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ABSTRACT
The risk of predation is often invoked as an important factor influencing
the evolution of social organization in cetaceans, but little direct
information is available about how these aquatic mammals respond to
predators or other perceived threats. We used controlled playback
experiments to examine the behavioral responses of short-finned pilot
whales (Globicephala macrorhynchus) off Cape Hatteras, NC, USA,
and Risso’s dolphins (Grampus griseus) off the coast of Southern
California, USA, to the calls of a potential predator, mammal-eating
killer whales. We transmitted calls of mammal-eating killer whales,
conspecifics and baleen whales to 10 pilot whales and four Risso’s
dolphins equipped with multi-sensor archival acoustic recording tags
(DTAGs). Only playbacks of killer whale calls resulted in significant
changes in tagged animal heading. The strong responses observed in
both species occurred only following exposure to a subset of killer
whale calls, all of which contained multiple non-linear properties. This
finding suggests that these structural features of killer whale calls
convey information about predatory risk to pilot whales and Risso’s
dolphins. The observed responses differed between the two species;
pilot whales approached the sound source while Risso’s dolphins fled
following playbacks. These divergent responses likely reflect
differences in anti-predator response mediated by the social
structure of the two species.
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INTRODUCTION
Most animals must balance the demands of avoiding predation with
other essential activities such as resource defense, foraging and
mating. The threat-sensitive hypothesis predicts that in balancing
predator avoidance with other activities, natural selection will favor
survival of potential prey which recognize and respond appropriately
to a given level of a potential threat (Helfman, 1989). Several
empirical studies have shown that prey are capable of perceiving the
level of predation risk and demonstrating a proportional response.
This may be related to the frequency of predation attempts, a likely

explanation for both waterfowl and deer species fleeing from humans
at greater distances during months when recreational hunting is
permitted than when it is not (Madsen and Fox, 1995; De Boer et al.,
2004; Thiel et al., 2007). Alternatively, experiencewith predators and
direct observation of their behavior may sensitize prey to behavioral
cues that reveal the predator’s intent or motivation, and, over time,
lead to modifications in prey behavior that reduce risk of predation
(Stankowich and Blumstein, 2005). There is evidence that animals
may perceive subtle postural, locomotive, olfactory and auditory cues
about the lethality of the predator (Caro, 2005). For example, both
birds and primates appear to assess the predatory threats of snakes
based on their posture and head orientation (Etting and Isbell, 2014;
Cantwell et al., 2016). Damselfish responded more strongly to larger
predator models and to models oriented in a strike mode than to
smaller and non-attacking models (Helfman, 1989), and models of
sparrow hawks (Accipiter nisus) presented as gliding elicited stronger
and more prolonged responses in red knots (Caldrus canutis) than
less-threatening perched models (Mathot et al., 2009). California
ground squirrels (Spermophilus beecheyi beecheyi) are able to assess
the level of danger presented by northern Pacific rattle snakes
(Crotalus viridis oreganus) by discriminating between acoustic cues
that contain information about both body size and temperature
(Swaisgood et al., 1999).

Most of these recognition mechanisms are likely present from
birth, with a large genetic influence on the reaction. However,
learning may also be involved in predator avoidance. One of the
most striking examples of predator recognition comes from harbor
seals (Phoca vitulina), in British Columbia, Canada, which
recognize the call-type repertoire of fish-eating killer whales in
their environment and only show avoidance when exposed to killer
whale calls outside this repertoire (Deecke et al., 2002). Killer
whales present an interesting predator type in the context of predator
recognition. Several killer whale ecotypes exist, and each ecotype
specializes on different prey types (Ford and Ellis, 2014). In the
coastal Pacific Northwest, sympatric ecotypes occur, most notably
mammal-eating (‘transient’) and fish-eating (‘resident’) killer
whales (Ford et al., 1998; Saulitis et al., 2000). These two
ecotypes represent either predators or potential food competitors to
other marine mammals. Ecotypes show a clear separation in
behavior and reproduction and are genetically distinct (for review,
see de Bruyn et al., 2013). Therefore, one could hypothesize that
harbor seals simply recognize the call features of fish-eating killer
whales from birth, perhaps showing a genetic predisposition in their
predator-recognition strategies. However, when non-sympatric fish-
eating killer whale sounds were played, harbor seals also showed
avoidance (Deecke et al., 2002). Furthermore, killer whale calls
are influenced by vocal learning and therefore change over time
(Deecke et al., 2000). Thus, the seals would have had to learn
the calls that do not signal danger to show this discrimination in their
predator-avoidance behavior.Received 8 May 2017; Accepted 9 April 2018
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If animals discriminate call types in the recognition of predator
calls, prey might also be able to assess when the same individual
predators pose a threat and when they do not. This would provide a
selective advantage when trying to optimize foraging efficiency.
Mammal-eating killer whales are mostly silent while hunting
because of the sensitive hearing of their prey and appear to engage in
high levels of vocal behavior only after successful prey capture or
during periods of social activity (Deecke et al., 2005, 2011).
Mammal-eating killer whales, like all forms of this species, have an
extremely varied vocal repertoire, including tonal whistles,
echolocation clicks and pulsed calls (Ford, 1989; Deecke et al.,
2005). The pulsed calls of killer whales are highly stereotyped and
can be automatically categorized according to their structural
properties (Deecke et al., 2005; Deecke and Janik, 2006). While
harbor seals seemed to respond to all mammal-eating killer whale
sounds, the killer whale call variety presents an opportunity for prey
to discriminate between different predator calls used by the same
individuals and adjust their own behavioral reactions depending on
the information given in predator calls.
In our study, we hypothesized that killer whale prey with complex

cognitive skills, namely other delphinids (Güntürkün, 2014), would
display differential behavioral responses to different killer whale
calls. For our study subjects, we chose short-finned pilot whales and
Risso’s dolphins, species that both have been found in the stomachs
of killer whales (Jefferson et al., 1991) and are widely distributed
offshore, encountering killer whales on a regular basis (Jefferson
et al., 1991). In addition, Risso’s dolphins are capable of vocal
learning (Favaro et al., 2016), while the acoustic features of short-
finned pilot whale calls are similar to those of killer whale calls
(Sayigh et al., 2013), making these species of special interest for our
study. Finally, the two study species possess different patterns of
social organization, so we expected them to exhibit divergent
responses to the calls of potential predators.

