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The most flexible communication systems are those of open-ended vocal
learners that can acquire new signals throughout their lifetimes. While
acoustic signals carry information in general voice features that affect all of
an individual’s vocalizations, vocal learners can also introduce novel call
types to their repertoires. Delphinids are known for using such learned
call types in individual recognition, but their role in other contexts is less
clear. We investigated the whistles of two closely related, sympatric
common dolphin species, Delphinus delphis and Delphinus bairdii, to evaluate
species differences in whistle contours. Acoustic recordings of single-species
groups were obtained from the Southern California Bight. We used an unsu-
pervised neural network to categorize whistles and compared the resulting
whistle types between species. Of the whistle types recorded in more than
one encounter, 169 were shared between species and 60 were species-specific
(32 D. delphis types, 28 D. bairdii types). Delphinus delphis used 15 whistle
types with an oscillatory frequency contour while only one such type was
found in D. bairdii. Given the role of vocal learning in delphinid vocaliza-
tions, we argue that these differences in whistle production are probably
culturally driven and could help facilitate species recognition between
Delphinus species.

This article is part of the theme issue ‘Vocal learning in animals and
humans’.

1. Introduction

Identifying the selective advantage of signals is one of the main challenges
when studying animal communication. An open-ended vocal learner, one
that can learn new vocalizations throughout life, can increase communicative
complexity by adding new call types to its repertoire [1], but the advantages
of large or changing repertoires are not always clear. Bird species with large
song repertoires, for example, are not necessarily more successful breeders
than those with small repertoires [2]. Similarly, it is unclear why some vocal
learners incorporate calls from other species into their repertoires. Often the
assumption is that new call types allow the communication of new content.
Why vocal learners introduce novel signals into their repertoires and the
function of such signals are among the most intriguing topics in animal
communication.

Delphinids have long been recognized as an interesting taxon for the study
of how learned signals are used. They have advanced cognitive skills as well as
a large vocal repertoire which can be modified by vocal learning through life
[3]. They also do not produce song [4] and live in complex social networks
[5]. Thus, their vocal repertoire is used in more direct social interactions not
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involving song and is comparable to the use of hand signals
in bonobos [6] or social calls in parrots [7]. The communi-
cation signals produced by delphinids are generally divided
into two categories: whistles and burst pulses. Whistles are
narrowband, frequency modulated sounds that range in dur-
ation from several tenths of a second to several seconds. Burst
pulses are clicks trains with very short (less than 10 ms) inter-
click intervals that make individual clicks indistinguishable
to human ears [8]. To date, only a few delphinid communi-
cation calls have been assigned a clear function or meaning
[9]. Specific food calls have been reported for delphinids
such as bottlenose dolphins (Tursiops truncatus) [10] and
killer whales (Orcinus orca) [11], but it has been suggested
that these evolved to manipulate prey behaviour and that
the common attraction by conspecifics to these sounds is a
by-product of their occurrence when fish are present. Many
other studies have addressed broader contexts such as fora-
ging or socializing and have therefore only found general
features of communication calls (e.g. maximum or minimum
frequency) related to context (e.g. [12-14]).

The most detailed information on the function of specific
call types comes from identity signalling. While relevant be-
havioural contexts can be challenging to parse, the identity
of an individual animal provides an opportunity to study
call function in a clear and unchanging context. Bottlenose
dolphins develop individually distinctive signature whistles
that convey identity of the caller [15], and other individuals
copy such signatures to address the signature owner [16].
A recent study on trained bottlenose dolphins found that ani-
mals within a training group also shared a non-signature call
type, possibly as a group identity signal, but the exact context
in which it was used was unclear [17]. Another identity fea-
ture that has been studied widely in dolphin acoustic signals
is what species an individual belongs to [18]. Species identity
is broadcast using species-specific acoustic signals by animals
as diverse as Tungara frogs (Physalaemus pustulosus) [19],
damselfish (Dascyllus albisella) [20] and cowbirds (Molothrus
ater) [21]. Previous studies to develop acoustic classifiers
have found that delphinids can be classified to species
with varying degrees of accuracy using general time and
frequency parameters measured from their acoustic signals
(e.g. [22,23]). However, the possible use of distinctive call
types in delphinid species recognition has not been
addressed so far.

Common dolphins off California offer a unique opport-
unity to study species signalling in a vocal learner. Like
bottlenose dolphins they develop signature whistles [24,25],
but they also live as two genetically distinct species along
the California Coast (short-beaked common dolphins, Delphi-
nus delphis, and long-beaked common dolphins, Delphinus
bairdii) [26], suggesting that selection pressure may favour
species-level acoustic differentiation to maintain reproductive
isolation. General time-frequency variables measured from
whistles produced by these two species are very similar
[27], and so here we investigate whether their overall whistle
modulation patterns carry species information.

Continuous passive acoustic recordings were obtained from
schools of short- and long-beaked common dolphins in the

Southern California Bight, off the northern end of Catalina
Island from 2017 to 2020. Three surface drifting acoustic instru-
ments were placed in close proximity to schools of dolphins
(within approx. 1km and generally much closer to or within
schools). We selectively focused on single-species schools, as
opposed to mixed-species groups. For every recording event
(or ‘encounter’), species identity (based on differences in mor-
phology and pigmentation [28]) was determined using three
methods. (i) Using aerial images obtained from an octocopter
drone (UAS APO-42, Aerial Imaging Solutions, Old Lyme, CT,
USA). Only high-quality images where physical features of ani-
mals could be easily identified were used for species
identification. (ii) Through genetic sequencing of skin and blub-
ber samples obtained from the focal group following standard
biopsy techniques [29]. An average of 10 individuals was
sampled per recording event. (iii) Visual observers on rigid-
hulled inflatable boats near dolphins and at an elevated, shore-
based theodolite station provided species identification, school
size estimation and confirmation that no other cetacean species
were in the area.

