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Abstract

Each resident-type (R-type) killer whale pod has a set of stereotyped calls that are culturally
transmitted from mother to offspring. The functions of particular call types are not yet clearly
understood, but it is believed that calls with two independently modulated frequency compo-
nents (biphonic calls) play an important role in pod communication and cohesion at long
ranges. In this study we examined the possible functions of biphonic calls in R-type killer
whales. First, we tested the hypothesis that the additional component enhances the poten-
tial of a call to identify the family affiliation. We found that the similarity patterns of the lower-
and higher frequency components across the families were largely unrelated. Calls were
classified more accurately to their respective family when both lower- and higher-frequency
components were considered. Second, we tested the long-range detectability of the lower-
and higher-frequency components. After adjusting the received levels by the killer whale
hearing sensitivity to different frequency ranges, the sensation level of the higher-frequency
component was higher than the amplitude of the lower-frequency component. Our results
suggest that the higher-frequency component of killer whale biphonic calls varies indepen-
dently of the lower-frequency component, which enhances the efficiency of these calls as
family markers. The acoustic variation of the higher-frequency component allows the recog-
nition of family identity of a caller even if the shape of the lower-frequency component acci-
dentally becomes similar in unrelated families. The higher-frequency component can also
facilitate family recognition when the lower-frequency component is masked by low-fre-
guency noise.

Introduction

Killer whales are among the few mammalian species that possess vocal learning abilities [1].
Each resident-type (R-type) killer whale pod has a unique call repertoire-vocal dialect consist-
ing from a set of stereotyped calls that calves learn from their mothers and other matrilineal
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relatives [2]. The dialects, being patterns of socially learned behavioral phenotypes, therefore
represent a form of animal culture [3].

Cultural traditions have been described in many animal species [4]. Social transmission of
behavioral innovations is especially beneficial in situations of rapid environmental change,
when instinctive behavior that evolves through natural variation and selection is too slow to
follow the arising challenges and fast shifts in behavioral adaptations are required. In killer
whales, the vocal culture serves a different function. The repertoires change simultaneously
with social divergence, and the cultural inheritance of dialects provides a system for recogni-
tion of relatedness of the social units [2]. Each R-type killer whale pod shares the same dialect;
new pods form gradually through the split of an ancestral pod, and the dialects of the splitting
pods slowly diverge in time due to changes in call structure. This provides the complex system
of dialects with varying degrees of similarity to each other that more or less reflect the degree
of relatedness between the corresponding pods [5, 6].

The functions of particular call types are not yet clearly understood, but it is believed that
calls with complex structure consisting of two independently modulated frequency compo-
nents play important role in pod communication and cohesion at long ranges [7, 8]. These
‘biphonic’ or ‘two-voiced’ calls are produced more often during encounters of several pods
rather than in a single-pod context [9-11]. Additionally, the differences in directionality of the
lower- and higher-frequency components allow a listener to infer the direction of movement
of a caller [10].

Biphonation is widespread in mammals and occur in many species as diverse as canids
[12-14], primates [15-17] and whales [18, 19]. However, functional interpretations of bipho-
nation are scarce. The proposed functions of this phenomenon include the increase of unpre-
dictability and indication of physical condition [20] and enhancement of individual
recognition [20-22]. Volodina [22] reported that the correct individual classification was
much higher in dhole (Cuon alpinus) calls when using both components of a biphonic call
together than when using each of them separately. Among cetaceans, the role of biphonic call
in individual recognition has not been tested, though biphonic calls were reported to serve as
individual signature sounds in bottlenose dolphins [23, 24].

In R-type killer whales, recognition of a family dialect appears to be at least as important as
individual recognition, because a whale stays in its natal family for life, and family affiliation is
important for its survival. In contrast to dholes and most other mammals, killer whales possess
an ability to change the structure of their calls deliberately in a specific direction [1]. However,
the speed of call change is rather slow [25], and optimal complexity of call contours is limited
by propagation loss that attenuates fine details of contour structure. In this situation, whales
can benefit from ability to change different components of a call independently, which would
increase the degree of structural divergence of calls from related families.

Biphonic calls occur in all studied killer whale populations [2, 8, 26-28]. In most popula-
tions both in the North Pacific and the North Atlantic, the average frequencies of the higher-
and lower-frequency components are more or less similar [29] except for the North Pacific
‘transient-type’” (T-type) mammal-eating killer whales, which have been shown to be the most
genetically divergent group among all studied killer whale populations [30]. The widespread
occurrence and homogeneity in frequency of both components across populations suggest
that biphonic calls are an essential part of the acoustic repertoire of the killer whale and bear
specific functions that are similar in different populations.

In this study we examine the possible functions of biphonic calls in R-type killer whales.
First, we test the hypothesis that the additional component enhances the potential of a call to
identify the pod and family affiliation. We compare the similarity patterns across the lower-
and higher-frequency components and test whether either of the components or both of them
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in combination work better to mark the family identity. Second, we test the long-range detect-
ability of the lower- and higher-frequency components by comparing their received levels and
adjusting them by killer whale hearing sensitivity to different frequency ranges.

Material and methods
Ethics statement

This study was part of the research topic of Lomonosov Moscow State University “Principles
of high-frequency and ultrasound communication in mammals”. According to the laws of
Russian Federation, no permit is required for distant non-invasive research of cetaceans. The
field studies did not involve endangered or protected species.

Data collection

The materials and data for this study were collected as part of the Far East Russia Orca Project
(FEROP) in Avacha Gulf, Kamchatka, during the summer months of the years 2012-2019.
The underwater sound recordings were made from 4-4.5 m inflatable boats while the engines
were turned off, at a sampling frequency of 48 or 96 kHz. For the recording we used Offshore
Acoustics hydrophone (nominal sensitivity -154 dB re 1 V/pPa, frequency response curve 6 Hz
to 14 kHz 1-3 dB according to manufacturer’s specifications) with Zoom H4 and Zoom H6
flash recorders. The photographic identification (photo-ID) method was used to identify indi-
vidual killer whales and families. To take photographs, we approached the whales to a distance
of 20-50m, or moved the boat 200-300m ahead of the animals and off to the side and waited
until they passed. Photographs of the left side of individual whales were taken to show the
details of dorsal fin and saddle patch, using the technique developed by Bigg et al. [31].