MATERIALS AND METHODS
Playback experiments were conducted with 10 pilot whales
(Globicephala macrorhynchus Gray 1846) off Cape Hatteras,
50 km east of Oregon Inlet, NC, USA, between May and September
in 2012 and 2014, and with four Risso’s dolphins [Grampus griseus
(G. Cuvier 1812)] off the coast of Southern California, USA, near
Catalina Island in August of 2013 and 2014. All playbacks were
performed in Beaufort sea states of 0–3 so that it was possible to
observe behavioral responses at the surface. In addition, each focal
animal was tagged with a recording tag (DTAG) that recorded
acoustic as well as movement data.
Field research on short-finned pilot whales off Cape Hatteras was

conducted under: NOAA Permit 1421-03, issued to Peter Tyack;
NOAA Permit 779-1633, issued to Keith Mullin; and NOAA
General Authorization 16185, issued to A.J.R. and approved by the
Institutional Animal Use and Care Committee of Duke University.

Experimental protocol
Two small vessels were employed in each field trial: a source vessel
(SV) and a small rigid-hulled inflatable boat as the observation
vessel (OV). The OV approached each group and selected a well-
marked adult for tagging. A version 2 or 3 DTAG (Johnson and
Tyack, 2003) with an anticipated deployment time of 4 h was
attached to the dorsal fin or dorsal surface of the target animal with
four small silicone suction cups using a hand-held carbon fiber pole.
DTAGs have a programmable time release that vents the suction
cups to release the tag from the animal for recovery and download of
the data. Females with dependent calves were avoided and, as a

condition of the project’s permits, playbacks were not performed to
groups of either species that contained neonates. Furthermore, our
permit limited us to a maximum of three approaches for tagging to
minimize stress for the animal. Once an animal was tagged, the OV
did not approach closer than 75 m for at least 60 min before
playbacks were conducted. The SV never approached the animals
closer than 200 m. Numerous studies have found that cetaceans
return to pre-tagging/approach behavior within 1–2 dive cycles or a
short period of time and, therefore, their behavior after this time can
be considered ‘normal’ (e.g. Williamson et al., 2016).

In each playback trial, the focal animal was presented with three
sets of acoustic stimuli or exemplars: (1) calls of mammal-eating
killer whales recorded from DTAGs off the Pacific coast of the USA
and Canada, and North East Atlantic, Shetland, UK (the sound of
potential predators); (2) pilot whale social sounds recorded using
DTAGs in Tenerife, Spain, or Risso’s dolphins recorded with
DTAGs off the coast of Southern California (the sound of
conspecifics); and (3) humpback whale social sounds recorded
with DTAGs from the Stellwagen Bank National Marine Sanctuary,
off Cape Cod, MA, USA, as a control. Because of the limited
availability of recordings, the conspecific calls used in Southern
California came from the same population of Risso’s dolphins. All
exemplars were generated from high signal to noise ratio recordings
and normalized to have an equivalent maximum root mean square
(RMS) voltage using a 200 ms RMS window.

Fifty minutes after the DTAG was attached, the SV moved from a
position several kilometers away to a position approximately 200–
500 m from (but not directly ahead of ) the tagged whale. Sound
playbacks commenced 60 min after the DTAG was attached.
Observers on the OV tracked the focal (tagged) animal and recorded
behavioral data on the individual and its associated group for the
duration of the tag deployment. Observations were conducted at
about 50 m from the surfacing animals during playback trials.
Observers engaged in all-event sampling (Altmann, 1974), looking
for behaviors associated with an anti-predator response, including
changes in group size, group spread, surfacing synchrony, heading
synchrony, distance from the focal animal to its nearest neighbor,
distance to the closest group of conspecifics and activity level
including rapid movement, splashing and/or breaching. Altmann
(1974) noted all-event sampling is appropriate for recording
behaviors such as a response to a threatening vocalization. The
all-event surface observations were used to create a qualitative
description of the response of focal animals and their groups to the
playbacks to add detail to the quantitative measures used as response
variables described below. Observers on the OV were blind to the
playback sequence and identity of the exemplar, to avoid any
potential for observer effects (Deecke, 2006).

The stimulus groups (mammal-eating killer whale calls,
conspecific controls and heterospecific controls) were presented in
a randomized sequence and spaced 30 min apart. Each exemplar set
consisted of seven repeats of a single exemplar from one of the three
stimulus groups spaced 4 s apart. Each exemplar was relatively short
in duration (∼0.5–1 s) and the entire presentation of an exemplar set
lasted no more than 34 s. Stimuli were presented to focal animals
and their groups through a custom sound source built by Applied
Physical Sciences Corporation (APS, Groton, CT, USA) capable of
transmitting a flat frequency response from 0.5 to 10 kHz. The
requested source levels for all calls were RMS normalized to 168 dB
re. 1 µPa. We chose this source level to match naturally occurring
source levels for killer whales and used balanced levels for
playbacks of other species to ensure that all stimuli were presented at
equivalent levels, to avoid cues based solely on level (Deecke,
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2006). Each exemplar (calls from each species) was unique and used
only once in trials with each species, to avoid pseudo-replication.
That is, we used the same exemplars for both Risso’s dolphins and
pilot whales, but an exemplar was not used for multiple subjects
within the same experimental species. Finally, each playback trial
occurred at a predetermined time and we did not control for
behavioral context.

Processing received stimuli
Playback signals were identified on the DTAG records and custom-
written scripts for MATLAB 8.0 (MathWorks, Natick, MA, USA)
were used to calculate broadband maximum received levels (RLs)
frommeasurements made in 200 ms windows for the duration of the
playback (Table 1). The MATLAB scripts used transient
elimination algorithms on all signals to exclude energy from
short, intense sounds such as echolocation clicks and allow for
accurate calculation of the RLs (as described in Tyack et al., 2011).