Each acoustic recording instrument consisted of a surface
buoy with a submersible recording package (either SNAP
model 2.0, Loggerhead Instruments, Sarasota, FL, USA or
Soundtrap ST300, Ocean Instruments NZ, Auckland, New Zeal-
and) that recorded via a single omni-directional calibrated
hydrophone (SNAP: HTI-96-min, High Tech, Inc., Long Beach,
MS, USA; frequency response 0.002-30 kHz + 3 dB; SoundTrap:
integrated hydrophone, frequency response 0.02-60 kHz + 3 dB)
suspended by a shock-mounted cable at a depth of 10 m.
Five-minute files were continuously recorded throughout an
encounter (16-bit resolution, no compression, 44.1 or 96 kHz
sampling rate). Recordings were collected before, during and
after mid-frequency active sonar signals in the context of a
behavioural response study. To avoid bias, recording efforts for
both species were balanced across these conditions.

Data from each of the buoys were reviewed aurally and visually
using RAVEN 1.5 software (ravensoundsoftware.com) and whistles
were selected for analysis from the buoy with the highest signal-
to-noise ratio (SNR) relative to the other simultaneously
deployed buoys. To avoid over-sampling smaller groups of ani-
mals or specific individuals, a maximum of 100 whistles were
extracted from schools with fewer than 100 animals. For larger
schools, the maximum number of whistles extracted was equal
to the estimated group size for that school, up to a ceiling of
200 whistles. A random number generator was used to randomly
select indexed times within each recording and the first whistle
beginning after this time was chosen for analysis. If the chosen
whistle did not meet the criteria for analysis, the following whistle
was selected. Fundamental frequency contours were manually
traced from whistles using the Real-time Odontocete Call Classifi-
cation Algorithm (ROCCA, [30]) module in PAMGuard (www.
pamguard.org, [31]). When a contour had been traced, ROCCA
automatically extracted the contour time and frequency point
from each 1024-point fast Fourier transform window as well as
56 contour variables, including variables that describe frequency
(e.g. minimum and maximum frequency, frequencies at one-quar-
ter and one-half of the duration), shape (e.g. slopes at various
points along the whistle contour, number of inflection points
and steps) and duration (see the electronic supplementary
material, table Al for a complete list of variables measured).
Only contours with limited overlap with other whistles and
SNR greater than approximately 6 dB were extracted and
measured. Groups of common dolphins frequently whistle
concurrently, resulting in multiple, overlapping whistles that
appear as a loud band of indistinguishable contours in a central
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frequency range (5-15 kHz) on a spectrogram. The number of
whistles selected from these time periods was limited to a
maximum of three so as not to over-select whistles at atypically
low- or high-frequency ranges.

The recordings also contained repeated stereotyped whistles,
possibly representing individually distinctive signature whistles
[32]. As sets of signature whistles would be non-independent
measures of species-wide Delphinus whistle characteristics, no
more than two repeated stereotyped whistles of the same type
were selected per 5 min recording file.

(c) Contour categorization
Whistle contours were organized into types using ARTwarp,
which employs an unsupervised neural network to group con-
tours with similar frequency modulation patterns into
categories and uses dynamic time warping to allow for differ-
ences in the duration of whistles [33]. To be placed into a
category, a whistle had to have a similarity index (also known
as a vigilance parameter) of 96% as compared to the reference
contour for that category. The vigilance parameter was set to
96% based on previous studies demonstrating that signature
whistles were accurately sorted into categories using this vigi-
lance parameter [33] and that dolphins can distinguish between
different signature whistle contours [34]. This suggests that cate-
gorizing whistles with a vigilance parameter of 96% will result in
whistle types that are distinguishable by dolphins. ARTwarp was
run once with all whistles pooled and no prior categorization.
ARTwarp-generated whistle categories (or types) that con-
tained whistles recorded from both short- and long-beaked
common dolphins were considered shared whistle types. Whistle
types that were recorded from only one school were considered
single-encounter whistle types, and those that were recorded from
more than one school were considered multiple encounter whistle
types. Whistle types that contained two or more whistles pro-
duced by only one species and were recorded from at least two
schools were considered species-specific whistle types. ARTwarp
whistle types were further labelled as oscillatory whistles if the
contour shape (i) consisted of at least two cycles of similar mag-
nitude with two or more maxima, (ii) the maximum and
minimum of each cycle was separated by at least 1kHz, and
(iii) at least 50% of the contour exhibited this pattern (definition
modified from Gruden et al. [35]). Oscillatory whistles were
identified through visual inspection of ARTwarp reference
contours and whistle contours traced using ROCCA.

(d) Statistical analyses

(i) Evaluation of species differences relative to simulated data
Sub-sampling whistles from two species with identical vocal
repertoires should result in the appearance of some species-
specific signals simply by chance. A permutation test was used
to evaluate whether the observed number of species-specific
whistle types was an artefact of sub-sampling. In the permutation
test, the species identity of whistles belonging to types recorded
from two or more schools was randomly assigned over 1000 iter-
ations. The resulting proportion of species-specific whistle types
was calculated for each dataset and the p-value for a two-tailed
significance test was calculated as the proportion of permutations
with a higher or lower number of species-specific contour types
than the true dataset.

(ii) Univariate comparisons

Mann-Whitney U-tests were used to compare the 50 continuous
ROCCA-generated whistle variables across species (electronic
supplementary material, table Al). The six categorical variables
were compared with Pearson’s y’-tests. Statistical significance
for these tests was evaluated using a Bonferroni-adjusted alpha

value calculated as the standard alpha value divided by the
number of tests (0.05/56, dcorrected = 8.9 x 107%). Univariate com-
parisons of species-specific whistle types and single-encounter
whistle types were conducted using one whistle from each type
to avoid pseudoreplication.

