolutionary history with the predator. A
prey with ‘ecological-only” experience (eco-only) has
interacted with a given predator within its lifetime
only, and we assume that any historical interactions
have not been long enough for coevolution between
predator and prey to take place. For example, a prey
has ecological-only experience with a predator that
has recently been introduced into its range. ‘Evolu-
tionary-only” experience (evol-only) refers to preda-
tor-naive prey, whose ancestors historically interacted
with a predator, but who have not interacted with
that predator in their own lifetime. Thus, a prey has
evolutionary-only experience with a predator that
has been locally extinct. The fourth category we high-
light describes instances where prey has neither
ecological nor evolutionary experience, or ‘no-inter-
action” experience, with a potential predator. This
may happen when a novel predator extends its range
to overlap with the prey. While we focus on acous-
tic discrimination, the framework can readily be
extended to mechanisms that underlie predator dis-
crimination based on other sensory modalities.

We describe what can be inferred about the effects
of prior exposure to predators from playback experi-
ments directed to prey. Kindermann et al. (2009)
showed that mice (Mus musculus), rats (Rattus norvegi-
cus), and gerbils (Gerbillus perpallidus) with evolution-
ary-only experience (i.e., predator naive) do not
discriminate between avian predatory and non-preda-
tory calls. However, wild-captured or ecological and
evolutionary experienced rodents discriminate and
display appropriate antipredator behavior to the play-
back of predator vocalizations (Abramsky et al. 1996;
Hendrie et al. 1998; Eilam et al. 1999; Schmidt 2006).
The study by Kindermann et al. (2009) thereby sug-
gests that murine rodents are not born with the capac-
ity to discriminate predators and that appropriate
antipredator behavior is acquired, at least in part,
through direct interactions with the predators within
an individual’s lifetime. In contrast, prey with ecologi-
cal-only experience that do not respond appropriately
to predator vocalizations may lack the capacity to
learn that a novel heterospecific is a predator. This
was demonstrated in Eastern quolls (Dasyurus viverri-
nus) in response to the playback of fox (Vulpes vulpes)
vocalizations (Jones et al. 2004). In such cases, the
predator could cause the local extinction of the prey.

Appropriate antipredator responses by evolution-
ary-only or ecological-only experienced prey to a
predator stimulus are a bit more complicated to
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interpret. In the case of evolutionary-only experience,
predator discrimination may wholly or partly be
‘hardwired’ if prey respond appropriately to predators
the first time they encounter them. When played back
vocalizations of evolutionarily important predators,
the isolated population of Pere David’s deer responded
by reducing their foraging frequency and increasing
the frequency of inherent behaviors associated with
high predation risk: staring at, approaching, and then
walking away from the vocalization source (Li et al.
2011). In the case of ecological-only experience, pred-
ator discrimination may be partially learned by prey
during its lifetime. Woodfrog (Rana sylvatica) tadpoles,
naturally geographically isolated from a salamander
(Ambystoma tigrinum) that preys on tadpoles in other
regions, were capable of learning to associate danger
with salamander odors when the odors were paired
with those from injured tadpoles (Ferrari & Chivers
2009). However, with both types of predator experi-
ence, an appropriate antipredator response may also
be a result of overlapping characteristics between the
novel predator stimulus and the stimulus of familiar
predator species (i.e., stimuli are from the same
‘archetype’). In the case of woodfrogs, tadpoles gener-
alized the learned response to a closely related newt
(Cynops pyrrhogaster), possibly indicating that the odors
of predators, A. tigrinum and C. pyrrhogaster, are
composed of some of the same chemical compounds
(Ferrari & Chivers 2009). In another example, vocal-
izations of eco-and-evol familiar (red-tailed hawk:
Buteo jamaicensis) and eco-only familiar (Madagascar
harrier hawk: Polyboroides radiatus) predators elicited
the same responses in ringtailed lemurs (Macedonia &
Yount 1991). Upon playing back synthesized sounds
containing acoustic characteristics shared by both pre-
dators, Macedonia & Yount (1991) found that lemurs
can generalize antipredator behavior to a suite of pre-
dators (e.g., raptors) by cuing in on specific acoustic
features of vocalizations.

In this study, we review this growing literature of
predator playback studies to both vertebrates and
invertebrates and conduct an empirical study on
North American Mule deer (Odocoileus hemionus) to fill
an identified knowledge gap regarding the ways in
which evolutionary-only experience affects antipre-
dator behavior.