Analysis of movement
We analyzed individual responses to playback trials in terms of
physical movement towards or away from the sound source using
the estimated heading of focal pilot whales and Risso’s dolphins as
the main response variable. We estimated the focal animal’s
location and heading at each available surfacing using range and
bearing from the OV. Because of the irregularly spaced data, we
used a movement model to predict the location of the focal animal at
30 s increments for the duration of the experiment. We fitted a
continuous time-correlated random walk model (CTCRW) to the
location data using the R package crawl (https://CRAN.R-project.
org/package=crawl). To calculate the range and s.d. of each location
estimate, we simulated 100 tracks from the posterior distribution
of the CTCRW model and calculated the range of distances
and bearings between the focal animal and the sound source
immediately prior to the playback and for the 30 min following
each playback. We evaluated whether the animal changed its
heading by running a Watson–Williams multi-sample test for
equal means (Berens, 2009) on the heading data collected on the
DTAG for the 2 min before and after each playback. The Watson–
Williams test is used for circular data and is the equivalent of a
two-sample t-test for equal angular means. For the animals that
made a change in heading, we evaluated the change relative to the
source using the estimated path, range and bearing to the source.
After observing a strong pattern of heading changes associated
with playbacks of certain calls from mammal-eating killer whale
calls, we grouped these calls and compared sound types with
responses to those without.
In addition, we calculated mean overall dynamic body

acceleration (ODBA) (Qasem et al., 2012) of the focal animal in
30 s time steps and evaluated it against four treatments – baseline,
before, during and after – for each call type with a Gaussian general
estimating equation (GEE) using the geepack package (Højsgaard
et al., 2006) in R statistical software (http://www.R-project.org/).
We chose 30 s time bins to match the duration of the exemplar sets.
GEEs have been used in a number of other playback experiments
with cetaceans to test stimulus effects (Curé et al., 2012, 2015;
Visser et al., 2016; Quick et al., 2017; Sivle et al., 2016; Isojunno
et al., 2016). To deal with the repeated measures in the experimental
design, we specified a blocking unit (focal ID), which allowed for
within-subject correlation of residuals but assumes independence
between blocking units. Data from two concurrently tagged animals
(Gm14_178a and b) were placed in the same blocking unit and were
not assumed to be independent. All other tags were deployed in

independent observation periods. We ran models with an
independent and autoregressive correlation structure and used the
ANOVA method to compare each model by Wald tests. In each
case, the independent correlation structure was determined to be a
better model. Each treatment was compared with the baseline using
95% confidence intervals derived from a parametric bootstrap of
10,000 iterations on the fit parameters of the GEE. For the bootstrap,
we assumed a multivariate normal distribution with means equal
to the estimated parameters from the model and the variance–
covariance matrix from the fitted model.

We also assessed each playback qualitatively by plotting data
from the DTAG, including the acoustics spectrogram, flow noise
(noise power at 500 Hz band-pass filtered with a 2-pole Butterworth
filter), ODBA, depth and heading for the 30 s before, during and
after each playback (Fig. 1). Flow noise and ODBAwere calculated
following procedures outlined in prior studies (Simon et al., 2009;
Qasem et al., 2012).

Analysis of social calls
We counted calls on the DTAG record in a 5 min baseline period
(10 min before presentation of any stimulus) and for 5min before and
after each stimulus. We did not analyze call counts during the
playbacks because of the high levels of background noise (flow noise
and splashing) which occurred on a number of the playbacks. We
excluded feeding buzzes and clicks as defined in Soto et al. (2008)
from our social call counts. We included whistles, burst pulses and
rasps (Soto et al., 2012). These call counts were binned into 30 s time
steps and analyzed with a Poisson GEE using the geepack package
(Højsgaard et al., 2006) in R statistical software (http://www.R-
project.org/), following the same procedures as described above.

Analysis of playback stimuli
We analyzed each exemplar for non-linear components including
biphonation, deterministic chaos, subharmonics and frequency
jumps (Fitch et al., 2002). As toothed whales have two sound
generators, bi-phonation might not be a non-linear phenomenon
in this species. However, the resulting two-component call is a
typical non-linear call type for the receiver, so we included this
phenomenon here.

In addition, spectrograms of each of the killer whale exemplars
were visually categorized based on their ARTwarp classification
results from earlier studies (Deecke, 2003; Deecke and Janik, 2006)
to determine whether certain call types were eliciting a response.
Non-linear components were identified through visual inspection
and by calculation of Lyapunov exponents of spectrograms
following previously applied methods (Tyson et al., 2007). The
calls were analyzed in MATLAB using fast Fourier transformations
(FFTs), with 2048 point FFTs, Hanning windows and a 75%
overlap of successivewindows. Identification of deterministic chaos
was achieved using the open TSTOOL package (version 1.2; http://
www.physik3.gwdg.de/tstool/index.html). We used the method of
surrogate data to test the null hypothesis that the signals were
produced by a stationary, linear, random Gaussian process (Theiler
et al., 1992; Tyson et al., 2007). Surrogate data for each call were
produced using the surrogate1 function and follow the approach
used by Theiler et al. (1992), which creates the surrogate signal by
phase-randomizing the data. Lyapunov exponents were calculated
for both the original and surrogate data using the largelyap function.
The largelyap function requires an embedding delay, which was
calculated using the amutual function and an embedded dimension
which was determined using the cao function. We then performed
paired t-tests on the Lyapunov exponents from the surrogate and
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Table 1. Stimulus order, exemplars, maximum root mean square (RMS; dB re. 1 μPa) broadband received levels (Max. RL) and group context
for all playbacks

ID
Stimulus
order

Humpback exemplar Conspecific exemplar Killer whale exemplar

Group contextExemplar

Est.
distance

(m)

Max.
RL
(dB) Exemplar

Est.
distance

(m)

Max
RL
(dB) Exemplar

Est.
distance

(m)

Max.
RL
(dB)

Gm12_125a H-C-K Mn-9 580–670 X* Gm-5 270–310 125* Oo-11 (−) 380–450 129* 5 animals, consisting of
two subgroups of 3 and
2 animals.

Gm12_125b K-C-H Mn-10 300–460 102* Gm-1 250–440 133 Oo-5 200–320 137 10 animals, increased
to 14.

Gm12_133a H-C-K Mn-1 350–590 118 Gm-9 240–410 119* Oo-24 410–480 110* Solitary animal, joined
up with 4 others before
the playback, 2 of which
were amother–calf pair.

Gm12_162a K-H-C Mn-21 440–520 120 Gm-18 460–570 117* Oo-19 470–570 122 10 animals, spread out,
mostly mother/calf pairs.