(iii) Classification using random forest analysis

Random forest analysis was used to classify whistles to species
using the randomForest package in R v. 4.0.2 [36]. A random
forest is a collection of decision trees grown using binary parti-
tioning of data. Each binary partition is based on the variable
that produces the most homogeneous daughter nodes. Random-
ness is introduced into the tree-growing process by choosing the
splitting variable from a random subset of variables at each node.
Once the forest has been created, new observations are classified
as the class with the most support or ‘votes” from its constituent
trees. The Gini Variable Importance Index is an output of the
random forest analysis and is a relative measure of the degree
to which each variable contributes to the model predictions [37].

In this analysis, each tree was grown using a bootstrapped
subset of whistles. This allowed the quantification of predictive
accuracy of the forest using ‘out-of-bag’ data. The default
number of candidate predictor variables was used at each node
(mtry parameter: the square root of the total number of vari-
ables). The number of trees was initially set to 10000 but was
increased by an order of magnitude (x10) until the rate of mis-
classifications stabilized. Unlike linear discriminant analysis,
random forest classification does not make strict assumptions
regarding the variance and distributions of the predictor vari-
ables. Accordingly, all whistle measurements extracted by
ROCCA were included as predictive variables.

Several random forest models were run using different sub-
sets of the whistles to investigate the role of species-specific
whistles in species identification. Classification models were cre-
ated using: all whistles (RF1), only species-specific whistle types
that occurred in more than one encounter (RF2), only shared whis-
tle types (RF3), and only single-encounter whistle types (RF4). The
classification success of RF2 was compared to that of RF4 to deter-
mine whether performance was related to the presence of
signature whistles. If the classification success of RF2 was owing
to signature whistles of animals accidentally recorded from
more than one encounter rather than to species-specific whistle
types, then the performance of RF2 should not differ from per-
formance when using whistles only recorded in single
encounters (RF4) which would have signature whistles in them
as well. For each random forest, sample sizes were matched
between species by taking a random subset of the larger class
equal to the size of the smaller class, to ensure that imbalances
in number of whistles did not affect classification results.

3. Results

We analysed recordings made during 14 short-beaked
common dolphin encounters and 10 long-beaked common
dolphin encounters. In total, we included 1774 whistles: 872
from long-beaked common dolphins and 902 from short-
beaked common dolphins (see the electronic supplementary
material, table A2 for details). In the 96 kHz sampling rate
dataset, 15 whistles had maximum frequency values exceed-
ing the Nyquist frequency (22 kHz) of the 44.1 kHz sampling
rate dataset. These whistles were omitted from our analyses.

ARTwarp grouped the 1774 traced whistles into 447
types. Most of these types (278 of 447, 62.2%) were
exclusively detected during encounters of either short- or
long-beaked common dolphins. Of these, 68.3% (190 of 278)
represented just one whistle (electronic supplementary
material, figure Al), and 10.1% (28 of 278) represented
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Figure 1. Examples of the most frequently occurring shared whistle types. Contours represent individual, traced whistles recorded from schools of short- and long-
beaked common dolphins (Delphinus delphis and Delphinus bairdii, respectively) in the Southern California Bight. Species silhouettes were adapted from images

available at phylopic.org (Chris Huh; creativecommons.org/licenses/by-sa/3.0/).

more than one whistle but were recorded from only one
encounter. We expected these ‘singular’ types to include sig-
nature whistles of animals encountered once, as well as
aberrant or rare vocalizations. After excluding whistle types
recorded during a single encounter, we identified 169
shared whistle types (figure 1) and 60 species-specific whistle
types; 28 for long-beaked common dolphins (figure 2) and 32
for short-beaked common dolphins (figure 3). Species-
specific types were detected over a range of two to five
encounters (mean 2.9+1.0 s.d.) and across 1-3 years of
recordings (mean 1.9 +0.59 s.d.). The permutation test con-
firmed that the true proportion of species-specific whistle
types (26.2%, 60 of 229), was significantly greater than
expected when the associated species of each whistle was
shuffled at random (mean proportion=15.5%, p=0.001).
Post-hoc visual assessment of whistle types revealed that a
large proportion of short-beaked common dolphin species-
specific types were oscillatory (15 out of 32 whistle types,
representing 57 whistles), in stark contrast to long-beaked
common dolphins, where only 1 out of 28 whistle types
(representing four whistles) were oscillatory. Some of the
single-encounter types that may represent signature whistles
were also oscillatory (short-beaked 1 =21 encounters, n =22
whistles; long-beaked 1 =24 encounters, n=24 whistles).
Oscillatory whistles also made up a very small proportion
of shared whistle types (5 out of 169 types, representing 15
whistles).

Comparing all whistles recorded from each species, we
found significant differences in 23 parameters, mostly
relating to whistle duration, frequency and number of inflec-
tions (electronic supplementary material, tables A3 and A4).
Fewer, though broadly similar, parameters were significantly
different between species when only including whistles
belonging to species-specific types: species-specific whistles
produced by short-beaked common dolphins were longer,
had larger frequency spreads, more frequency modulation

and higher standard deviations of durations between inflec-
tions than those produced by long-beaked common
dolphins (electronic supplementary material, tables A5, A6
and figure A2). By contrast, single-encounter whistle types
were not differentiable by the same parameters, but showed
significant differences in the mean of negative slopes, the
shortest time between inflections, the number of inflections
per unit time and the number of frequency steps per unit
time (electronic supplementary material, tables A7 and A8).