Mule deer are vulnerable to predation by both
canids and felids. North American felids and canids
differ in that canids are more social (Lehner 1978)
and vocalize more than felids. Although there have
been observations of mountain lions vocalizing, while
attacking prey (Smallwood 1993) and during estrus
(Beier et al. 1995), such vocalizations are rarely heard
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compared with social canids. Consequently, prey may
have little exposure to felid vocalizations and may not
have acquired an ability to associate felid vocalizations
with predation risk over ecological time. On the other
hand, prey may have acquired the ability over evolu-
tionary time to ascribe risk to felid vocalizations, even
if those occasions were less common than exposure to
canid vocalizations. Thus, we chose to compare prey’s
responses to both a felid (mountain lions, Puma concol-
or) and a canid (coyotes, Canis latrans). Such a study is
valuable to determine the extent to which prey’s abil-
ity to respond to certain predators may be acquired
over ecological or evolutionary time. If species require
ecological experience with a predator, either through
direct contact or by observing the responses of con-
specifics to the predator, then we would expect Mule
deer to respond more to highly vocal predators (i.e.,
exhibit a greater response to coyote compared with
mountain lion vocalizations). In contrast, if a predator
seldom vocalizes (like mountain lions) resulting in lit-
tle predator—prey experience, then we might expect
this discrimination ability to be inherent for a species
that displays antipredator behavior.

It would also be valuable to compare prey response
to the acoustic cues of extant predators to that of
locally extinct predators to begin identifying proxi-
mate mechanisms underlying predator recognition.
For example, moose (Alces alces) have reduced respon-
siveness to acoustic cues of extinct predators (Berger
et al. 2001), but this ability rapidly returns, once
moose experience these predators again (Berger
2007). In contrast, tammar wallabies (Macropus euge-
nii) retained the ability to recognize extinct predators
based on visual cues but do not respond to acoustic
predator cues (Blumstein et al. 2000). The response to
visual cues by wallabies suggests that predator dis-
crimination abilities require evolutionary experience
with predators. For moose, however, the sudden pres-
sure to respond appropriately to predator sounds
demonstrates the importance of ecological experience
with predators. There is a wide range of potential
responses to predator cues after generations of preda-
tor naiveté. We can use this information to help pre-
dict the effects of introduction of new or historic
predators on prey.

Throughout evolutionary time, species’ ranges
change and prey may face novel predators. In some
cases, prey seem to identify predators by the structure
of their vocalizations. Previous work with superb
fairy-wrens (Malurus cyaneus) on heterospecific alarm
call discrimination found that wrens responded to
alarm calls of congeners that acoustically resembled
their own alarm calls without having any previous
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exposure to the calls (Fallow et al. 2011). The study
suggests that novel vocalizations may elicit the appro-
priate response if they are sufficiently acoustically
similar to an already familiar vocalization. Addition-
ally, in a study on gray squirrels (Sciurus carolinensis),
novel European blackbird (Turdus merula) alarm calls
played back to the squirrels elicited a response not sig-
nificantly different from their response to the sympat-
ric American robin’s (Turdus migratorius) alarm call,
and not significantly different from that elicited by
conspecific alarm calls (Getschow et al. 2013). This
suggests that the acoustic similarity of the calls may
cause appropriate antipredator behavior. If it is possi-
ble for a species to discriminate among heterospecific
alarm calls, experience with a predator species may
not be required for prey to respond to novel threaten-
ing sounds in situations where the sounds are suffi-
ciently acoustically similar.

If prey are able to respond to a specific acoustic cue
of an extinct predator because of structural acoustic
similarities to other ecological or evolutionary preda-
tors, then this could be a mechanism by which recog-
nition of extinct predators persists. In this study, we
compared prey’s responses to locally extant coyote
vocalizations and locally extinct predatory wolves
(Canis lupus), which were extirpated in the early 20th
century in our study region. While coyote and wolf
vocalizations are unique, they do share similar acous-
tic properties (low frequency howls), which may
account for similar responsiveness to both predators in
other species (Blumstein et al. 2008). The fact that
Mule deer are preyed upon by numerous predators
may affect their ability to recognize ancestral predators
as a threat, as might be predicted by the multipredator
hypothesis (Blumstein 2006). This hypothesis pro-
poses that appropriate antipredator behavior may be
displayed by an individual, potentially even to a novel
predator, so long as the prey has had other existing
predators from which it must defend itself (Blumstein
2006). Anson & Dickman (2013) found that ringtail
possums (Pseudocheirus peregrinus) respond defensively
to olfactory cues of both invasive and evolutionary
novel predators regardless of the current predator
presence in the study areas, showing that the possums
have both retained and developed appropriate antipre-
dator responses. If species retain the ability to discrimi-
nate between historically important predators and
non-predators without exposure during an individ-
ual’s lifetime, then we would expect deer to respond
accordingly to historic predators, such as wolves.

Finally, humans may influence how animals assess
risk and habituated prey may be better able to
discriminate among predators because they are not
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distracted by humans (Coleman et al. 2008). Gun-
ther’s dik-diks (Madoqua guentheri) that were habitu-
ated to humans discriminated predator sounds from
bird songs, while unhabituated individuals did not dif-
ferentiate between the two (Coleman et al. 2008). A
study with Columbian black-tailed deer (Odocoileus
hemionus columbianus) demonstrated that non-habitu-
ated deer fled from people at greater distances than
habituated deer (Stankowich & Coss 2007). A previ-
ous study at our study site found that Mule deer
within a 0.5 km radius of human summer residences
were able to differentiate yellow-bellied marmot
alarm calls from non-predatory bird song, while those
farther from human residences did not display this
behavior (Carrasco & Blumstein 2012). These results
suggest that human-habituated deer may be more tol-
erant to people and thus may be better able to dis-
criminate among natural risks because they are not
responding aversively to humans. As these previous
studies addressed indirect threats, we aimed to also
determine whether and how distance to human resi-
dences influenced Mule deer predator discrimination.