Gm12_172a C-H-K Mn-17 520–650 X* Gm-15 480–600 124 Oo-9 220–370 135 14 whales, spread out,
decreased to 9 before
the playbacks.

Gm12_246a C-H-K Mn-7 240–320 125 Gm-11 400–470 122 Oo-22 340–430 118* 16 whales, fairly tight,
consisting of multiple
mother–calf pairs.

Gm14_145a H-C-K Mn-4 270–340 112 Gm-16 270–420 120 Oo-10 (−) 320–360 120 15 whales, several
sub-adults and at least
2 mother–calf pairs.

Gm14_167a K-C-H Mn-15 280–400 122 Gm-10 230–330 111* Oo-7 (−) 220–300 125 22 whales, consisting
of two subgroups of 14
and 8 that split and
joined throughout the
playback.

Gm14_178a H-C-K Mn-14 180–270 127 Gm-13 220–460 121* Oo-8 (−) 200–330 127 10 whales, joined a
large aggregation of
several hundred during
the experiment.

Gm14_178b H-C-K Mn-14 – 126 Gm-13 – X Oo-8 (−) – 121

Gg13_227b C-K X – J Gg-1 380–420 118 Oo-2 380–470 123* 12–16 whales in
scattered formation with
high activity.

Gg13_228b K-C-H Mn-23 270–350 121* Gg-3 330–440 127 Oo-10 (+) 290–410 124 14–16 whales in a
relatively tight formation,
slow travel.

Gg13_231c H-K-C Mn-18 280–370 115* Gg-8 390–430 121 Oo-4 350–500 129 10 whales in tight
formation with another
subgroup of 10 nearby,
slow travel.

Gg14_222a C-H-K Mn-20 270–550 127 Gg-4 300–780 115* Oo-11 (+) 350–530 119* 5–7 whales with 15–20
more whales scattered
in the area, traveling
with low activity level.

ID consists of two letters denoting the species (Gm, Globicephala macrorhynchus; Gg, Grampus grisieus), followed by a number representing year, and
three numbers representing the Julian date of tag deployment; the final letter separates animals tagged on the same day. The exemplar is named using
a two-letter system denoting species (Mn, Megaptera novaeangliae; Oo, Orcinus orca). Exemplars that are in bold resulted in a significant change in heading
(P<0.05); a minus sign (−) indicates decreasing distance between the sound source and focal animal and a plus sign (+) indicates increasing distance
between the sound source and the focal animal. X denotes playback exemplars that were not detected on the tag acoustic record. Letter J denotes that the DTAG
jettisoned before the call was played. An asterisk denotes potential shadowing of the signal by the tagged individual’s body (determined by tag position
on the animal and the animal’s orientation relative to the source).
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original data, where significant differences (P≤0.05) indicate the
presence of chaos (Theiler et al., 1992).

Random Forest analysis
We used a non-parametric Random Forest (RF) analysis to
understand the relative contribution of each variable that might
influence a response. RFs improve statistical prediction by
generating a large number of bootstrapped decision trees (based
on random samples of variables) and adopting a final result by
combining the results across all the trees (Liaw and Wiener, 2002).
We used the results of our animal response analysis to classify
each playback as response (significant change in heading) or
non-response (no significant change in heading) and evaluated
the following predictive variables: species, group size, presence of
calf, RL, stimulus order, ARTwarp classification and presence of
multiple non-linearities in the call. We used the randomForest
package (Liaw and Wiener, 2002) for analysis and ran the default
value of 10,000 bootstrapped trees.

RESULTS
Quantitative analysis of reactions
Pilot whales were exposed to a total of nine complete playback
sequences that included presentation of all three sets of stimuli
(Table 1). Risso’s dolphins were exposed to three complete
playback sequences and one partial sequence (two playback sets)
(Table 1). All the animals were tagged on the first approach except
for Gm12_172a, which was tagged on the second approach. In both
species, we observed no significant change in tagged animal
heading relative to the source for any of the playbacks of conspecific
calls or humpback whale social sounds (Table 1). Conversely, seven
of the 14 animals in the playback experiments showed a response to
killer whale calls that resulted in significant changes in tagged

animal heading (Gm12_125a, P<0.001; Gm14_145a, P=0.025;
Gm14_167a, P=0.001; Gm14_178a, P<0.001; Gm14_178b,
P<0.001; Gg13_228b, P<0.001; Gg14_222a, P<0.001). Analysis
of individual playbacks showed that only playbacks of calls Oo-7,
-8, -10 and -11 resulted in significant heading changes relative to the
source, while all other call types did not (Fig. 2). It is important to
note that the significant differences measured in responses in these
conditions indicated movement toward the sound source for pilot
whales (Fig. 3), but movement away from the sound source in
Risso’s dolphins (Fig. 3).

The response of both species to these call types included
increases in speed, heading variance and ODBA (Fig. 1).
Furthermore, pilot whale call rates increased (Fig. 4) and the focal
pilot whales and their groups made directed movement towards the
sound source. Risso’s dolphins showed no measurable change in
call rates (Fig. 4) but made very rapid directed movement away from
the sound source. There were no correlations between the strong
reaction and RL, estimated distance between the focal animal and
sound source, or sequence of presented calls. Maximum received
levels of the various playback exemplars ranged from 102 to
137 dB re. 1 μPa RMS (Table 1). For one conspecific (Gm-13) and
two humpback (Mn-9 and Mn-17) exemplar sets, signals were not
detected on the DTAG (Table 1). We did not observe a response at
the time these exemplar sets were presented.