The random forest models explored species-specificity of
whistles further (table 1). Each random forest model con-
tained 100000 trees. The first random forest model
including all whistles (RF1) discriminated whistles with low
accuracy (68.7% overall correct classification, n =1744 whis-
tles). Overall classification accuracy increased significantly
(Fisher’s exact test, p <0.0001) to 87.5% (n=202 whistles)
when only including species-specific types detected during
multiple encounters (RF2). This model (RF2) also had a sig-
nificantly higher correct classification score than the model
that included only shared whistle types (RF3) (64.1%, n =
1238 whistles; Fisher’s exact test, p <0.0001). As expected,
the classifier using whistles belonging to shared types classi-
fied species with the lowest accuracy. Despite being produced
by only a single species, single-encounter types (RF4) pro-
vided a significantly lower species classification accuracy
than species-specific types (RF2, Fisher’'s exact test, p=
0.0005) and was not significantly greater than RF1 (Fisher’s
exact test, p=0.09). The electronic supplementary material,
table A9 shows the 15 most important predictor variables
for each random forest classifier, based on the Gini Variable
Importance Index.

4. Discussion

The results presented here demonstrate a clear difference
in the use of oscillatory whistles between short- and
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Figure 2. Whistle types produced exclusively by long-beaked common dolphins (Delphinus bairdii) that were detected during multiple encounters in the Southern
(alifornia Bight. Colours represent individual whistle contours, with grey backgrounds designating oscillatory types. Axes on each box are the same, with x-axis

showing 0-3 s and y-axis showing 0-23 kHz.

long-beaked common dolphins, suggesting a role for
frequency modulation patterns in species identification.
A large number of oscillatory whistles is characteristic of
short-beaked common dolphins, and long-beaked common
dolphins appear to regularly use much simpler frequency
modulation patterns. Many whistling delphinids, including
common dolphins, encode individual identity information
in the modulation patterns of their learned signature whistles
[15] but all also produce a variety of non-signature whistles,
the specific functions of which are relatively unknown [9].
This analysis of short-beaked common dolphin whistles
identified 15 oscillatory whistle types, showing that it may
be the occurrence of oscillations in the modulation pattern
rather than one specific whistle type that carries species infor-
mation. Thus, the encoding of species information differs
from the way in which dolphins communicate individual
identity, where each animal has one distinctive signature
whistle type. It is unlikely that oscillatory whistle types rep-
resented signature whistles as species classification was
most successful when only wusing multiple-encounter
species-specific whistle contours. Using single-encounter
whistles that probably included the signature whistles of
many individuals, led to a much lower correct classification
score than when using species-specific whistle types that
occurred in multiple encounters in which signature whistles
were less likely to occur (because they would only be
included if the same animal was present in at least two
encounters; table 1).

The use of specific modulation patterns or acoustic fea-
tures to encode species identity has also been observed in
other taxa. For example, three sympatric species of mouse
lemurs in Madagascar produce tonal advertisement calls
that do not differ significantly in frequency range or band-
width but do have very different contour shapes. In
playback experiments, individuals responded significantly
more to conspecific advertisement calls than to heterospecific
advertisement calls but did not exhibit a significant difference
in response strength to other whistle types in their repertoires
[38]. Similarly, in nestling brown-headed cowbirds, species
recognition of conspecifics is triggered by a specific vocaliza-
tion called the chatter [21]. In another example, Ttingara frogs
produce a two-part call consisting of a whine followed by a
series of chucks. Playback experiments showed that it is the
first 50 ms of the fundamental frequency of the whine that
communicates species identity and the rest of the signal
serves to make the call more attractive to females [39]. In a
similar way, while frequency characteristics of the whistles
of short- and long-beaked common dolphins overlap and
make classification to species difficult, the presence of oscil-
lations in the whistles of short-beaked common dolphins
could serve as a species cue.

While oscillatory whistles were diagnostic of short-
beaked common dolphins, the results of the random forest
models showed that collectively, the species-specific whistle
types identified by ARTwarp carry species information for
both short- and long-beaked common dolphins. The
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Figure 3. Whistle types produced exclusively by short-beaked common dolphins (Delphinus delphis) that were detected during multiple encounters in the Southern
California Bight. Colours represent individual whistle contours, with grey backgrounds designating oscillatory types. Axes on each box are the same, with x-axis

showing 0-3 s and y-axis showing 0-23 kHz.

random forest that included only multiple encounter, species-
specific whistle types (RF2) had a significantly higher correct
classification score than both the random forest that included
all whistle types (RF1) and the random forest that included
only shared whistle types (RF3) (table 1). However, some
species-specific whistle types carry more species information
than others. The random forest including only single-encoun-
ter whistle types (RF4) had a correct classification score that
was higher than the random forests that included shared
whistle types (RF1 and RF3), but significantly lower than
the species-specific random forest (RF2), indicating that
while single-encounter whistles carry species information,
they do not carry as much as the multiple encounter,
species-specific whistle types. This is probably owing to the
presence of signature whistles in the single-encounter whistle
types. Signature whistles carry individually specific infor-
mation which led to higher correct classification scores than
when looking at all whistle types or shared whistle types,
but these whistles do not necessarily carry general species
information, which led to lower correct classification scores
than the multiple encounter, species-specific whistle types. In
addition, different variables were important in RF2 and RF4
(electronic supplementary material, table A9), suggesting
that species and individual information are carried in different
whistle parameters. The single-encounter whistle variables
that showed significant differences between species and were
most important in the single-encounter random forest were
those describing the shape of the whistles, such as slopes
and the number and position of inflection points and steps

(electronic supplementary material, tables A7-A9). This is con-
sistent with previous work showing that it is whistle shape
rather than voice characteristics that convey individual identity
in signature whistles [40]. For species-specific whistle types,
duration was the most important variable in the classifier, fol-
lowed by variables describing the amount of frequency
modulation in the whistles.