Literature Review

Methods

We expanded upon the Blumstein et al. (2008) litera-
ture review to both incorporate a recent surge of
related studies and to categorize both stimuli (predator
taxa and experience type with the prey) and responses
(if the prey discriminated and the behavior studied)
more precisely. As we described in the introduction,
our current review clearly distinguishes the specific
history of exposure to the stimuli broadcast to focal
species. We did not conduct a formal meta-analysis
because we wished to survey the rapidly expanding
literature on how species respond to predators, but
not to estimate the effect size of these responses. Iden-
tifying research lacunae was a major goal of the sur-
vey. Thus, we first searched Google Scholar in July
2012 for studies that cited Blumstein et al. (2008). We
also used Google Scholar to search the key phrases
‘acoustic predator recognition’, ‘auditory predator
recognition’, ‘predator vocalizations’, ‘predator vocal-
izations’, ‘response to predators’, and ‘playback exper-
iments and predation’. We also looked at papers that
were cited by each relevant paper thus identified. We
summarized the studied species (prey), the predator
whose vocalization was used, the control animal
whose call was used, the ecological and evolutionary
experience of the prey to the predator, the behavior
used to identify response to stimuli, and whether the
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studied species was able to discriminate between the
predator and control vocalizations. We specifically
extracted details about each response compared with
the control species, such as a detected change in time
budget or a vocalization. For studies that did not use
heterospecific animal vocalizations for the control
(e.g., running water, white noise, silence, conspecific
alarm calls), we left the control species column blank.
For studies that did not distinguish between responses
to individual predators or individual control animals,
we filled that column with ‘multiple predators” or
‘multiple non-predators’, respectively. The ecological
experience was categorized by ‘yes’ and ‘no’: ‘yes’, if
the prey encountered the predator in its lifetime by
the time of testing and ‘no’, if the predator has been
extirpated or the prey was born and raised in captivity.
The evolutionary experience was categorized by ‘yes’
and mo’: ‘yes’, if there was any known sympatry in
the evolutionary history of the prey and ‘no’, if the
predator call is novel or if the predator or prey was
recently introduced to the study site. Thus, prey may
have no evolutionary history, but may have ecological
experience with a predator. We did not consider stim-
uli originating from an animal that was sympatric and
known to not prey on the study species, even if the
animal was a predator of other species. The observed
response to experimentally broadcast vocalizations
was broken down into four categories: change in time
budget (change in time of scanning, flight, vigilance,
foraging, relaxed behavior, and locomotion); the pro-
duction of vocalizations or alarm calls; a glucocorticoid
response; and change in reproductive success.
For some animals, more than one type of response
was observed. Because we wished to know if a species
was able to respond in any way, we scored a compari-
son as ‘responding’ if any of the responses were
significantly different from control and/or baseline
behavior.

Results

We found 183 instances in which a specific playback
experiment was conducted that compared a predator
vocalization to a control sound (Table 1). Each line of
Table 1 is taken from a study that compared a single
prey’s response to a single predator species (with an
exception of those labeled as ‘multiple predators’) with
that same prey’s response to a control vocalization,
when applicable. This included comparisons in arach-
nids (n = 2), fish (n = 1), amphibians (# = 1), reptiles
(n = 6), birds (n =19), and mammals (7 = 154). Of
the 183 comparisons, we found only 76 different spe-
cies studied. Of these unique species, 63 of 76 were
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*Not clear from the manuscript. **These studies were compared with a control stimulus that was the sound of running water. ***All individual tapirs were tested at zoos with different species of

elephants; all responded to felids and none to elephants. "Response was determined by using a score of 2 or greater (Karpanty & Grella 2001).

Acoustic Predator Discrimination

mammals, which were heavily biased toward primates
(n = 31) and rodents (n = 16). Only eight species of
ungulates were studied.

Most comparisons evaluated the ability to discrimi-
nate predator vocalizations by observing the change
in time budget (159 of 183) and/or the production of
a vocalization (47 of 183). Only three comparisons
quantified a change in reproductive success, and three
comparisons evaluated glucocorticoid levels in
response to hearing a predator vocalization (prey had
elevated levels in all three instances).

Of the 183 comparisons, we noticed a strong bias
toward using vocalizations from predatory birds as
stimuli (7 = 100). Stimuli originating from felids
(n = 31) or canids (n = 32) were used less frequently.
There were three instances where multiple predator
vocalizations were grouped together permitting infer-
ences to be drawn about general, as opposed to spe-
cific, predator recognition abilities.