The resident (R-type) killer whales of Eastern Kamchatka, Russia, are known to range along
the east coast of Kamchatka peninsula from Avacha Gulf to Karaginsky Gulf and east to the
Commander Islands [32]. Whales from this population live in stable social units that include
maternal relatives with no dispersal observed [33]. We do not have enough data to reconstruct
the full genealogies of these units, and we suspect that in some cases one unit can include more
than one matriline, so we use the term "family" to denote these units. Families that share the
same vocal dialect are attributed to the same pod, and pods with similar dialects form clans. To
date we recognize at least 62 families, which belong to 20 pods in three acoustic clans forming
a single community: Avacha clan, K19 clan and K20 clan [33, 34]. Avacha clan, consisting of
more than 13 pods and 30 families, is the most common. For this study we used only the fami-
lies from Avacha clan for which sufficient data were available.

Calls were classified according to the existing catalogue [35] with some additional subtypes
identified through our further studies. For this study, we used calls of two most common
biphonic types of Avacha clan—K5 and K7 types.

Similarity of contours of the lower and higher frequency components

For the analysis of contour similarities, I used high-quality calls recorded from particular fami-
lies when they were alone in the area with no other families nearby. In total I used calls pro-
duced by 14 families from five different pods, 10 calls from each type per family (except for K5
call type of Ikar family which had two distinctive subtypes, so we used 10 calls of each subtype
from this family, 20 calls from this family in total). To cover intra-group variation, I selected
calls from as many independent recording sessions from each family as possible. No sample
from any family contained calls from fewer than three independent sessions with that family.
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Call contours were extracted using a custom-made MATLAB script for manually tracking
frequency contours of each syllable (for the detailed description of the algorithm see [36].
After the operator selected enough points to track all modulations of the frequency contour,
the algorithm smoothed and interpolated them to produce a vector of frequency measure-
ments with a sampling interval of 0.01 s. The contours of the lower- and higher-frequency
components were extracted independently of each other.

The similarity of contours was measured using dynamic time-warping, which allows lim-
ited compression and expansion of a signal’s time axis to maximize the frequency overlap with
a reference signal. For this study, I used the warping algorithm developed by Deecke and Janik
[37]. The percent similarity of contours was calculated by dividing the smaller frequency value
by the larger value at each point and multiplying by 100. From the resulting similarity matrix,
a cost matrix was constructed that kept a running tab on the similarities of the elements mak-
ing up the curves while adding up these costs to produce a final number that indicated the per-
cent similarity between the contours. To calculate a distance measure between each pair of
calls in our analysis, I subtracted this value from 100%.

In order to estimate the potential ability of killer whales to assess the family identity of calls,
I classified the calls using ARTwarp algorithm in MATLAB [37]. The similarity between the
extracted contours and the reference contours was calculated using dynamic time-warping. As
my aim was to assess the rate of correct classification to existing categories (families), I modi-
fied the ARTwarp algorithm used by Deecke and Janik [37] in order to prevent it from creating
additional categories and modifying the reference contours. For this, on the first step I calcu-
lated a reference contour for each family using the corresponding module of ARTwarp. On
the second step, I used model contours as weight matrix and fixed the number of categories, so
that all new contours had to be assigned to any of the existing categories, represented by the
family reference contours. Then, I calculated the rate of correct classifications for lower- and
higher-frequency component contours separately and for the contours that consisted of both
components taken together.

Detectability of the lower- and higher-frequency components over distance

I measured the amplitude in the middle of the fundamental frequency contour of the lower-
and higher-frequency components using the rectangle cursor tool in AviSoft SASLab Pro (Fig
1). As the aim of the measurements was to access the difference between the amplitude of the
higher- and lower-frequency components, and not the absolute source level values, I did not
account for the parameters of the recording system.

The calls were collected for the analysis at different locations within Avacha Gulf. Spectral
sound propagation loss can vary between locations due to differences in bathymetry, sediment
structure and water properties; some variation is also introduced by differences in depths at
which killer whales produce their calls. To address this, we measured a large amount of calls
produced in various conditions and in different situations to cover as much natural variation
as possible. As killer whales also experience all these propagation effects when listening to the
conspecific calls, we assume that our sample set is an adequate representative of what killer
whale normally hear in the wild.

I measured the total of 689 K5 calls and 372 K7 calls from 2012-2019. To estimate the aver-
age received levels of these call components, I measured all observed calls of these types regard-
less of their quality and signal-to-noise ratio. If the higher-frequency component was not
detectable on the sonogram, the call was not used for the further analysis.

Then, I calculated the difference between the amplitude of the lower- and higher-frequency
components as perceived by killer whales. For this, I used killer whale audiogram [38, 39] to
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Fig 1. Locations of the amplitude measurements taken from the lower- and higher-frequency components of K5 (top) and K7 (bottom) call types.

https://doi.org/10.1371/journal.pone.0236749.9001

adjust for the hearing threshold differences between the frequencies of the lower- and higher-
frequency components. The audiograms of individual killer whales differed from each other,
so I used the ‘model’ audiogram (Fig 3 in [39]) for the calculations. From the audiogram, I esti-
mated the threshold at the mean frequency of each component of each call type. For K5 type,
the mean frequency of the lower-frequency component was 1.1 kHz and of the higher-fre-
quency component- 9.7 kHz, which corresponded to the thresholds of 93 and 60 dB re 1 uPa,
respectively. Therefore, I assumed that the difference in the sensitivity to the lower- and
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higher-frequency components of K5 type should be about 33 dB. For K7 type, the mean fre-
quency of the lower-frequency component was 1.9 kHz and of the higher-frequency compo-
nent- 6.5 kHz, which corresponded to the thresholds of 83 and 66 dB re 1 pPa, respectively.
Therefore, I assumed that the difference in the sensitivity to the lower- and higher-frequency
components of K7 type should be about 17 dB.