These results shed light on the possible functions of
non-signature whistles and provide a new tool for the devel-
opment of species classifiers for use in passive acoustic
monitoring, which is particularly important for these species.
Delphinus delphis and D. bairdii have only recently been recog-
nized as two distinct species in the eastern North Pacific [41]
and differentiation between the two has remained difficult.
Consequently, current stock assessments and population
trends for these two species in this region are unknown
[42]. Additionally, detailed behavioural data for both short-
and long-beaked common dolphins are lacking in the eastern
North Pacific, which contributes to the difficulty of differen-
tiating between these closely related species. In previous
studies focused on developing species classifiers, the whistles
of short- and long-beaked common dolphins have been diffi-
cult to discriminate owing to significant overlap in their time
and frequency characteristics [27]. The ARTwarp analysis
reported here showed that the whistle repertoires of these
species can be divided into shared and species-specific whis-
tle types. Using features measured from all whistles
regardless of whistle type as input to classifiers obscures
the species identity information that exists in species-specific
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Table 1. Summary of classification accuracies for random forest classifiers
including various subsets of short- and long-beaked common dolphin
(Delphinus delphis and D. bairdii, respectively) whistles calculated using the
randomforest package in R.

number

of classification

whistles accuracy (%)

RF1: all whistles

long-beaked 872 70.3
short-heaked 872 67.2
total 1744 68.7
RF2: whistles belonging to species-specific types (multiple encounters)
long-beaked 101 88.1
short-heaked 101 87
total 202 87.5
RF3: whistles belonging to shared types

long-beaked 619 62.7
short-beaked 619 65.4
total 1238 64.1
RF4: whistles belonging to single-encounter types
long-beaked m 77
short-heaked m 71.2
total 222 745

whistle types and reduces classification success. Furthermore,
the difference in the use of oscillatory whistles in short- and
long-beaked common dolphins shows the value of exploring
specific modulation patterns in addition to including more
general time and frequency characteristics in classifiers.
Similarities and differences in the whistle repertoires of
these two species are likely to have been caused by a variety
of interacting factors such as behaviour, group size and social
structure, and environment. Little is known about the behav-
iour and social interactions of these species and data on their
distribution is limited. Short- and long-beaked common dol-
phins overlap in substantial areas of their ranges, however
short-beaked common dolphins appear to range further
offshore than long-beaked common dolphins [42]. These
differences in distribution may have contributed to the devel-
opment of different whistle repertoires adapted to different
environments. It is also possible that the shared whistle
types found between the two species in this study are rem-
common dolphin repertoire before
speciation and that oscillatory whistles became more

nants from the

References

dominant in short-beaked common dolphins as the two
species evolved.

Learning influences vocal development in delphinids,
increasing the potential for geographical variation and
cultural specialization in how whistles are used. The species
distinction between short- and long-beaked common
dolphins is relatively clear in our study area [26] but not con-
firmed in other geographical regions [43], suggesting that
populations in other geographical locations described as long-
beaked common dolphins may share little with the population
off California. The genetic and behavioural differentiation
between short- and long-beaked common dolphins off Califor-
nia suggests that reproductive isolation between the two forms
is more pronounced here than in other regions. Oscillatory
whistles may have contributed to species isolation in these
common dolphins, similar to the role of learned dialects in
killer whale differentiation [44].

Oscillatory whistles have also been described for other
dolphin species including bottlenose dolphins [45], spinner
dolphins [35], pantropical spotted dolphins [35] and
common dolphins in other areas [46—48]. While there are no
studies describing the role of oscillatory whistles in the com-
munication systems of these other species, their abundance
across species makes it unlikely that they identify species
more generally. Vocal learning makes shared whistle patterns
a cultural trait, increasing the probability that oscillatory
whistles have different functions across species and popu-
lations. The results reported here suggest that oscillatory
whistle patterns of short-beaked common dolphins off
California facilitate species recognition and potentially the
speciation of common dolphins in a gene-culture coevolution
scenario [49] specific to this geographical area. Future studies
should investigate the role and context of oscillatory whistles
in other regions and species to assess the diversity of their use.

Ethics. Data were collected in full compliance with and under the
terms of NMFS permits nos. 19091, 19116 and 21678.

Data accessibility. The research data supporting this publication can be
accessed at https://doi.org/10.17630/9305bcd2-b422-4496-8104-
b9f856538c97 [50].

Authors” contributions. J.N.O., C.C., B.S. and V.M.J. designed the study;
C.C,, SF. and B.S. collected and managed the data; ].N.O., SFW.
and V.M.J. performed data analysis and wrote the first draft of the
manuscript, and all authors edited and commented on the
manuscript.

Competing interests. We declare we have no competing interests.
Funding. Funding for this project was generously provided by the
Office of Naval Research Marine Mammals and Biology program,
with thanks to Mike Weise and Dana Belden.

Acknowledgements. We acknowledge the support and expertise of the
dedicated field team for the Tagless Behavioural and Physiological
Response Study and the crew of the M/V Magician. Special thanks
to John Calambokidis, John Durban, Holly Fearnbach, Nick Kellar,
Machiel Oudejans and Fleur Visser.

1. Janik VM, Slater PJB. 2000 The different roles of 3.

social learning in vocal communication. Anim.
Behav. 60, 1-11. (doi:10.1006/anbe.2000.1410)
Catchpole CK, Slater PJB. 2008 Bird song: biological
themes and variations, 2nd edn. Cambridge, UK:
Cambridge University Press.