Most of the comparisons examined prey that had
both ecological and evolutionary experience with their
predators” stimuli (z = 120, Table 2). Prey responded
to these sounds as although they were threatening in
101 comparisons. Prey responded significantly less fre-
quently to stimuli originating from predator species
that had been extirpated from the area (i.e., prey had
evolutionary but not ecological experience, 13 of 41),
compared with predator species having both evolu-
tionary and ecological overlap with the prey (101 of
120) (Fisher’s exact test p < 0.0001). Prey responded
significantly less frequently to the stimuli of novel pre-
dators (i.e., neither ecological nor evolutionary experi-
ence, 7 of 18), compared with predators having both
ecological and evolutionary experience (Fisher’s exact
test p < 0.0001). In two of the three comparisons
where prey had only ecological experience with the
predator, typically resulting from the introduction of
non-native predators, prey responded as although the
acoustic stimulus was a threat. In one study, the prey’s
ecological and evolutionary experience with the pred-
ator was indeterminable due to the lack of clarity in
the manuscript, thus it is reported in Table 1 but notin
Table 2.

We examined more closely the studies conducted
on animals in Cervidae, the family of which Mule deer
are a part. Members of the family Cervidae tended to
retain the ability to discriminate between threatening
and non-threatening sounds of predators having only
evolutionary overlap with the prey (6/9). Most of the
playback studies using novel predators (neither
ecological nor evolutionary, 18 comparisons) were
conducted on Cervidae (15 comparisons), which
responded to predatory stimuli in 6 of 15 comparisons.
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Table 2: Number of comparisons where prey responded to predator vocalizations out of total comparisons for each prey class. Comparisons are
grouped by type of experience with the predator: neither evolutionary nor ecological, only evolutionary, only ecological, or both evolutionary and

ecological experience. Blanks indicate studies that have not been conducted

Neither evolutionary nor ecological

Evolutionary only

Ecological only Both evolutionary and ecological

Arachnida

Actinopterygii

Amphibia

Reptilia on
Aves m 0/2
Mammalia 6/17 13/38
Total 7118 13/41

22
17
on
3/5
14116
2/3 81/95
2/3 101/120

Another element worth evaluating in the playback
studies was the type of predator stimuli used. Predator
species seemed to be a factor in the prey’s ability to
respond to predators. Of the studies that played felid
vocalizations to ecologically and evolutionarily inex-
perienced prey, 6 of 14 prey responded as although
the vocalization was a predator. Similarly, historically
predated species also distinguished between the novel
felid call and the control (5/7). Canids also elicited a
response from ecologically inexperienced prey (6/15).

Of the 183 comparisons between playbacks of pre-
dators and non-predators, two thirds were conducted
on prey who had both ecological and evolutionary
experience with the predators, while less than one
fourth investigated prey’s ability to respond to solely
historical predators. Prey who have both ecological
and evolutionary exposure to vocal predators are able
to distinguish between predators and non-predators
more easily than prey who have eco-only, evol-only
or neither. Yet, in each of the three latter categories,
there were always cases of where the prey responded
to predator vocalizations as if it was threatening. This
indicates that previous exposure to predator vocaliza-
tions may not be necessary for prey to display the
appropriate antipredator behavior. Over half of the
predator vocalizations used in the playback studies
were those of birds, particularly birds of prey. The
number of comparisons using canid and felid vocaliza-
tions was nearly identical. Future studies are needed
to study other types of predators to create a more
comprehensive understanding of prey’s abilities to
identify their predators vocally.

Empirical Studies of Mule deer

Methods

Study area
The study was conducted in and around the site of the
Rocky Mountain Biological Laboratory (RMBL) in the

444

upper East River Valley, Gunnison County, CO, USA
(38°57.508N, 106°59.296W). The habitat consists of
subalpine meadows, aspen groves (Populus tremulo-
ides), and willow thickets (Salix sp.). Experiments were
performed from May 30, 2012 to July 9, 2012, when
Mule deer were on their summer range.

Study population

A single observer (AH) walked on trails between
05:00-08:30 h and 18:30-21:00 h, time periods when
Mule deer forage, in search of yearlings and adults.
When a deer or group of deer was spotted foraging, a
single individual was chosen to be the focal subject
and approached to a separation distance of 40 m. The
observer spent 150 h in the field in search of deer
throughout the course of the experiment. Fifty-two
experimental trials were completed successfully on 52
individual deer. On 29 occasions, a subject was in a
group, in which case other group members (if
encountered again) were tested on different days. The
remaining 23 trials were conducted on solitary forag-
ing individuals. Overall, 60% of focal subjects were
exposed only to a single stimulus, while 40% were
exposed to (within 50 m of an individual being
tested) a maximum of one additional (different) stim-
ulus. Subjects were uniquely identified by their spe-
cific markings, scars, antler size, and shape, and by
pregnancy status (when relevant). These characteris-
tics were used to carefully avoid testing the same deer
more than once.