Description of surface observations
ODBA levels for pilot whales and Risso’s dolphins were
significantly higher during reactions to playbacks (Fig. 5). This
suggests greater movement by the tagged animals during exposure
to these calls, behavior that would be consistent with a rapid
orienting response. Following the playback of killer whale call
Oo-11 to pilot whale Gm12_125a, two sub-groups of whales
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body acceleration (ODBA) and heading variance. Each panel displays a 30 s period before, during and after presentation of a killer whale call and provides values
for: (A) spectrogram of the acoustic record – the first received signal from the playback is highlighted with a black box; (B) flow noise, which is a proxy for the
speed of the tagged animal; (C) depth profile of the tagged animal; (D) ODBA, which is a proxy for movement of the tagged animal; and (E) circular plots of heading of
the tagged animal.
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coalesced quickly into a single, very tight group, with almost all
whales in physical contact. The group then dived in unison,
moving towards the sound source. We witnessed a similar
response following the playback of killer whale call Oo-10 to
pilot whale Gm14_145a; the focal group contracted, with almost
all of the whales in physical contact. The group then moved in a
coordinated and directed manner towards the sound source. In
contrast, playbacks of the rest of the mammal-eating killer whale
calls, as well as all of the conspecific and humpback calls evoked
little or no obvious change in surface behavior from the focal
animal or its group.
We also observed strong responses in two Risso’s dolphins when

playing the killer whale calls that elicited responses in pilot whales
(Oo-10, -11). Here, sub-groups clustered together into a tight
formation over the course of several minutes following exposure,
before leaping at high speed away from the sound source for more
than 10 km. In both cases, the DTAG was shed before or just at
the commencement of this rapid directional travel. This behavior
has not been observed previously with this species in Southern
California. We did not observe any change in surface behavior for
the other two Risso’s dolphins following playback of the mammal-

eating killer whale calls that failed to elicit responses in pilot whales.
Calls from conspecifics and humpbacks evoked no obvious change
in surface behavior in the focal animal or its group for any of the four
Risso’s dolphins.

Post hoc analysis of playback stimuli
Five killer whale exemplars had multiple non-linear components
(Table 2), including all four of the exemplars that elicited a response
(Oo-7, -8, -10, -11). These four exemplars all included deterministic
chaos and another non-linear component. Only one other call
(Oo-2) contained deterministic chaos (but no other non-linear
aspects) but did not elicit a reaction. Two of the calls our subjects
reacted to (Oo-7, -8) had the same ARTwarp classification. One
conspecific call (Gm-11) contained two non-linear components
(subharmonics and frequency jumps) and five other conspecific
calls and two humpback calls contained one non-linear component
(Table 2). None of the calls from humpbacks or conspecifics
contained deterministic chaos. Several of the exemplars were
recorded on the same day, from the same group and potentially from
the same individual (Table 2). Exemplars Oo-10 and Oo-11 were
recorded on 27 July 2005 from the same group and may have been
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Fig. 2. Spectrograms of calls from mammal-eating killer whales used in playback experiments with short-finned pilot whales and Risso’s dolphins.
Playback exemplars are identified using the two-letter system denoting species (Oo, Orcinus orca) as in Table 1. *A strong response was observed during
playback experiments.
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produced by the same individual. Exemplars Oo-7 and Oo-8 were
recorded on 13 July 2005 and may have been produced by the same
individual. Several calls that did not elicit a response were also
recorded on 13 July 2005 (Oo-2, -4, -5, -9).

Random Forest
The RF analysis indicated that the two most important predictors of
a response were the presence of multiple non-linearities and the
ARTwarp classification of the killer whale call (Table 3). All other
variables provided no improvement in the prediction of a response
by either species of animal.

DISCUSSION
Short-finned pilot whales and Risso’s dolphins reacted strongly but
divergently to playback of a subset of calls from mammal-eating
killer whales. Four calls (Oo-7, -8, -10, -11) elicited strong
responses in short-finned pilot whales and two of these (Oo-10,
-11) were also tested with Risso’s dolphins in which they also

elicited strong responses. Neither focal species responded to
playback of other killer whale calls or to calls of conspecifics or
humpback whales. Calls that elicited a response all included at least
two non-linear phenomena. The response observed in both species
involved increases in speed, heading variance and ODBA. In both
species, the response appeared to include increased cohesion of the
focal groups, but there were clear inter-species differences in their
vocal and movement responses. The GEE showed that pilot whales
increased ODBA and call counts during and/or after playbacks
involving these calls. The pilot whales called more frequently and
approached the sound source. Conversely, Risso’s dolphins did not
change their social call rates, and moved in a rapid, directed manner
away from the source.

We acknowledge that the samples sizes for both species are small
and that the playback exemplars used do not represent the full range
of signals produced by these species. We also do not fully
understand the behavioral contexts in which the calls of mammal-
eating killer whales were originally produced, which could create a
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Gm14_145a Gg13_228b
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Fig. 3. Circular plots of heading relative to the sound source for 30 s before (top) and after (bottom) playbacks of killer whale exemplar Oo-10 to
a pilot whale (left) and a Risso’s dolphin (right). Bearing of the sound source (green) to the focal animal was determined using known location of the sound
source and the estimated location of the focal animal as reconstructed from the focal follow points. Heading of the animal was obtained from the DTAG.

7

RESEARCH ARTICLE Journal of Experimental Biology (2018) 221, jeb162479. doi:10.1242/jeb.162479

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



confounding effect if behavioral context differed systematically
with playback condition. However, it seems unlikely that there are
contexts in which cetaceans that are preyed upon by killer whales
would not react to the sounds of foraging killer whales. The only
exceptions in our study might be group size and RL as predictors of
responsiveness, as there could be safety in numbers or at a certain
distance from the calling predator. Nevertheless, our RF analysis
showed that neither group size nor RL had a significant effect.
Furthermore, we observed strong responses although we used a
single point source while killer whales usually forage in groups.
Thus, our signal could have been perceived as a single predator and
yet we still saw strong responses.
Two other possible explanations for these results exist, but do

not apply to our study. Schleidt (1961) developed a selective
habituation hypothesis that predicts stronger responses to

uncommon stimuli. This cannot explain our results because calls
with non-linear phenomena are at least as common as those without
such phenomena in the repertoire of killer whales (Tyson et al.,
2007; Filatova et al., 2009). Alternatively, one could postulate that
non-linear phenomena are specific to killer whales and therefore
make species identification easier than for calls without such
features. This would assume that calls without non-linear
phenomena are not easily identified as coming from a killer whale
and prey would therefore not recognize that killer whales are
present. However, calls without non-linear phenomena that failed to
elicit a response are more variable than calls with non-linear
phenomena (Filatova et al., 2012) and the latter are not unique to
killer whales (Quick et al., 2018). Thus, the most likely explanation
is that the animals in our study responded to the non-linear aspects
of the calls.
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Biphonation and other non-linear phenomena, such as
sub-harmonics, frequency jumps and deterministic chaos, are
commonly found in alarm calls, and are known to elicit strong
reactions in mammals (Fitch et al., 2002; Tyson et al., 2007).
The unpredictability of non-linear phenomena in alarm calls
may function as a way to prevent habituation (Fitch et al., 2002).
In both mammals and birds, the addition of non-linearities to
calls, synthesized non-linear sounds and unfamiliar non-linear
biological calls have been shown to provoke reactions such as
cessation of foraging and increased vigilance (Blumstein and
Récapet, 2009; Blesdoe and Blumstein, 2014). All of the stimuli

that elicited a response contained at least two non-linear features
and some contained three (e.g. Oo-7 exhibits frequency jumps,
biphonation, subharmonics and deterministic chaos) and all four
contained deterministic chaos.