Results

Similarity of contours of the lower and higher frequency components

The similarity patterns of the lower and higher frequency components of both K5 and K7 calls
across the families were largely unrelated (Fig 2 and S1 Table). The distance matrices of the
lower and higher-frequency components of K5 and K7 calls had very weak correlation which
was significant only for K5 (Mantel test, K5: r = 0.089, p = 0.01; K7: r = 0.046, p = 0.099).

Both for K5 and K7 call types distances between lower- and higher-frequency components
from the same families and the same pods were smaller on average than between different
pods (Table 1, Fig 2). Distances between the lower-frequency component contours of each call
type were higher than the distances between the high-frequency contours for the same family/
pod category of the same type, except for K7 call contours of the same families, where the rela-
tionship was reversed (Table 1).

The scatterplot of K5 call type distances clearly demonstrates the discrepancy between the
similarity patterns of the lower- and higher-frequency components: there were many pairs of
calls with highly different lower-frequency components and relatively similar higher-fre-
quency components, and also many pairs of calls with dissimilar higher-frequency compo-
nents and relatively similar lower-frequency components, but few calls that were highly
dissimilar both in low- and higher-frequency components. This pattern did not occur in K7
call type.

Both K5 and K7 calls were classified more accurately to their respective family when both
lower- and higher-frequency components were considered. For K5 calls, the correct classifica-
tion rate was 70% when only the lower-frequency component was involved, 56% with only the
higher-frequency component, and 81% when both components were used. For K7 calls, the
correct classification rate for the lower-frequency component was 66%, for the higher-fre-
quency component 51%, and for both components together 68%.

Detectability of the lower and higher frequency components over distance

The higher-frequency component was detectable in most calls: only 16% of K5 calls and 5% of
K7 calls had no visible higher-frequency component on the sonograms (S2 Table). All of the
calls without detectable high-frequency components were distant and the amplitude of the
lower-frequency component was also low, confirming that the higher-frequency component
was not detectable due to transmission loss, and not because it was absent in the original call.
All good-quality calls of these types had pronounced higher-frequency component. The fre-
quencies of the higher-frequency component absorb roughly 1 dB/km more than the frequen-
cies of the lower-frequency component; due to this effect, at 10 km distance, the higher-
frequency component loose approximately 10 dB more than the lower-frequency component
[7].

The received amplitude of the higher-frequency component was substantially lower than
that of the lower-frequency component in K5 call type, but not in K7 call type (Fig 3). In K5
call type, the mean amplitude of the higher-frequency component was 17.5 dB lower than the
mean amplitude of the lower-frequency component. In K7 call type, the mean amplitude of
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Fig 2. Scatterplot of distances calculated through dynamic time warping for lower- and higher-frequency
components of K5 (top) and K7 (bottom) call types. Green—distances between the lower- and higher-frequency
components from the same families; red—between different families from the same pods; grey-between different pods.
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the higher-frequency component was only 0.1 dB lower than the mean amplitude of the lower-
frequency component.

The higher-frequency component of K5 call type had higher frequency than that of K7 call
type (mean+SD, K5: 97151785 Hz; K7: 6505+305 Hz). Consequently, due to the higher hear-
ing sensitivity of killer whales to the higher frequencies, more pronounced adjustment by the
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Table 1. Distances (mean + SD) between pairs of calls calculated through dynamic time warping for lower- and higher-frequency components of K5 and K7 call
types between the same families, between different families from the same pods, and between different pods.

K5 K7
lower-frequency component | higher-frequency component | lower-frequency component | higher-frequency component
Same families 44+28 34+19 2.8+1.9 3.8+2.1
Different families, same pods 84+42 54+34 55+3.7 51+2.8
Different pods 12.3+5.8 89+49 82+37 6.3+29

https://doi.org/10.1371/journal.pone.0236749.t001
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Fig 3. Measured amplitude in the middle of the lower-frequency component (LFC, red) and in the middle of the
higher-frequency component (HFC, blue) of K5 (top) and K7 (bottom) calls. Green identify measurements of the
higher-frequency component adjusted by killer whale audiogram.

https://doi.org/10.1371/journal.pone.0236749.9003
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hearing threshold was applied for the higher-frequency component of K5 call type (33 dB)
than for that of K7 call type (17 dB). The perceived amplitude of the higher-frequency compo-
nent of K5 call type after adjusting it by the hearing threshold was 15.5 dB higher, than the
amplitude of the lower-frequency component. The perceived amplitude of the higher-fre-
quency component of K7 call type after adjusting it by the hearing threshold was 16.9 dB
higher, than the amplitude of the lower-frequency component.

Discussion

In killer whales, the main function of biphonation has been hypothesized to be the better dis-
crimination of a caller’s orientation by listeners. Miller [40] has shown that when a calling killer
whale is oriented towards a listener, the overlapping high frequency component bears substan-
tially more energy, than when a caller is oriented away from a listener. It happens because high-
frequency sounds are more directional in toothed whales, likely due to specific adaptations of
their sound producing and enhancing structures. The difference in the relative energy of the
lower and higher frequency components allows a listener to infer the direction of a caller’s
movement, which is crucial to the coordination of individuals on a distance. Underwater visibil-
ity is low compared to air; for example, in the North Pacific in summer it is hardly possible to
see anything further than several meters. Biphonic sounds give the whales clues to identify the
direction the other animals are moving. Moreover, the directionality of the higher-frequency
component can provide additional benefits, such as allowing a caller to emit family/clan mem-
bership information towards specific whales or groups within an aggregation selectively.