We recorded the GPS coordinates of each experi-
mental subject using a Garmin eTrex® H GPS unit
(Garmin International, Inc., Olathe, KS, USA), along
with a description of the location, surrounding vege-
tation, time of day, wind speed (using the Beaufort
scale), wind direction, and cloud cover. The experi-
ment was not conducted if the wind speed exceeded 3
on the Beaufort scale or if it was raining. We also did
not conduct an experiment if the subject was near a

Ethology 120 (2014) 427-452 © 2014 Blackwell Verlag GmbH
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rushing stream so that we could be sure that the focal
subject heard the broadcast stimulus.

During their playback experiment of heterospecific
alarm calls, Carrasco & Blumstein (2012) tested the
effect of human habituation on Mule deer. To test for
the effect of human disturbance on deer antipredator
behavior, we determined the distance of the subject
to RMBL and the 13 other cabins in the East River
Valley. We used ArcGIS/ArcMap (ESRI, Redlands,
CA, USA) to create a 0.5 km buffer around the homes
and facilities of RMBL and South Gothic. Following
Carrasco & Blumstein (2012), the same 52 deer were
either observed within 0.5 km (classified as ‘near’) or
observed outside of the 0.5 km (classified as ‘far’). We
spent 150 h searching for deer: 44% of the time was
spent outside of the 0.5 km radius. Of the 52 trials, 35
subjects were within the 0.5 km radius, and 17 sub-
jects were outside of this 0.5 km radius. Typically, it
was more challenging to approach deer within 40 m
in the ‘far’ range than in the ‘near’ range, perhaps
because deer were less habituated to humans
(Stankowich & Coss 2007).

Stimuli

Each deer was exposed to one of four playback treat-
ments (two or three exemplars of each species’ call
were used): coyote calls (predator), wolf howls
(extinct predator), mountain lion calls (predator), or
pied butcherbird song (to serve as the control) (Fig 1).
The pied butcherbird was chosen as a control because
it is native to Australia and therefore its calls are
unfamiliar to North American Mule deer. The
butcherbird’s vocalization has a low frequency, simi-

Coyote Wolf

Acoustic Predator Discrimination

lar to that of the three other stimuli, thus serving as a
novel, yet non-threatening sound. Such a control per-
mitted us to control for novelty and would help us
interpret any response to the ecologically novel wolf
vocalizations. We obtained 16 bit, 44 kHz vocaliza-
tions from commercial CDs and websites, which
yielded three coyote (mean = 1.95s, min = 1.77 s,
max = 2.08 s), two wolf (mean = 6.49 s, min = 4.82 s,
max = 8.16 s), two mountain lion (mean = 5.03 s,
min = 4.56 s, max = 5.50 s), and three butcherbird ex-
emplars (mean = 1.35 s, min = 1.22 s, max = 1.56 s)
of sufficient quality for playback. The mean length of
all the vocalizations was 3.30 s. We saved the audio
files as uncompressed AIF files. Calls were played
from an Apple iPod (Apple, Cupertino, CA, USA) con-
nected to a Sony SRS-77G speaker (Sony Corp., Mina-
to, Tokyo, Japan). We calibrated playback amplitude
using a SPER Scientific 840029 digital sound level
meter; the coyote, wolf, and butcherbird stimuli were
broadcast at 95.0 dB SPL, while the mountain lion ex-
emplars were broadcast at 87.0 dB SPL. This was
because they are naturally quiet calls, and broadcast-
ing them any louder created obvious distortion.

Playback procedure

Once a deer was within 40 m of the observer
(mean + SD = 32.3 £+ 8.31 m), we began a 30 s pre-
playback focal observation. After 30 s, a single stimu-
lus was broadcast from the speaker (hanging from the
observer’s neck) pointed directly at the subject. Focal
observations continued for an additional 60 s. Obser-
vations were dictated into an Olympus VN-7000 digi-
tal recorder (Olympus, Center Valley, PA, USA).

Mountain lion

, Butcher
{ bird
8
T
o
z |
> 61
i
c 4
g ]
g 4
[r—
2] "
o]

Amplitude (uPa)
Lo

Fig. 1: Exemplars of acoustic stimuli used to

study predator discrimination illustrated by 2

spectrograms and waveforms.
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There was no significant difference between the dis-
tances that the different stimuli were broadcast to the
deer (F5 45 = 1.200, p = 0.320).

We used a previously established ethogram of 14
known behaviors (Carrasco & Blumstein 2012): look-
ing while standing, looking while chewing, foraging,
walking-head down, walking-head up, sniffing
ground, scratching, running, stotting, ear twitch, ear
movement forward or backward, tail flick (Stanko-
wich 2008), and alarm walk (Stankowich & Coss
2008). We also noted if a deer moved out of sight.