Janik VM. 2013 Cognitive skills in bottlenose 5.

dolphin communication. Trends Cogn. Sci. 17,
157-159. (doi:10.1016/j.tics.2013.02.005)
Janik VM. 2014 Cetacean vocal learning and

communication. Curr. Opin. Neurobiol. 28, 60—65.

(doi:10.1016/j.conb.2014.06.010)

Connor RC. 2007 Dolphin social intelligence:
complex alliance relationships in bottlenose
dolphins and a consideration of selective
environments for extreme brain size evolution in
mammals. Phil. Trans. R. Soc. B 362, 587-602.
(doi:10.1098/rsth.2006.1997)

9v00L207 ‘9LE § 05 'y bl iy  qsy/[euinol/baobuiysiigndfanosiefos H


https://doi.org/10.17630/9305bcd2-b422-4496-8104-b9f856538c97
https://doi.org/10.17630/9305bcd2-b422-4496-8104-b9f856538c97
https://doi.org/10.17630/9305bcd2-b422-4496-8104-b9f856538c97
http://dx.doi.org/10.1006/anbe.2000.1410
http://dx.doi.org/10.1016/j.tics.2013.02.005
http://dx.doi.org/10.1016/j.conb.2014.06.010
http://dx.doi.org/10.1098/rstb.2006.1997

20.

Hobaiter C, Byrne RW. 2014 The meanings of
chimpanzee gestures. Curr. Biol. 24, 1596—1600.
(doi:10.1016/j.cub.2014.05.066)

Bradbury JW, Balsby TJ. 2016 The functions of vocal
learning in parrots. Behav. Ecol. Sociobiol. 70,
293-312. (doi:10.1007/500265-016-2068-4)
Lammers MO, Oswald JN. 2015 Analyzing the
acoustic communication of dolphins. In Dolphin
communication and cognition: past, present, future
(eds DL Herzing, CM Johnson), pp. 107-138.
Cambridge, MA: MIT Press.

Janik VM. 2009 Acoustic communication in
delphinids. Adv. Study Behav. 40, 123-157. (doi:10.
1016/50065-3454(09)40004-4)

Janik VM. 2000 Food-related bray calls in wild
bottlenose dolphins (Tursiops truncatus).

Proc. R. Soc. Lond. B 267, 923-927. (doi:10.1098/
rsph.2000.1091)

. Simon M, Ugarte F, Wahlberg M, Miller LA. 2006

Icelandic killer whales Orcinus orca use a pulsed call
suitable for manipulating the schooling behaviour
of herring Clupea harengus. Bioacoustics 16, 57-74.
(doi:10.1080/09524622.2006.9753564)

Heiler J, Elwen SH, Kriesell HJ, Gridley T. 2016
Changes in bottlenose dolphin whistle parameters
related to vessel presence, surface behaviour and
group composition. Anim. Behav. 117, 167-177.
(doi:10.1016/j.anbehav.2016.04.014)

Lopez BD. 2011 Whistle characteristics in free-
ranging bottlenose dolphins (Tursiops truncatus) in
the Mediterranean Sea: influence of behaviour.
Mamm. Biol. 76, 180—189. (doi:10.1016/j.mambio.
2010.06.006)

Henderson EE, Hildebrand JA, Smith MH, Falcone EA.
2012 The behavioral context of common dolphin
(Delphinus sp.) vocalizations. Mar. Mammal Sci. 28,
439-460. (doi:10.1111/.1748-7692.2011.00498.x)
Janik VM, Sayigh LS. 2013 Communication in
bottlenose dolphins: 50 years of signature whistle
research. J. Comp. Physiol. A 199, 479—489. (doi:10.
1007/500359-013-0817-7)

King SL, Janik VM. 2013 Bottlenose dolphins can
use learned vocal labels to address each other. Proc.
Natl Acad. Sci. USA 110, 13 216-13 221. (doi:10.
1073/pnas.1304459110)

Jones BL, Daniels R, Tufano S, Ridgway S. 2020 Five
members of a mixed-sex group of bottlenose
dolphins share a stereotyped whistle contour in
addition to maintaining their individually distinctive
signature whistles. PLoS ONE 15, €0233658. (doi:10.
1371/journal.pone.0233658)

Oswald JN, Barlow J, Norris TF. 2003 Acoustic
identification of nine delphinid species in the
eastern tropical Pacific ocean. Mar. Mammal Sci. 19,
20-37. (doi:10.1111/j.1748-7692.2003.th01090.x)
Ryan MJ, Rand AS. 1995 Female responses to
ancestral advertisement calls in Ttingara frogs.
Science 269, 390-392. (doi:10.1126/science.269.
5222.390)

Kihslinger RL, Klimley AP. 2002 Species identity and
the temporal characteristics of fish acoustic signals.
J. Comp. Psychol. 116, 210-214. (doi:10.1037/0735-
7036.116.2.210)

21.

22.

23.

24,

25.

26.

2].

28.

29.

30.

31

32.

Hauber ME, Russo SA, Sherman PW. 2001 A
password for species recognition in a brood-parasitic
bird. Proc. R. Soc. Lond. B 268, 1041-1048. (doi:10.
1098/rspb.2001.1617)

Gannier A, Fuchs S, Quebre P, Oswald JN. 2010
Performance of a contour-based classification
method for whistles of Mediterranean delphinids.
Appl. Acoust. 71, 1063—1069. (doi:10.1016/.
apacoust.2010.05.019)

Rankin S, Archer F, Keating J, Oswald JN, Oswald M,
Curtis A, Barlow J. 2017 Acoustic classification of
dolphins in the California Current using whistles,
echolocation clicks and burst pulses. Mar. Mammal
Sci. 33, 520-540. (doi:10.1111/mms.12381)
Caldwell MC, Caldwell DK. 1968 Vocalization of
naive captive dolphins in small groups. Science 159,
1121-1123. (doi:10.1126/science.159.3819.1121)
Giardino GV et al. 2019 The final call: evidence for
stereotyped whistle of one dying common dolphin
(Delphinus delphis) in Argentina. Proc. Meet. Acoust.
37, 010002. (doi:10.1121/2.0001033)