However, if the orientation marking was the only function of the higher-frequency compo-
nent, there would be no need to vary its shape across families: the same contour for all families
would work equally well. Besides, the higher-frequency component is not the only element of
acoustic repertoire that can indicate the orientation of the caller. Other sounds, such as echolo-
cation clicks, burst-pulse sounds and even whistles also have directional properties [41].

In several terrestrial species, the overlapping higher-frequency component has been sug-
gested to increase individual recognition. For example, it was shown that joining of two inde-
pendent call components into a common vocalization may function to enhance individual
recognition in the dhole [22]. In king and emperor penguins, biphonation enhances the accu-
racy of parent-chick and mate-mate recognition [21].

Additional hypotheses for the function of biphonation in other species have included:
increasing unpredictability and providing an indication of physical condition [20]. However,
these are likely not appropriate considerations as possible functions of biphonation in killer
whales. These hypotheses suggest that the caller can choose when to include or not include a
biphonic component in each call it makes. However, calls that comprise killer whale dialects
are stereotyped, and if a call is biphonic, the presence of the higher-frequency component is
obligatory, i.e. the same call type is not normally produced alternately with and without the
higher-frequency component. Most likely, the higher-frequency component of killer whale
biphonic calls functions as an alternative contour that bears information on the caller’s identity
(probably on the family level, in contrast to individual level in dholes and penguins). The pres-
ence of two independent components makes the recognition system twice more error-proof
both in space and time. In space, if one of the components is not recognizable due to distance
or masked by noise, the whales can still use the other component to identify the caller’s family
affiliation. In time, if in some families the contour shape of the higher- or lower-frequency
component randomly converges through the process of cultural evolution [42], the other com-
ponent still remains different between the families and allows listeners to discriminate between
them.
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The marine environment favors the acoustic channel for information transfer, because visi-
bility underwater is very poor, while sound travels much further than in air. However, acoustic
transmission has its limitations which are different for the low- and high-frequency sounds.
Low-frequency sounds attenuate less and travel further than high-frequency sounds [43],
therefore, in quiet conditions the lower-frequency component has better potential for long-
range communication. On the other hand, underwater noise (both natural and man-made) is
normally more pronounced in lower frequencies, often masking the lower-frequency compo-
nent of killer whale calls.

Ship noise is a serious issue that can substantially reduce the detection distance of killer
whale calls [44]. Killer whales can increase the amplitude of their calls in response to ship noise
[45], but no studies have examined the relative noise immunity of the higher- and lower-fre-
quency components of killer whale calls so far. Although at close ranges the energy of ship
noise can extend above the higher-frequency component [46], normally it is mostly concen-
trated on low frequencies [47]. Therefore, it is likely that the higher-frequency component
which lies above noise may function to facilitate pod and family recognition in noisy condi-
tions. The directionality of the higher-frequency component can also help increase the signal-
to-noise ratio in the direction of a receiver in noisy conditions. The amplitude comparisons in
our study suggest that both higher- and lower-frequency components are equally important:
the lower-frequency component is normally slightly louder, but this is compensated by the bet-
ter hearing sensitivity of killer whales to higher frequencies [38, 39]. The higher-frequency
component has higher sensation level, i.e. the whales normally hear the higher-frequency com-
ponent slightly better than the lower-frequency component, which highlights its potential
importance for their underwater communication.

Most biphonic calls of killer whales have heterodyne frequencies below and above the
higher-frequency component (Fig 4). Heterodyne frequencies arise from the interaction of the
two components, when the lower-frequency component is amplitude modulating the higher-
frequency component [8, 12, 48]. This leads to the appearance of sidebands below and above
the higher-frequency component that are equal to the difference or sum of the fundamental
frequency of the higher-frequency component and the fundamental frequency and harmonics
of the lower-frequency component [48]. Therefore, from the shape of the higher-frequency
component and the heterodyne frequencies it is possible to infer the shape of the lower-fre-
quency component when it is masked by low-frequency noise. It is unknown whether killer
whales employ this capacity of biphonic calls, but it emphasizes the potential of the indepen-
dently modulated higher-frequency component for underwater acoustic communication.

When both call components are detectable, biphonation can still be useful to duplicate the
recognition potential of stereotyped calls, because the shape of call contours can randomly
converge in unrelated social units [42]. Killer whale calls are not inherited genetically, but are
rather learned from mother and other maternal relatives. Complex repertoires of stereotyped
calls-vocal dialects-represent a form of animal culture [3]. Killer whale dialects slowly change
in time through learning errors and innovations [2, 25, 49-51]; this process of cultural change
is called cultural evolution [52, 53]. Since the variability of sound contours is limited due to the
natural physical constrains, call contours of unrelated killer whale social units can sometimes
become more similar due to the random convergence [42]. This would impede the discrimina-
tion between these two pods on a distance, when some call features are masked. The presence
of an independently modulated and separately evolving call component would enhance recog-
nition, because the probability that both components would converge in two pods is very low.
Indeed, our results demonstrate that call discrimination by dynamic time warping was better
when both components were used, compared to each component separately.
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Fig 4. Biphonic K5 call type showing heterodyne frequencies above and below the higher-frequency component. Heterodyne frequencies arise from the interaction
between the lower- and higher-frequency components; the frequency of the first heterodyne above the higher-frequency component is equal to the frequency of the
higher-frequency component plus the frequency of the lower-frequency component, the frequency of the second heterodyne above the higher-frequency component is
equal to the frequency of the higher-frequency component plus the frequency of the first harmonic of the lower-frequency component, and so on; the same principle
applies to the heterodynes below the higher-frequency component, but with minus instead of plus.
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Comparing the similarity patterns, I have found that they were different for the lower- and
higher-frequency components. Many calls from different families had highly different higher-
frequency component and relatively similar lower-frequency component and vice versa, but
there were relatively few calls that were dissimilar in both components. This can indicate that
dissimilarity in killer whale calls is costly and/or difficult to achieve because of the structural
constrains [42], and for this reason it rarely occurs in both components.