Statistical analysis

Focals were scored and analyzed using JWatcher 1.0
(Blumstein & Daniel 2007). We calculated the total
proportion of time in sight spent engaged in a ‘height-
ened response’ (defined as the sum of the proportion
time in sight allocated to stand-looking, alarm walk-
ing, running, and stotting) for the 30 s baseline obser-
vation period and each of the four, 15-s time bins in
the 60 s post-playback observation period. To deter-
mine whether deer responded to a given treatment,
we subtracted the proportion of time in sight allocated
to heightened response in each 15-s time bin from the
proportion of time allocated to heighted response in
the initial baseline period. To capture deer’s immedi-
ate response to playback, we elected to analyze the
difference from baseline for the first 15-s time bin. We
also examined the 45-60 s time bin to see if responses
persisted. We calculated the 95% confidence intervals
(CI) for each treatment for these time bins. If the 95%
CI did not include 0, we inferred that the deer
responded to the playback of a given treatment.

We fitted a general linear model with the difference
between the time allocated after playback (either the
0-15 s or the 45-60 s time bin) and the baseline as a
function of treatment, distance to town (scored as
near or far) and the interaction between treatment
and distance to town. We made planned, pairwise
comparisons using Fisher’s least significant difference.
All models were fitted using SPSS 20 (IBM, Armonk,
NY, USA) with an alpha of 0.05.

Results

We conducted a total of 52 playback experiments
(coyote n = 14, wolf n =13, mountain lion n = 13,
butcherbird n = 12). There were 35 playbacks within
0.5 km of human homes and 17 playbacks outside of
the 0.5 km buffer.

In the baseline period, distance (F; 44 = 10.853,
p =0.002), but neither stimulus (Fs44 = 1.233,
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p = 0.309) nor the interaction between distance and
stimulus (F5.44 = 0.937, p = 0.431), explained a sig-
nificant amount of variation in the proportion of time
allocated to  heightened behavior (adjusted
R? =17.9%; Model: Fy 44 = 2.587, p = 0.025). Deer
farther away from human residences spent a greater
proportion of time engaged in heightened behavior
(mean + SE, 0.648 + 0.086 outside the 0.5 km
range) compared with deer closer to human resi-
dences (mean £ SE, 0.304 £ 0.059 within the
0.5 km range). This suggests that observer presence
had a greater effect on the initial alertness of the sub-
jects far from human residences because these deer
were more wary than those in closer proximity to
humans. Because of these differences in baseline-
heightened response, it was appropriate to subtract
the baseline from proportion of time with a height-
ened response for each time bin and focus on changes
from baseline time allocation.

In the first 15 s following playback, deer responded
to the playback of coyotes and wolves, but not to
butcherbirds or mountain lions. Additionally, both
stimulus type and distance from townsite (close/far)
explained 28.8% (adjusted R?) of variation (Model:
F7 44 = 3.942, p = 0.002) in time allocated to height-
ened response (Stimulus: F;44 = 3.880, p = 0.015;
Distance: F) 44 = 10.582, p = 0.002; Interaction:
F3 44 = 0.736, p = 0.536). Planned pairwise compari-
sons showed significant differences in heightened
responses  between coyote and  butcherbird
(p =0.017), and between wolf and butcherbird
(p = 0.003), whereas the comparisons between other
stimuli were not significantly different. Group size
explained no significant variation in response (Model:
Fisi =1.349, p =0.251, Adjusted R* = 0.007). We
tested for exemplar effects by fitting a model with
exemplar, distance, and the interaction for each stim-
ulus type. There were no exemplar effects for butcher-
birds (F»,1; = 0.234, p = 0.798), coyote (F 15 = 0.696,
p = 0.523), mountain lion (F, ;, = 0.017, p = 0.898),
or wolf exemplars (F,,1, = 0.066, p = 0.803).

In the 45-60 s following playback, deer responded
to the playback of coyotes and wolves, but not to
butcherbirds or mountain lions. Additionally, both
stimulus type and distance from townsite explained
26% (adjusted R?) of variation (Corrected Model:
F;44 = 3.561, p =0.004) in the time allocated to
heightened response  (Stimulus:  F5 44 = 3.279,
p = 0.030; Distance: F) 44 = 8.240, p = 0.006; Interac-
tion: F3 44 = 0.922, p = 0.438). Planned pairwise com-
parisons showed that Mule deer distinguished
between coyote and mountain lion (p = 0.050), coy-
ote and butcherbird (p = 0.049), mountain lion and
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Fig. 2: Mule deer’s response to stimuli in the 0-15 s time bin and
45-60 s time bin after the playback of vocalizations of butcherbirds
(control), mountain lions, wolves, and coyotes. Heightened response
includes the sum of the proportion of time allocated to the behaviors
stand-and-look, alarm walk, run, and stot. Different letters illustrate
significantly different responses.

wolf (p =0.022), and wolf and butcherbird
(p = 0.022) (Fig. 2). Group size explained no signifi-
cant variation in response (Model: F;s; = 1.132,
p = 0.203, Adjusted R* = 0.003). We tested for exem-
plar effects by fitting a model with exemplar, distance,
and the interaction for each stimulus type. There were
no exemplar effects for butcherbirds (F,;; = 1.481,
p = 0.300), coyote (F,,3 = 0.677, p = 0.532), moun-
tain lion (F, ;> = 0.051, p = 0.826), or wolf exemplars
(Fy1» = 1.663,p = 0.229).