Cunha HA, De Castro RL, Secchi ER, Crespo EA,
Lailson-Brito J, Azevedo AF, Lazoski C, Sole-Cava
AM. 2015 Molecular and morphological
differentiation of common dolphins (Delphinus sp.)
in the Southwestern Atlantic: testing the two
species hypothesis in sympatry. PLoS ONE 10,
0140251. (doi:10.1371/journal.pone.0145354)
Oswald N, Rankin S, Barlow J, Lammers MO. 2007
ROCCA: a new tool for real-time acoustic species
identification of delphinid whistles. J. Acoust. Soc.
Am. 122, 587-595. (doi:10.1121/1.2743157)
Perryman WL, Lynn MS. 1993 Identification of
geographic forms of common dolphin (Delphinus
delphis) from aerial photogrammetry. Mar. Mammal
Sci. 9, 119-137. (doi:10.1111/j.1748-7692.1993.
th00438.x)

Kellar NM, Trego ML, Chivers SJ, Archer Fl, Perryman
WL. 2014 From progesterone in biopsies to
estimates of pregnancy rates: large scale
reproductive patterns of two sympatric species of
common dolphin, Delphinus spp. off California, USA
and Baja, Mexico. Bull. South. Cal. Acad. Sci. 113,
58-80. (doi:10.3160/0038-3872-113.2.58)

Oswald JN, Rankin S, Barlow J, Oswald M, Lammers
MO. 2013 Real-time Call Classification Algorithm
(ROCCA): software for species identification of
delphinid whistles. In Detection, dassification and
localization of marine mammals using passive
acoustics, 2003—2013: 10 years of international
research (eds O Adam, F Samaran), pp. 245-266.
Paris, France: DIRAC NGO.

Gillespie D, Mellinger DK, Gordon J, Mclaren D,
Redmond P, McHugh R, Trinder PW, Deng XY, Thode
A. 2008 PAMGUARD: Semiautomated, open source
software for real-time acoustic detection and
localisation of cetaceans. J. Acoust. Soc. Am. 30,
54-62. (doi:10.1121/1.4808713)

Janik VM, King SL, Sayigh LS, Wells RS. 2013
Identifying signature whistles from recordings of
groups of unrestrained bottlenose dolphins (Tursiops
truncatus). Mar. Mammal Sci. 29, 109-122. (doi:10.
1111/j.1748-7692.2011.00549.x)

33.

34.

35.

36.

37.

38.

39.

40.

41.

4.

43.

4,

45.

46.

47.

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

Caldwell MC, Caldwell DK, Hall NR. 1972 Ability of
an Atlantic bottlenosed dolphin (Tursiops truncatus)
to discriminate between, and potentially identify to
individual, the whistles of another species, the
common dolphin (Delphinus delphis). Cetology 14,
1-7. (doi:10.1007/978-1-4684-2985-5_11)

Gruden P, White PR, Oswald N, Barkley Y, Cerchio
S, Lammers MO, Baumann-Pickering S. 2016
Differences in oscillatory whistles produced by
spinner (Stenella longirostris) and pantropical
spotted (Stenella attenuata) dolphins. Mar. Mammal
Sci. 32, 520-534. (doi:10.1111/mms.12280)

Liaw A, Wiener M. 2002 Classification and
regression by random forest. R News 2, 18-22.
Breiman L. 2001 Random forests. Mach. Learn. 45,
5-32. (doi:10.1023/A:1010933404324)

Braune P, Schmidt S, Zimmermann E. 2008 Acoustic
divergence in the communication of cryptic species
of nocturnal primates (Microcebus ssp.). BMC Biol.
6, 9-11. (doi:10.1186/1741-7007-6-19)

Rand AS, Ryan MJ, Wilczynski W. 1992 Signal
redundancy and receiver permissiveness in acoustic
mate recognition by the Tungara frog, Physalaemus
pustulosus. Am. Zool. 32, 81-90. (doi:10.1093/icb/
32.1.81)

Janik VM, Sayigh LS, Wells RS. 2006 Signature
whistle shape conveys identity information to
bottlenose dolphins. Proc. Nat/ Acad. Sci. USA 103,
8293-8297. (doi:10.1073/pnas.0509918103)
Heyning JE, Perrin WF. 1994 Evidence for two
species of common dolphins (genus Delphinus)
from the eastern North Pacific. Contr. Nat. Hist. Mus.
LA. County 442, 1-35.

Carretta JV et al. 2020 U.S. Pacific marine mammal
stock assessments: 2019, U.S. Department of
Commerce, NOAA Technical Memorandum NMFS-
SWFSC-629.