Two examined call types had different patterns of similarity of the lower- and higher-fre-
quency components: in K5 call type, adding the higher-frequency component to the contour
substantially increased the rate of correct classification to family, while in K7 call type it
increased the correct classification rate only slightly, suggesting that the higher-frequency
component of K7 call type differs little across families. Different patterns of similarity of the
lower- and higher-frequency components in different call types have been demonstrated previ-
ously for the eastern North Pacific killer whales: in some call types, adding the higher-fre-
quency component increased the discrimination error, and in other call types, the effect was
the opposite [54]. It is possible that the higher-frequency component of K7 serves the function
of clan rather than family recognition. In Kamchatka, biphonic calls with higher-frequency
component on 6-7 kHz, like K7, are found only in Avacha clan [34], which makes this clan
easily acoustically recognizable on a distance. Yurk [55] also found significant differences
across killer whale clans of Alaska and British Columbia in frequencies of the higher-frequency
component, but not the lower-frequency component. This suggests that in some populations
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the two components may serve for recognition on different levels—the lower-frequency com-
ponent on the family level and the higher-frequency component on the clan level. This can
happen if the components evolve with different speed. Variation in the rates of cultural evolu-
tion of different elements of killer whale vocal repertoire has been reported previously: Deecke
etal. [25] showed that different call types can change with different speed, and Filatova et al.
[5] found that different syllables within calls diverge with different speed, including syllables of
both the lower- and higher-frequency components. Yurk [55] performed McDonald-Kreitman
test for positive selection and found different selective pressures for the lower- and higher-fre-
quency components. Overall, these findings suggest that independent cultural change of both
components of biphonic calls may facilitate acoustic recognition of different levels of social
structure (clans, pods or families) in killer whales. However, despite all of this evidence is con-
sistent with independent evolution of the two components, it does not demonstrate it directly
and rigorously. In future, analysis of the component variation over time is necessary to exclude
the alternative drivers of the observed patterns.

In conclusion, I suggest that a likely function of the higher-frequency component is to
duplicate and/or complement the social identity marking when the lower-frequency compo-
nent is masked by noise or accidentally appears similar in unrelated social units. The combina-
tion of both components provides a redundancy of information that is beneficial for these
animals to maintain contact over distance in the noisy underwater environment. The cultural
evolution of two components of biphonic calls is happening independently of each other and
can occur with different speed, which ensures the lack of correlation in their similarity pat-
terns, providing the whales with an error-proof back-up mechanism to recognize the social
affiliation of their conspecifics within distance of acoustic contact.

Supporting information

S1 Table. Similarity matrices for the lower- and higher-frequency components of K5 and
K7 calls.
(XLSX)

S2 Table. Measurements of the amplitude of the lower- and higher-frequency components
of K5 and K7 calls. The table also shows the time stamp of the measurement within a file, and
the frequency at which the amplitude was measured.

(XLSX)

Acknowledgments

I am grateful to all members of FEROP expeditions, especially to Mikhail Guzeev and Anasta-
sya Danishevskaya who were responsible for sound recordings, and to Tatiana Ivkovich for
photo-identification of individual killer whales.

Author Contributions
Conceptualization: Olga A. Filatova.
Formal analysis: Olga A. Filatova.
Investigation: Olga A. Filatova.
Methodology: Olga A. Filatova.
Validation: Olga A. Filatova.

Visualization: Olga A. Filatova.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236749  July 30, 2020 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236749.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236749.s002
https://doi.org/10.1371/journal.pone.0236749

PLOS ONE

Independent acoustic variation of higher-frequency component can facilitate call recognition in killer whales

Writing - original draft: Olga A. Filatova.

Writing - review & editing: Olga A. Filatova.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Abramson JZ, Hernandez-Lloreda MV, Garcia L, Colmenares F, Aboitiz F, Call J. Imitation of novel con-
specific and human speech sounds in the killer whale (Orcinus orca). Proc Royal Soc B Biol Sci. 2018;
285(1871): 20172171. https:/doi.org/10.1098/rspb.2017.2171

Ford JKB. Vocal traditions among resident killer whales (Orcinus orca) in coastal waters of British
Columbia. Can J Zool. 1991; 69: 1454—1483. https://doi.org/10.1139/z91-206

Rendell L, Whitehead H. Culture in whales and dolphins. Behav Brain Sci. 2001; 24(2): 309-324.
https://doi.org/10.1017/s0140525x0100396x PMID: 11530544

Laland KN, Hoppitt W. Do animals have culture? Evol Anthropol. 2003; 12(3): 150-159. https://doi.org/
10.1002/evan.10111

Filatova OA, Ivkovich TV, Guzeev MA, Burdin AM, Hoyt E. Social complexity and cultural transmission
of dialects in killer whales. Behav. 2017; 154(2): 171-194. https://doi.org/10.1163/1568539X-
00003417

Deecke VB, Barrett-Lennard LG, Spong P, Ford JKB. (2010). The structure of stereotyped calls reflects
kinship and social affiliation in resident killer whales (Orcinus orca). Naturwissenschaften. 2010;
97:513-518. https://doi.org/10.1007/s00114-010-0657-z PMID: 20213302

Miller PJO. Diversity in sound pressure levels and estimated active space of resident killer whale vocali-
zations. J Comp Physiol A. 2006; 192: 449-459. https://doi.org/10.1007/s00359-005-0085-2

Miller PJO, Samarra FI, Perthuison AD. Caller sex and orientation influence spectral characteristics of
“two-voice” stereotyped calls produced by free-ranging killer whales. J Acoust Soc Amer. 2007; 121:
3932-3937. https://doi.org/10.1121/1.2722056