Three of the four calls that elicited a response were classified
as two-component calls. We are unable to say that biphonation
elicited a response, but the function of these calls merits further
investigation. Two-component calls have been described in all
mammal-eating killer whale populations studied to date (Tyson
et al., 2007; Filatova et al., 2012), and their behavioral and
contextual usage implies that they function as group identifiers
among mammal-eating killer whale pods (Filatova et al., 2009). The
upper frequency component of these calls is more directional than
the lower frequency component, which might allow a receiver to
localize the caller based on the relative intensities of the two
components in the call (Miller, 2006). While all stimuli in our
experiment were played at the same source level, two-component
calls in killer whales tend to have higher source levels than
monophonic calls, further supporting the idea that these calls are
used for group communication (Miller, 2006). Thus, these calls may
indicate the presence of a large number of killer whales in the area,
possibly following cooperative prey capture events, which could
explain the strong reactions observed here in pilot whales and
Risso’s dolphins.

Table 2. Classification of the killer whale exemplars and identification of non-linear components

Exemplar ARTwarp classification Biphonation Chaos Subharmonics Frequency jumps Date recorded

Oo-2 WCT08 ✓ 13-Jul-2005
Oo-4 WCT11 ✓ 13-Jul-2005
Oo-5 Whistle/variable 13-Jul-2005
Oo-7 WCT03 ✓ ✓ ✓ ✓ 13-Jul-2005
Oo-8 WCT03 ✓ ✓ ✓ 13-Jul-2005
Oo-9 Whistle/variable ✓ ✓ 13-Jul-2005
Oo-10 WCT02iii ✓ ✓ 27-Jul-2005
Oo-11 WCT04 ✓ ✓ ✓ 27-Jul-2005
Oo-19 NASh03i 28-Jun-2009
Oo-22 WCT02iii 30-Jun-2006
Oo-24 NASh06 28-Jun-2009
Gm-1 ✓ 22-Mar-2006
Gm-5 ✓ 22-Mar-2006
Gm-9 22-Mar-2006
Gm-10 ✓ 19-Apr-2008
Gm-11 ✓ ✓ 19-Apr-2008
Gm-13 ✓ 19-Apr-2008
Gm-15 19-Apr-2008
Gm-16 ✓ 19-Apr-2008
Gm-18 19-Apr-2008
Mn-1 7-Jul-2006
Mn-4 11-Jul-2006
Mn-7 15-Jul-2006
Mn-9 15-Jul-2006
Mn-10 15-Jul-2006
Mn-14 ✓ 8-Jul-2006
Mn-15 ✓ 8-Jul-2006
Mn-17 15-Jul-2006
Mn-18 15-Jul-2006
Mn-20 7-Jul-2006
Mn-21 7-Jul-2006
Mn-23 15-Jul-2006
Gg-1 4-Aug-2011
Gg-3 4-Aug-2011
Gg-4 22-Sep-2011
Gg-8 4-Aug-2011

For ARTwarp classification, the set of letters prior to each number indicates the population of killer whales with WCT indicating west-coast transient and NASh
indicating North Atlantic Shetland. A tick indicates the presence of the non-linear component from that column. The last column shows the datewhen the recording
was made.

Table 3. Variable importance determined in Random Forest analysis

Variable Mean decrease accuracy

Multiple non-linearities 18.6
ARTwarp classification 11.8
Stimulus order −0.1
Calf present −0.1
Distance −0.2
RL −1.5
Species −4.3
Group size −5.7

The mean decrease accuracy reflects the reduction in accuracy if the variable
was removed from a decision tree.
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In addition to deconstructing components of the calls that elicited
a response in subjects in our playback experiments, one may ask
whether these calls were recognized specifically as killer whale
calls. Morton (1977) hypothesized that aversive calls have shared
parameters across species, but there are many exceptions to this
pattern, making its universal claim questionable (e.g. August and
Anderson, 1987; Cardoso, 2011). Furthermore, it seems unlikely
that predator avoidance would rely on the same mechanism
as avoiding intra-specific aggression, because the two types of
response require different reactions. Failure to avoid an aggressive
conspecific will likely carry different costs than failure to respond to
an attempted predation event. Non-linear calls are not uncommon in
cetacean call repertoires, so this is a question that can be tested
experimentally. Pilot whale calls share some characteristics with
those of killer whales, including biphonation and other non-linear
phenomena (Sayigh et al., 2013). In our study, the exemplar Gm-10
was a two-component call, and several pilot whale calls included
subharmonics (Gm-1, -5, -11, -13, -16). Gm-11 contained both
subharmonics and frequency jumps. The lack of response to
conspecific calls that shared non-linear phenomena with killer
whale calls suggests that our subjects could discriminate a killer
whale call from a conspecific call. Furthermore, the lack of response
to non-linear features in some of the humpback whale calls suggests
that the subjects in the playback experiments could differentiate
predator from non-predator calls. Our sample sizes here are
admittedly limited, but they suggest that the response was based
not only on aversive parameters in calls but also on a recognition of
calls coming from a predator. A previous study on fish-eating killer
whales hypothesized that approaches by pilot whales might be
mobbing behavior, but it lacked the conspecific control that would
have shown whether pilot whales mobbed in response to killer whale
calls or were attracted to calls that sounded like those of a conspecific
(Curé et al., 2012). The lackof response of pilot whales to conspecific
calls in our study supports the idea that the approach behavior
following playback of mammal-eating killer whale calls was indeed
an anti-predator response rather than an attraction to calls similar to
their own. However, the exact role of different non-linear features
needs further examination, because it appeared that a combination of
such features carried the key information for reactions in our study.
Other researchers have noted general similarities with and