Natoli A, Canadas A, Peddemors VM, Aguilar A,
Vaquero C, Fernandez-Piqueras P, Hoelzel AR. 2006
Phylogeography and alpha taxonomy of the
common dolphin (Delphinus sp.). J. Evol. Biol. 19,
943-954. (doi:10.1111/j.1420-9101.2005.01033.x)
Riesch R, Barrett-Lennard LG, Ellis GM, Ford JKB,
Deecke VB. 2012 Cultural traditions and the
evolution of reproductive isolation: ecological
speciation in killer whales? Biol. J. Linn. Soc. 106,
1-17. (doi:10.1111/j.1095-8312.2012.01872.x)
Janik VM, Dehnhardt G, Todt D. 1994 Signature
whistle variations in a bottlenosed dolphin, Tursiops
truncatus. Behav. Ecol. Sociobiol. 35, 243—248.
(doi:10.1007/BF00170704)

Ansmann IC, Goold JC, Evans PG. H., Simmonds M,
Keith SG. 2007 Variation in the whistle
characteristics of short-beaked common dolphins,
Delphinus delphis, at two locations around the
British Isles. J. Mar. Biolog. Assoc. UK 87, 19-26.
(doi:10.1017/50025315407054963)

Panova E, Agafonov A, Logominova I. In press. First
description of whistles of Black Sea short-beaked


http://dx.doi.org/10.1016/j.cub.2014.05.066
http://dx.doi.org/10.1007/s00265-016-2068-4
http://dx.doi.org/10.1016/S0065-3454(09)40004-4
http://dx.doi.org/10.1016/S0065-3454(09)40004-4
http://dx.doi.org/10.1098/rspb.2000.1091
http://dx.doi.org/10.1098/rspb.2000.1091
http://dx.doi.org/10.1080/09524622.2006.9753564
http://dx.doi.org/10.1016/j.anbehav.2016.04.014
http://dx.doi.org/10.1016/j.mambio.2010.06.006
http://dx.doi.org/10.1016/j.mambio.2010.06.006
http://dx.doi.org/10.1111/j.1748-7692.2011.00498.x
http://dx.doi.org/10.1007/s00359-013-0817-7
http://dx.doi.org/10.1007/s00359-013-0817-7
http://dx.doi.org/10.1073/pnas.1304459110
http://dx.doi.org/10.1073/pnas.1304459110
http://dx.doi.org/10.1371/journal.pone.0233658
http://dx.doi.org/10.1371/journal.pone.0233658
http://dx.doi.org/10.1111/j.1748-7692.2003.tb01090.x
http://dx.doi.org/10.1126/science.269.5222.390
http://dx.doi.org/10.1126/science.269.5222.390
http://dx.doi.org/10.1037/0735-7036.116.2.210
http://dx.doi.org/10.1037/0735-7036.116.2.210
http://dx.doi.org/10.1098/rspb.2001.1617
http://dx.doi.org/10.1098/rspb.2001.1617
http://dx.doi.org/10.1016/j.apacoust.2010.05.019
http://dx.doi.org/10.1016/j.apacoust.2010.05.019
http://dx.doi.org/10.1111/mms.12381
http://dx.doi.org/10.1126/science.159.3819.1121
http://dx.doi.org/10.1121/2.0001033
http://dx.doi.org/10.1371/journal.pone.0145354
http://dx.doi.org/10.1121/1.2743157
http://dx.doi.org/10.1111/j.1748-7692.1993.tb00438.x
http://dx.doi.org/10.1111/j.1748-7692.1993.tb00438.x
http://dx.doi.org/10.3160/0038-3872-113.2.58
http://dx.doi.org/10.1121/1.4808713
http://dx.doi.org/10.1111/j.1748-7692.2011.00549.x
http://dx.doi.org/10.1111/j.1748-7692.2011.00549.x
http://dx.doi.org/10.1121/1.2139067
http://dx.doi.org/10.1007/978-1-4684-2985-5_11
http://dx.doi.org/10.1111/mms.12280
http://dx.doi.org/10.1023/A:1010933404324
http://dx.doi.org/10.1186/1741-7007-6-19
http://dx.doi.org/10.1093/icb/32.1.81
http://dx.doi.org/10.1093/icb/32.1.81
http://dx.doi.org/10.1073/pnas.0509918103
http://dx.doi.org/10.1111/j.1420-9101.2005.01033.x
http://dx.doi.org/10.1111/j.1095-8312.2012.01872.x
http://dx.doi.org/10.1007/BF00170704
http://dx.doi.org/10.1017/S0025315407054963

48.

common dolphins, Delphinus delphis ponticus.
Bioacoustics. (doi:10.1080/09524622.2020.
1842245)

Petrella V, Martinez E, Anderson MG, Stockin KA.
2012 Whistle characteristics of common dolphins
(Delphinus sp.) in the Hauraki Gulf, New Zealand.

49.

Mar. Mammal Sci. 28, 479-496. (doi:10.1111/j.
1748-7692.2011.00499.x)

Whitehead H. 2017 Gene-culture coevolution

in whales and dolphins. Proc. Nat/ Acad. Sci.
USA 114, 7814-7821. (doi:10.1073/pnas.
1620736114)

50.

Oswald JN, Walmsley SF, Casey C, Fregosi S, Southall
B, Janik VM. 2021 Data from: Species information in
whistle frequency modulation patterns of common
dolphins (dataset). Dataset. University of St
Andrews Research Portal. (doi:10.17630/9305bcd2-
b422-4496-8104-h9f856538¢97)

9v00L707 :9LE § 0S “Y "supif “iyd  qisi/jeusnol/ba0-buiysiigndianosiedol H


http://dx.doi.org/10.1080/09524622.2020.1842245
http://dx.doi.org/10.1080/09524622.2020.1842245
http://dx.doi.org/10.1111/j.1748-7692.2011.00499.x
http://dx.doi.org/10.1111/j.1748-7692.2011.00499.x
http://dx.doi.org/10.1073/pnas.1620736114
http://dx.doi.org/10.1073/pnas.1620736114
http://dx.doi.org/10.17630/9305bcd2-b422-4496-8104-b9f856538c97
http://dx.doi.org/10.17630/9305bcd2-b422-4496-8104-b9f856538c97

	Species information in whistle frequency modulation patterns of common dolphins
	Introduction
	Methods
	Fieldwork
	Whistle extraction
	Contour categorization
	Statistical analyses
	Evaluation of species differences relative to simulated data
	Univariate comparisons
	Classification using random forest analysis


	Results
	Discussion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