Filatova OA, Fedutin ID, Nagaylik MM, Burdin AM, Hoyt E. Usage of monophonic and biphonic calls by
free-ranging resident killer whales (Orcinus orca) in Kamchatka, Russian Far East. Acta Ethol. 2009;
12:37—44. https://doi.org/10.1007/s10211-009-0056-7

Foote AD, Osborne RW, Hoelzel AR. Temporal and contextual patterns of killer whale (Orcinus orca)
call type production. Ethol. 2008; 114:599-606. https://doi.org/10.1111/j.1439-0310.2008.01496.x

Weil3 BM, Symonds H, Spong P, Ladich F. Intra-and intergroup vocal behavior in resident killer whales,
Orcinus orca. J Acoust Soc Am. 2007; 122: 3710-3716. https://doi.org/10.1121/1.2799907 PMID:
18247778

Wilden |, Herzel H, Peters G, Tembrock G. Subharmonics, biphonation and deterministic chaos in
mammal vocalization. Bioacoustics. 1998; 9:1 71-196. https://doi.org/10.1080/09524622.1998.
9753394

Riede T, Herzel H, Mehwald D, Seidner W, Trumler E, Tembrock G, et al. Nonlinear phenomena and
their anatomical basis in the natural howling of a female dog-wolf breed. J Acoust Soc Am. 2000; 108:
1435—-1442. https://doi.org/10.1121/1.1289208 PMID: 11051469

Volodin IA, Volodina EV. Biphonation as a prominent feature of dhole Cuon alpinus sound. Bioacoustics
2002; 13:105-120. https://doi.org/10.1080/09524622.2002.9753490

Fischer J, Hammerschmidt K, Cheney DL, Seyfarth RM. Acoustic features of female chacma baboon
barks. Ethol 2001; 107: 33-54. https://doi.org/10.1111/j.1439-0310.2001.00630.x

Brown CH, Alipour F, Berry DA, Montequin D. Laryngeal biomechanics and vocal communication in the
squirrel monkey (Saimiri boliviensis). J Acoust Soc Am. 2003; 113:2114-2126. https://doi.org/10.
1121/1.1528930 PMID: 12703722

Riede T, Owren MJ, Arcadi AC. Nonlinear acoustics in pant hoots of common chimpanzees (Pan troglo-
dytes): frequency jumps, subharmonics, biphonation, and deterministic chaos. Am J Primatol 2004;
64:277-291. hitps://doi.org/10.1002/ajp.20078 PMID: 15538766

Tyson RB, Nowacek DP, Miller PJO. Nonlinear phenomena in the vocalizations of North Atlantic right
whales (Eubalaena glacialis) and killer whales (Orcinus orca). J Acoust Soc Am. 2007; 122(3): 1365—
1373. https://doi.org/10.1121/1.2756263 PMID: 17927399

Quick N, Callahan H, Read AJ. Two-component calls in short-finned pilot whales (Globicephala macro-
rhynchus). Mar Mam Sci, 2018; 34(1): 155—-168. https://doi.org/10.1111/mms.12452

PLOS ONE | https://doi.org/10.1371/journal.pone.0236749  July 30, 2020 13/15


https://doi.org/10.1098/rspb.2017.2171
https://doi.org/10.1139/z91-206
https://doi.org/10.1017/s0140525x0100396x
http://www.ncbi.nlm.nih.gov/pubmed/11530544
https://doi.org/10.1002/evan.10111
https://doi.org/10.1002/evan.10111
https://doi.org/10.1163/1568539X-00003417
https://doi.org/10.1163/1568539X-00003417
https://doi.org/10.1007/s00114-010-0657-z
http://www.ncbi.nlm.nih.gov/pubmed/20213302
https://doi.org/10.1007/s00359-005-0085-2
https://doi.org/10.1121/1.2722056
https://doi.org/10.1007/s10211-009-0056-7
https://doi.org/10.1111/j.1439-0310.2008.01496.x
https://doi.org/10.1121/1.2799907
http://www.ncbi.nlm.nih.gov/pubmed/18247778
https://doi.org/10.1080/09524622.1998.9753394
https://doi.org/10.1080/09524622.1998.9753394
https://doi.org/10.1121/1.1289208
http://www.ncbi.nlm.nih.gov/pubmed/11051469
https://doi.org/10.1080/09524622.2002.9753490
https://doi.org/10.1111/j.1439-0310.2001.00630.x
https://doi.org/10.1121/1.1528930
https://doi.org/10.1121/1.1528930
http://www.ncbi.nlm.nih.gov/pubmed/12703722
https://doi.org/10.1002/ajp.20078
http://www.ncbi.nlm.nih.gov/pubmed/15538766
https://doi.org/10.1121/1.2756263
http://www.ncbi.nlm.nih.gov/pubmed/17927399
https://doi.org/10.1111/mms.12452
https://doi.org/10.1371/journal.pone.0236749

PLOS ONE

Independent acoustic variation of higher-frequency component can facilitate call recognition in killer whales

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Fitch WT, Neubauer J, Herzel H. Calls out of chaos: the adaptive significance of nonlinear phenomena
in mammalian vocal production. Anim Behav 2002; 63: 407—418. https://doi.org/10.1006/anbe.2001.
1912

Aubin T, Jouventin P, Hildebrand C. Penguins use the twovoice system to recognize each other. Proc R
Soc Lond B Biol Sci. 2000; 267: 1081—-1087. https://doi.org/10.1098/rspb.2000.1112

Volodina EV, Volodin IA, Isaeva IV, Unck C. Biphonation may function to enhance individual recognition
in the dhole, Cuon alpinus. Ethol. 2006; 112(8): 815-825. https://doi.org/10.1111/.1439-0310.2006.
01231.x