frequency overlap between tactical mid-frequency active sonar
(MFAS) signals and those produced by mammal-eating killer
whales (Zimmer and Tyack, 2007; Tyack et al., 2011). MFAS may
also share some other characteristics with these calls, including
asynchronous tonal and frequency-modulated elements (D’Spain
et al., 2006). Playback experiments from controlled-exposure
experiments on free-ranging cetaceans, primarily using anthropogenic
sources of sound, have elicited similar reactions to those described in
this paper. For example, a Cuvier’s beakedwhale (Ziphius cavirostris)
responded to simulated MFAS by stopping vocalization, rapid
directed movement away from the sound source and an extended
dive durationwith slow ascent, with some of these behavioral changes
lasting well after the end of the exposure (DeRuiter et al., 2013).
Avoidance responses to simulated MFAS have been recorded in
several other species of cetaceans (Goldbogen et al., 2013; Stimpert
et al., 2014; Miller et al., 2014). Pilot whales responded to MFAS
exposure and to the sounds of predators (Tyack, 2009; Miller et al.,
2012) in a similar manner to the responsewe observed. For example,
the response of short-finned pilot whales to simulated MFAS
signals in a behavioral-response study (Southall et al., 2008) was
reminiscent of a social defense strategy, which included elevated
vocalization rate and increased group cohesion (Tyack, 2009). The

response of both focal species occurred in a manner consistent with
their patterns of social organization. Pilot whales, which live in
relatively permanent groups characterized by strong social bonds
(Heimlich-Boran, 1993; Alves et al., 2013; Mahaffy et al., 2015),
responded by increasing social cohesion. Risso’s dolphins, which
have a social structure that shows less permanence in terms of social
affiliations and is characterized by more fluidity (Hartman et al.,
2008), displayed an exaggerated flight response, moving rapidly
away from the sound source.

Both species appeared to discriminate amongst different call
types from another species, the killer whale. This is the first
demonstration of such an ability in cetaceans. These results do not
unequivocally demonstrate that the two focal species have a
stereotyped anti-predator response or that the sole determinant of
the probability of a response to killer whale calls is the presence or
absence of non-linear components. Nor do these results prove that
the strong responses observed to other external stimuli, including
MFAS, are necessarily the result of animals categorizing those
sounds in the same general class as the calls of predators.
However, the responses of both species to signals that share a
specific call structure is striking. In our view, these findings
suggest that pilot whales and Risso’s dolphins are capable of
assessing threat levels from call usage by their main predator,
using structural features other than the general frequency-
modulation pattern relevant in killer whale call dialects when
classifying predator calls.
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Thiel, D., Ménoni, E., Brenot, J.-F. and Jenni, L. (2007). Effects of recreation and
hunting on flushing distance of capercaillie. J. Wildlife Man. 71, 1784-1792.

11

RESEARCH ARTICLE Journal of Experimental Biology (2018) 221, jeb162479. doi:10.1242/jeb.162479