Discussion

Literature Review

Our literature review of predator playback studies
categorized studies based on the type of experience
that the prey species had with the predator: neither
evolutionary nor ecological experience (i.e., a novel
predator), only evolutionary experience (prey
historically coexisted with a predator but has not
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encountered the predator within its lifetime), only
ecological experience (prey has only encountered the
predator within its lifetime), or both ecological and
evolutionary experience. Certain categories of play-
back studies have the potential to illuminate the
mechanism that underlies acoustic predator discrimi-
nation. Prey that respond to a novel predator suggests
that discrimination may occur by prey using certain
acoustic characteristics and that the stimuli produced
by novel predators may have these characteristics in
common with known predators. Prey that respond to
a predator having only ecological overlap suggests
that discrimination may be readily acquired within
the prey’s lifetime (e.g., through associative learning)
or that the response occurs via shared acoustic proper-
ties (as in the case of novel predators). Prey that
respond to a predator with only prior evolutionary
experience may indicate that the response is main-
tained following relaxed selection and may be rela-
tively canalized. Such a relatively inflexible and
persistent response may also occur if prey respond to
specific acoustic features of predatory vocalizations.
Furthermore, our literature review demonstrated
that the majority of playback studies were conducted
using predatory stimuli originating from predators to
which prey have had both ecological and evolution-
ary exposure and that prey tended to discriminate this
category of predator from control stimuli. Some spe-
cies that are neither ecologically nor evolutionarily
exposed to a particular predator have the ability to
recognize the predator, suggesting that discrimination
relies on certain acoustic features. For example, Mor-
ton’s (1977) motivation-structure rule hypothesis
suggests that harsh, low frequency or rapidly descend-
ing sounds might be particularly evocative. However,
prey responded to allopatric predator vocalizations
less frequently than predators with which they have
both ecological and evolutionary overlap, a finding
that suggests that cueing in on acoustic features may
not be entirely reliable or that other mechanisms con-
tribute to predator discrimination abilities. Prey also
responded less to predators with which they had only
ecological experience than to those with which they
have had both ecological and evolutionary experi-
ence. This result indicates that some species may not
have the ability to learn to respond to predator sounds
within a lifetime. Further studies are needed to deter-
mine the extent to which prey are able to respond to
novel predators based on acoustic properties shared
with known predators or through lifetime experience.
Similarly, only three studies were conducted where
the playback stimulus originated from a predator
having only ecological overlap with the prey, which
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prevents making inferences about the extent to which
prey are genetically predisposed to respond to preda-
tors. Future studies with a more comprehensive data-
base including trends in predator isolation, and
exposure will be required to draw conclusions about
the amount of time or the number of generations over
which antipredator behavior is lost.

Empirical Studies of Mule Deer

Our empirical results indicate that Mule deer can dis-
criminate among their predators using only acoustic
cues. Within the first 15 s post-stimulus, the propor-
tion of time spent displaying a heightened response to
playbacks of coyote (eco-and-evol) and wolf (evol-
only) vocalizations were significantly different from
the responses to playbacks of the control stimulus.
The response to the mountain lion (eco-and-evol)
was not significantly different from any of the other
stimuli, including the control. Between 45 and 60 s
after the vocalization, deer maintained a heightened
response for the coyote and wolf calls, but the
response was attenuated after hearing mountain lion
and butcherbird vocalizations.

Few studies have performed playbacks with both
sympatric felid and canid predators (Berger et al.
2001; Jones et al. 2004; Li et al. 2011). In our study,
we found that deer allocated a greater proportion of
time with a heightened response to canids than to fe-
lids. By contrast, Li et al. (2011) found that the dura-
tion of time taken for Pere David’s deer to return to
their pre-stimulus behavior was similar between play-
backs of familiar dogs and novel wolves. However,
both of these responses were significantly less than
those of the felids tested. Despite being isolated from
predators for 1200 yr in captivity (Li et al. 2011), Pere
David’s deer responded to vocalizations of a poten-
tially important ancestral predator, tigers (Felis tigris).
This suggests that antipredator behavior may be
retained following many generations of relaxed selec-
tion (Coss 1999; Blumstein 2006; Lahti et al. 2009).
As discussed in the introduction, however, species
may also rapidly learn to respond to predators after
some period during which they were not sympatric
(e.g., moose; Berger 2007).

Why are Mule deer able to respond to the calls of
extinct wolves? A proximate explanation for this abil-
ity may be the superficial resemblance of wolf howls
to coyote calls (Blumstein et al. 2008; Fallow et al.
2011). From the review, we were able to recognize
patterns in which prey that were ecologically unfamil-
iar but evolutionarily experienced with canids reacted
appropriately to the canid vocalizations. Particularly,
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animals in the family Cervidae discriminated between
predator and non-predator vocalizations in non-pre-
dated habitats. This demonstrates that some species
retain the ability to assess risk despite a lack of expo-
sure during their own lifetimes.