Kriesell HJ, Elwen SH, Nastasi A, Gridley T. Identification and characteristics of signature whistles in
wild bottlenose dolphins ( Tursiops truncatus) from Namibia. PLoS One. 2014; 9(9): e106317. https:/
doi.org/10.1371/journal.pone.0106317 PMID: 25203814

Papale E, Buffa G, Filiciotto F, Maccarrone V, Mazzola S, Ceraulo M, et al. Biphonic calls as signature
whistles in a free-ranging bottlenose dolphin. Bioacoustics. 2015; 24(3): 223-231. https://doi.org/10.
1080/09524622.2015.1041158

Deecke VB, Ford JKB, Spong P. Dialect change in resident killer whales: implications for vocal learning
and cultural transmission. Anim Behav. 2000; 60: 629-638. https://doi.org/10.1006/anbe.2000.1454
PMID: 11082233

Yurk H, Barrett-Lennard L, Ford JKB, Matkin CO. Cultural transmission within maternal lineages: vocal
clans in resident killer whales in southern Alaska. Anim Behav. 2002; 63: 1103—1119. https://doi.org/
10.1006/anbe.2002.3012

Strager H. Pod-specific call repertoires and compound calls of killer whales, Orcinus orca Linnaeus,
1758, in the waters of northern Norway. Can J Zool. 1995; 73: 1037-1047. https://doi.org/10.1139/z95-
124

Wellard R, Pitman RL, Durban J, Erbe C. Cold call: the acoustic repertoire of Ross Sea killer whales
(Orcinus orca, Type C) in McMurdo Sound, Antarctica. Royal Soc Open Sci. 2020; 7(2): 191228.
https://doi.org/10.1098/rs0s.191228

Filatova OA, Miller PJO, Yurk H, Samarra FIP, Hoyt E, Ford JKB, et al. Killer whale call frequency is sim-
ilar across the oceans, but varies across sympatric ecotypes. J Acoust Soc Amer. 2015; 138: 251-257.
https://doi.org/10.1121/1.4922704

Morin PA, Archer Fl, Foote AD, Vilstrup J, Allen EE, Wade P, et al. Complete mitchondrial genome phy-
logeographic analysis of killer whales (Orcinus orca) indicates multiple species. Genome Res. 2010;
20: 908-916. https://doi.org/10.1101/gr.102954.109 PMID: 20413674

Bigg MA, MacAskie |, Ellis G. Photo-identification of individual killer whales. Whalewatcher. 1983; 17
(1): 3-5.

Burdin AM, Hoyt E, Sato H, Filatova OA. 2006. The Killer Whales of Eastern Kamchatka. Alaska Sea-
Life Center; 2006.

Ivkovich TV, Filatova OA, Burdin AM, Sato H, Hoyt E. The social organization of resident-type killer
whales (Orcinus orca) in Avacha Gulf, Northwest Pacific, as revealed through association patterns and
acoustic similarity. Mamm Biol. 2010; 75: 198-210. https://doi.org/10.1016/j.mambio.2009.03.006

Filatova OA, Fedutin ID, Burdin AM, Hoyt E. The structure of the discrete call repertoire of killer whales
Orcinus orca from Southeast Kamchatka. Bioacoustics. 2007; 16: 261-280. https://doi.org/10.1080/
09524622.2007.9753581

Filatova OA, Burdin AM, Hoyt E, Sato H. A catalogue of discrete calls of resident killer whales (Orcinus
orca) from the Avacha Gulf of Kamchatka Peninsula. Zoologicheskii Journal. 2004; 83: 1169-1180

Filatova OA, Deecke VB, Ford JKB, Matkin CO, Barrett-Lennard LG, Guzeev MA, et al. Call diversity in
the North Pacific killer whale populations: implications for dialect evolution and population history. Anim
Behav. 2012. 83: 595-603. https://doi.org/10.1016/j.anbehav.2011.12.013

Deecke VB, Janik VM. Automated categorization of bioacoustic signals: avoiding perceptual pitfalls. J
Acoust Soc Amer. 2006; 119(1): 645-653. https://doi.org/10.1121/1.2139067

Szymanski MD, Bain DE, Kiehl K, Pennington S, Wong S., Henry KR. Killer whale (Orcinus orca) hear-
ing: Auditory brainstem response and behavioral audiograms. J Acoust Soc Am. 1999; 106: 1134—
1141. https://doi.org/10.1121/1.427121 PMID: 10462816

Branstetter BK, Leger JSt, Acton D, Stewart J, Houser D, Finneran JJ, et al. Killer whale (Orcinus orca)
behavioral audiograms. J Acoust Soc Amer. 2017; 141(4): 2387-2398. https://doi.org/10.1121/1.
4979116

Miller PJO. Mixed-directionality of killer whale stereotyped calls: A direction of movement cue? Behav
Ecol Sociobiol. 2002; 52(3): 262—-270. https://doi.org/10.1007/s00265-002-0508-9