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

http://dx.doi.org/10.1007/s00265-016-2070-x
http://dx.doi.org/10.1007/s00265-016-2070-x
http://dx.doi.org/10.1007/s00265-016-2070-x
http://dx.doi.org/10.1007/s00265-016-2070-x
http://dx.doi.org/10.1093/beheco/arr200
http://dx.doi.org/10.1093/beheco/arr200
http://dx.doi.org/10.1371/journal.pone.0052201
http://dx.doi.org/10.1371/journal.pone.0052201
http://dx.doi.org/10.1371/journal.pone.0052201
http://dx.doi.org/10.3354/meps11231
http://dx.doi.org/10.3354/meps11231
http://dx.doi.org/10.3354/meps11231
http://dx.doi.org/10.3354/meps11231
http://dx.doi.org/10.1111/j.1469-185X.2012.00239.x
http://dx.doi.org/10.1111/j.1469-185X.2012.00239.x
http://dx.doi.org/0.1006/anbe.2000.1454
http://dx.doi.org/0.1006/anbe.2000.1454
http://dx.doi.org/0.1006/anbe.2000.1454
http://dx.doi.org/10.1578/AM.32.4.2006.461
http://dx.doi.org/10.1578/AM.32.4.2006.461
http://dx.doi.org/10.1121/1.2139067
http://dx.doi.org/10.1121/1.2139067
http://dx.doi.org/10.1038/nature01030
http://dx.doi.org/10.1038/nature01030
http://dx.doi.org/10.1016/j.anbehav.2004.04.014
http://dx.doi.org/10.1016/j.anbehav.2004.04.014
http://dx.doi.org/10.1016/j.anbehav.2004.04.014
http://dx.doi.org/10.3354/ab00353
http://dx.doi.org/10.3354/ab00353
http://dx.doi.org/10.3354/ab00353
http://dx.doi.org/10.1098/rsbl.2013.0223
http://dx.doi.org/10.1098/rsbl.2013.0223
http://dx.doi.org/10.1098/rsbl.2013.0223
http://dx.doi.org/10.1098/rsbl.2013.0223
http://dx.doi.org/10.1111/eth.12293
http://dx.doi.org/10.1111/eth.12293
http://dx.doi.org/10.1007/s10071-016-0961-x
http://dx.doi.org/10.1007/s10071-016-0961-x
http://dx.doi.org/10.1007/s10071-016-0961-x
http://dx.doi.org/10.1007/s10211-009-0056-7
http://dx.doi.org/10.1007/s10211-009-0056-7
http://dx.doi.org/10.1007/s10211-009-0056-7
http://dx.doi.org/10.1016/j.anbehav.2011.12.013
http://dx.doi.org/10.1016/j.anbehav.2011.12.013
http://dx.doi.org/10.1016/j.anbehav.2011.12.013
http://dx.doi.org/10.1016/j.anbehav.2011.12.013
http://dx.doi.org/10.1006/anbe.2001.1912
http://dx.doi.org/10.1006/anbe.2001.1912
http://dx.doi.org/10.1006/anbe.2001.1912
http://dx.doi.org/10.1139/z89-105
http://dx.doi.org/10.1139/z89-105
http://dx.doi.org/10.1139/z98-089
http://dx.doi.org/10.1139/z98-089
http://dx.doi.org/10.1139/z98-089
http://dx.doi.org/10.1139/z98-089
http://dx.doi.org/10.1098/rspb.2013.0657
http://dx.doi.org/10.1098/rspb.2013.0657
http://dx.doi.org/10.1098/rspb.2013.0657
http://dx.doi.org/10.1098/rspb.2013.0657
http://dx.doi.org/10.1159/000357551
http://dx.doi.org/10.1139/Z07-138
http://dx.doi.org/10.1139/Z07-138
http://dx.doi.org/10.1139/Z07-138
http://dx.doi.org/10.1007/BF00300117
http://dx.doi.org/10.1007/BF00300117
http://dx.doi.org/10.1890/15-0040
http://dx.doi.org/10.1890/15-0040
http://dx.doi.org/10.1890/15-0040
http://dx.doi.org/10.1111/j.1365-2907.1991.tb00291.x
http://dx.doi.org/10.1111/j.1365-2907.1991.tb00291.x
http://dx.doi.org/10.1111/j.1365-2907.1991.tb00291.x
http://dx.doi.org/10.1109/JOE.2002.808212
http://dx.doi.org/10.1109/JOE.2002.808212
http://dx.doi.org/10.2981/wlb.1995.0025
http://dx.doi.org/10.2981/wlb.1995.0025
http://dx.doi.org/10.1111/mms.12234
http://dx.doi.org/10.1111/mms.12234
http://dx.doi.org/10.1111/mms.12234
http://dx.doi.org/10.1016/j.anbehav.2009.01.024
http://dx.doi.org/10.1016/j.anbehav.2009.01.024
http://dx.doi.org/10.1016/j.anbehav.2009.01.024
http://dx.doi.org/10.1007/s00359-005-0085-2
http://dx.doi.org/10.1007/s00359-005-0085-2
http://dx.doi.org/10.1578/AM.38.4.2012.362
http://dx.doi.org/10.1578/AM.38.4.2012.362
http://dx.doi.org/10.1578/AM.38.4.2012.362
http://dx.doi.org/10.1578/AM.38.4.2012.362
http://dx.doi.org/10.1578/AM.38.4.2012.362
http://dx.doi.org/10.1121/1.4861346
http://dx.doi.org/10.1121/1.4861346
http://dx.doi.org/10.1121/1.4861346
http://dx.doi.org/10.1121/1.4861346
http://dx.doi.org/10.1086/283219
http://dx.doi.org/10.1086/283219
http://dx.doi.org/10.1371/journal.pone.0031187
http://dx.doi.org/10.1371/journal.pone.0031187
http://dx.doi.org/10.1371/journal.pone.0031187
http://dx.doi.org/10.1371/journal.pone.0031187
http://dx.doi.org/10.1139/cjfas-2016-0293
http://dx.doi.org/10.1139/cjfas-2016-0293
http://dx.doi.org/10.1139/cjfas-2016-0293
http://dx.doi.org/10.1111/mms.12452
http://dx.doi.org/10.1111/mms.12452
http://dx.doi.org/10.1111/j.1748-7692.2000.tb00906.x
http://dx.doi.org/10.1111/j.1748-7692.2000.tb00906.x
http://dx.doi.org/10.1111/j.1748-7692.2000.tb00906.x
http://dx.doi.org/10.1111/j.1748-7692.2012.00577.x
http://dx.doi.org/10.1111/j.1748-7692.2012.00577.x
http://dx.doi.org/10.1111/j.1748-7692.2012.00577.x
http://dx.doi.org/10.1007/BF00631948
http://dx.doi.org/10.1007/BF00631948
http://dx.doi.org/10.1098/rspb.2009.1135
http://dx.doi.org/10.1098/rspb.2009.1135
http://dx.doi.org/10.1098/rspb.2009.1135
http://dx.doi.org/10.3354/meps11969
http://dx.doi.org/10.3354/meps11969
http://dx.doi.org/10.3354/meps11969
http://dx.doi.org/10.1111/j.1365-2656.2008.01393.x
http://dx.doi.org/10.1111/j.1365-2656.2008.01393.x
http://dx.doi.org/10.1111/j.1365-2656.2008.01393.x
http://dx.doi.org/10.1111/j.1748-7692.2011.00495.x
http://dx.doi.org/10.1111/j.1748-7692.2011.00495.x
http://dx.doi.org/10.1111/j.1748-7692.2011.00495.x
http://dx.doi.org/10.1080/09524622.2008.9753811
http://dx.doi.org/10.1080/09524622.2008.9753811
http://dx.doi.org/10.1098/rspb.2005.3251
http://dx.doi.org/10.1098/rspb.2005.3251
http://dx.doi.org/10.1038/srep07031
http://dx.doi.org/10.1038/srep07031
http://dx.doi.org/10.1038/srep07031
http://dx.doi.org/10.1038/srep07031
http://dx.doi.org/10.1006/anbe.1999.1095
http://dx.doi.org/10.1006/anbe.1999.1095
http://dx.doi.org/10.1006/anbe.1999.1095
http://dx.doi.org/10.1016/0167-2789(92)90102-S
http://dx.doi.org/10.1016/0167-2789(92)90102-S
http://dx.doi.org/10.1016/0167-2789(92)90102-S
http://dx.doi.org/10.2193/2006-268
http://dx.doi.org/10.2193/2006-268


Tyack, P. L. (2009). Human-generated sound and marine mammals. Phys. Today
62, 39-44.

Tyack, P. L., Zimmer, W. M., Moretti, D., Southall, B. L., Claridge, D. E.,
Durban, J. W., Clark, C. W., D’Amico, A., DiMarzio, N., Jarvis, S. et al. (2011).
Beaked whales respond to simulated and actual navy sonar. PLoS ONE 6,
e17009.

Tyson, R. B., Nowacek, D. P. and Miller, P. J. O. (2007). Nonlinear phenomena in
the vocalizations of North Atlantic right whales (Eubalaena glacialis) and killer
whales (Orcinus orca). J. Acoust. Soc. Am. 122, 1365-1373.
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