An ultimate explanation may be the multipredator
hypothesis, which states that prey that are exposed to
novel predators will maintain their antipredator
behavior if they have other extant predators (Blum-
stein 2006). Despite not being exposed to wolves for
almost a century, Mule deer in Gunnison County
have been preyed upon by bobcats, coyotes, and
mountain lions (Brandon Diamond, Colorado Parks
and Wildlife, pers. comm.). Thus, if the presence of
other predators selected for a robust syndrome of mul-
tiple antipredator responses, the loss of a single preda-
tor may not be sufficient to break apart the syndrome.

The multipredator hypothesis, however, does not
explain the lack of a significant response to the moun-
tain lion roar, particularly because there were sightings
during the time of the experiment around the RMBL
(unpublished observations). Indeed, throughout their
range, deer are the primary prey of mountain lions.
For instance, in the Sierra Nevada region of California,
68% of Mule deer mortality was attributed to moun-
tain lion predation, while coyotes are responsible for
28% of Mule deer mortality (Pierce et al. 2004). In
south-central British Columbia, 68% of Mule deer
mortalities were attributed to mountain lion predation
(Robinson et al. 2002). More locally, a radio telemetry
study (between December 2008 and December 2011)
in Gunnison Country showed that coyotes and moun-
tain lions were responsible for 22.5% and 17.7%
of observed doe mortalities, respectively (Brandon
Diamond, Colorado Parks and Wildlife, pers. comm.).

The question of why deer do not respond to moun-
tain lion vocalizations is a compelling one. We have
thought of three possibilities to explain the lack of
response: two stemming from structural differences
between the stimuli used in the study and one stem-
ming from prey exposure. First, it is possible that
Mule deer responded less to long-duration stimuli,
similar to our observations of an attenuated response
to the short control butcherbird vocalizations. The rel-
atively long mountain lion vocalizations were on
average still shorter than wolf vocalizations, yet the
deer’s heightened response to the even shorter coyote
vocalizations did not reflect this conjecture. Further-
more, many species (including deer) respond to very
short-duration alarm calls, stomps, and snorts (Blum-
stein et al. 2000), so there must be another factor
beyond call duration involved in explaining the
lack of a response to mountain lions. Second, the
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vocalization’s acoustic structure may influence
response. In contrast to the canid vocalizations, the
initial amplitude of the mountain lion call is lower
and builds over time, as is characteristic of larger
mammals (Morton 1977). It is possible that the slow
build up of the roar does not cause the same startling
effect as the yipping or howls that characterized the
calls of the two canids. While the structural differ-
ences might have influenced the initial lack of
response, we did not observe a sustained response to
the felid vocalizations either. Third, mountain lions
are more solitary than either wolves or coyotes. Thus,
the broadcast of vocalizations is likely to be a rare
event, particularly in an area where mountain lion
predation accounts for less than one fifth of the mor-
talities (Brandon Diamond, Colorado Parks and Wild-
life, pers. comm.). Mountain lions are known to
vocalize mostly while mating, a behavior that may be
seldom observed in the wild (Beier et al. 1995). It is,
therefore, possible that deer simply do not respond to
mountain lion vocalizations due to lack of experience
with the predator’s vocalizations.

We did not comprehensively study different vocali-
zation types produced by each species even though
each predator has a diverse vocal repertoire. Rather,
we selected high-fidelity exemplars of a given vocali-
zation type. We detected no exemplar effects within a
species’ vocalization. Future studies could examine
deer response to the different vocalizations (copula-
tion, contact, etc.) produced by their predators.

Our study also supports a previous result regarding
the effect that distance to human residence modifies
deer risk assessment: deer closer to humans discrimi-
nate threatening sounds from non-threatening
sounds while those farther from humans do not
(Carrasco & Blumstein 2012). There are two reasons
for this possible effect: habituation (Stankowich &
Coss 2007; Coleman et al. 2008) or a decrease in pre-
dators due to human displacement (Muhly et al.
2011). These are not mutually exclusive hypotheses,
and future work will be required to identity the cause
of this reduced wariness around humans.

The results from our literature review show that
from the great number of predator playback studies
performed, the majority have tested mammals” ability
to distinguish predators from non-predators and prey
with both ecological and evolutionary experience
with their predators. Fewer studies have addressed
prey’s responses to historical or even novel predators.
With the ever-changing prey—predator dynamics
brought about by human encroachment, which leads
to both isolation from predators as well as to exposure
to novel predators, it is necessary to study if particular
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populations retain the ability to recognize historical
predators and/or can adapt to new ones. In our empir-
ical study, we found that North American Mule deer
are able to identify coyotes, a species with which they
have both ecological and evolutionary experience, as
well as wolves, a species with which they have only
evolutionary experience. This may be particularly
helpful should wolves recolonize our study site.
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