PLOS ONE | https://doi.org/10.1371/journal.pone.0236749  July 30, 2020 14/15


https://doi.org/10.1006/anbe.2001.1912
https://doi.org/10.1006/anbe.2001.1912
https://doi.org/10.1098/rspb.2000.1112
https://doi.org/10.1111/j.1439-0310.2006.01231.x
https://doi.org/10.1111/j.1439-0310.2006.01231.x
https://doi.org/10.1371/journal.pone.0106317
https://doi.org/10.1371/journal.pone.0106317
http://www.ncbi.nlm.nih.gov/pubmed/25203814
https://doi.org/10.1080/09524622.2015.1041158
https://doi.org/10.1080/09524622.2015.1041158
https://doi.org/10.1006/anbe.2000.1454
http://www.ncbi.nlm.nih.gov/pubmed/11082233
https://doi.org/10.1006/anbe.2002.3012
https://doi.org/10.1006/anbe.2002.3012
https://doi.org/10.1139/z95-124
https://doi.org/10.1139/z95-124
https://doi.org/10.1098/rsos.191228
https://doi.org/10.1121/1.4922704
https://doi.org/10.1101/gr.102954.109
http://www.ncbi.nlm.nih.gov/pubmed/20413674
https://doi.org/10.1016/j.mambio.2009.03.006
https://doi.org/10.1080/09524622.2007.9753581
https://doi.org/10.1080/09524622.2007.9753581
https://doi.org/10.1016/j.anbehav.2011.12.013
https://doi.org/10.1121/1.2139067
https://doi.org/10.1121/1.427121
http://www.ncbi.nlm.nih.gov/pubmed/10462816
https://doi.org/10.1121/1.4979116
https://doi.org/10.1121/1.4979116
https://doi.org/10.1007/s00265-002-0508-9
https://doi.org/10.1371/journal.pone.0236749

PLOS ONE

Independent acoustic variation of higher-frequency component can facilitate call recognition in killer whales

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Branstetter BK, Moore PW, Finneran JJ, Tormey MN, Aihara H. Directional properties of bottlenose dol-
phin ( Tursiops truncatus) clicks, burst-pulse, and whistle sounds. J Acoust Soc Amer. 2012; 131:
1613-1621. https://doi.org/10.1121/1.3676694

Filatova OA, Samarra FIP, Barrett-Lennard LG, Miller PJO, Ford JKB, Yurk H, et al. Physical constraints
of cultural evolution of dialects in killer whales. J Acoust Soc Amer. 2016; 140(5): 3755-3764. https://
doi.org/10.1121/1.4967369

Hodges RP. Underwater acoustics: Analysis, design and performance of sonar. John Wiley & Sons;
2011.

Erbe C. Underwater noise of whale-watching boats and potential effects on killer whales (Orcinus orca),
based on an acoustic impact model. Mar Mam Sci. 2002; 18(2): 394—418. https://doi.org/10.1111/}.
1748-7692.2002.tb01045.x

Holt MM, Noren DP, Veirs V, Emmons CK, Veirs S. Speaking up: killer whales (Orcinus orca) increase
their call amplitude in response to vessel noise. J Acoust Soc Amer. 2009; 125(1): EL27—EL32. hitps:/
doi.org/10.1121/1.3040028

Veirs S, Veirs V, Wood JD. Ship noise extends to frequencies used for echolocation by endangered
killer whales. Peerd. 2016; 4; e1657. https://doi.org/10.7717/peerj.1657 PMID: 27004149

McKenna MF, Ross D, Wiggins SM, Hildebrand JA. Underwater radiated noise from modern commer-
cial ships. J Acoust Soc Amer. 2012; 131(1): 92—-1083. https://doi.org/10.1121/1.3664100

Brown JC. Mathematics of pulsed vocalizations with application to killer whale biphonation, J Acoust
Soc Amer. 2008; 123(5): 2875-2883. https://doi.org/10.1121/1.2890745

Foote AD, Griffin RM, Howitt D, Larsson L, Miller PJO, Hoelzel AR. Killer whales are capable of vocal
learning. Biol Lett. 2006; 2: 509-512. https://doi.org/10.1098/rsbl.2006.0525 PMID: 17148275

Filatova OA, Samarra FIP, Deecke VB, Ford JKB, Miller PJO, Yurk H. Cultural evolution of killer whale
calls: background, mechanisms and consequences. Behav. 2015; 152(15): 2001-2038. https://doi.org/
10.1163/1568539X-00003317

Filatova OA, Burdin AM, Hoyt E. Is killer whale dialect evolution random? Behav Proc. 2013; 99: 34—
41. https://doi.org/10.1016/j.beproc.2013.06.008

Mundinger PC. Animal cultures and a general theory of cultural evolution. Ethol Sociobiol. 1980; 1:
183-223. https://doi.org/10.1016/0162-3095(80)90008-4.

Lumsden CJ, Wilson EO. The relation between biological and cultural evolution. J Soc Biol Struct. 1985;
8: 343-359. https://doi.org/10.1016/0140-1750(85)90042-9.

Nousek AE, Slater PJ, Wang C, Miller PJO. The influence of social affiliation on individual vocal signa-
tures of northern resident killer whales (Orcinus orca). Biol Lett. 2006; 2: 481—484. https://doi.org/10.
1098/rsbl.2006.0517 PMID: 17148267

Yurk H. Vocal culture and social stability in resident killer whales (Orcinus orca). Dissertation, Univer-
sity of British Columbia. 2005.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236749  July 30, 2020 15/15


https://doi.org/10.1121/1.3676694
https://doi.org/10.1121/1.4967369
https://doi.org/10.1121/1.4967369
https://doi.org/10.1111/j.1748-7692.2002.tb01045.x
https://doi.org/10.1111/j.1748-7692.2002.tb01045.x
https://doi.org/10.1121/1.3040028
https://doi.org/10.1121/1.3040028
https://doi.org/10.7717/peerj.1657
http://www.ncbi.nlm.nih.gov/pubmed/27004149
https://doi.org/10.1121/1.3664100
https://doi.org/10.1121/1.2890745
https://doi.org/10.1098/rsbl.2006.0525
http://www.ncbi.nlm.nih.gov/pubmed/17148275
https://doi.org/10.1163/1568539X-00003317
https://doi.org/10.1163/1568539X-00003317
https://doi.org/10.1016/j.beproc.2013.06.008
https://doi.org/10.1016/0162-3095(80)90008-4
https://doi.org/10.1016/0140-1750(85)90042-9
https://doi.org/10.1098/rsbl.2006.0517
https://doi.org/10.1098/rsbl.2006.0517
http://www.ncbi.nlm.nih.gov/pubmed/17148267
https://doi.org/10.1371/journal.pone.0236749

