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Male fin whales sing by producing 20 Hz pulses in regular patterns of inter-note intervals.

While singing, fin whales may also alternate the frequency ranges of their notes. Different

song patterns have been observed in different regions of the world’s oceans. New song

patterns suddenly emerging in an area have been hypothesized to either be indicators of

new groups of whales in the area or signs of cultural transmission between groups. Since

the status of fin whales around Hawaii is unknown and visual surveys are expensive and

difficult to conduct in offshore areas, passive acoustic monitoring has been proposed as

a way to monitor these whales. We used passive acoustic recordings from an array of

14 hydrophones to analyze the song patterns of 115 fin whale encounters made up of

50,034 unique notes off Kauai, Hawaii from 2011 to 2017. Fin whale singing patterns

were more complicated than previously described. Fin whales off Hawaii sang in five

different patterns made of two 20 Hz note types and both singlet and doublet inter-note

interval patterns. The inter-note intervals present in their songs were 28/33 s for the

lower frequency doublet, 30 s for the lower frequency singlet, 17/24 s for the higher

frequency doublet, 17 s for the higher frequency singlet, and 12/20 s for the doublet that

alternated between both note types. Some of these song patterns were unique to these

fin whales in Hawaiian waters, while others were similar to song patterns recorded from

fin whales off the U.S. west coast. Individual fin whales often utilized several different

song patterns which suggests that multiple song patterns are not necessarily indicators

of different individuals or groups. The dominant song pattern also changed over these

years. Cultural transmission may have occurred between fin whales in Hawaiian waters

and off the U.S. west coast, which has resulted in similar songs being present at both

locations but on lagged timescales. Alternatively, groups occupying the Hawaiian waters

could shift over time resulting in different song patterns becoming dominant. This work

has implications for the population structure and behavior of Hawaii fin whales.
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FIGURE 8 | Two examples of fin whale tracks exhibiting a mixture of song patterns while acoustically localized on PMRF. The upper-left plot shows a fin whale

transiting a distance of 11.5 km from north to south on 13-Jan-2012 at 07:11:20 UTC. The middle-left plot shows a fin whale transiting a distance of 32.7 km from

south to north on 20-Mar-2015 12:05:17 UTC. Neither of these tracks occurred at the same time as another fin whale singing on PMRF. The corresponding INIs are

shown to the right of each track, with each pairing type noted by color and shape. The spectrogram corresponds to the middle track and shows the transition period

from A-A doublet song to A-B doublet song starting at 3.6 h into the track. Example A-A INIs are labeled as (S) for short and (L) for long and A-B and B-A INIs are also

labeled. The gap in the middle shows a presumed surfacing interval with a low SNR A note at 215 s.

2014; Širović et al., 2017), while we observed a single note type
for this doublet as did Archer et al. (2019). In our dataset, fin
whale songs seemed to depend on both the patterns of INIs and
note frequencies. The A-A doublet pairing became rare in the
Southern California Bight after 2003 and has not been reported
off the Washington coast since 2006, but remained the dominant
pairing in our dataset until 2014. We did not record enough
examples of fin whales singing A-A doublet patterns to confirm
whether whales on PMRF were increasing their INIs from fall to
spring as observed byOleson et al. (2014) and Širović et al. (2017).

The A-A singlet pattern recorded at PMRF with a median INI
of approximately 30 s could be the same pattern as other patterns
previously reported across the northeast Pacific (Weirathmueller
et al., 2013, 2017; Oleson et al., 2014; Širović et al., 2017; Archer
et al., 2019), accounting for INIs changing over seasons and
steadily increasing through the years. When this pattern was
observed, it was the dominant A-A pairing in a track and not

as part of an A-A doublet pattern [which is how it was usually
observed in Oleson et al. (2014) and Širović et al. (2017)]. The
INIs for the A-A singlet pattern recorded at PMRF increased over
time similar to how the INIs increased over time off the U.S.
northwest coast (Weirathmueller et al., 2017). The A-A singlet
song was observed off the U.S. northwest coast from 2003 to 2012
and became rare in the Southern California Bight after 2003, but
was present for the full duration of our dataset (2011–2017).

The A-B doublet recorded at PMRF with INIs of
approximately 12/20 s might be the same song pattern
observed in the Southern California Bight starting in 2006
and off the U.S. northwest coast becoming prominent in 2009
(Širović et al., 2017; Weirathmueller et al., 2017). Similar INIs
were also observed in Monterey Bay, the Gulf of Alaska, and
the Chukchi Sea in non-continuous recordings between 2001
and 2011 (Archer et al., 2019). These INIs from the west coast
do not match the A-B doublet recorded off Hawaii exactly,
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FIGURE 9 | Along-track cue rate for fin whales at PMRF as a function of time. Cue rate was calculated as number of notes in a track divided by the total elapsed time

of the track and is in units of notes/hour. Each season is plotted from October to May based on the earliest and latest fin whale detections.

FIGURE 10 | INIs for the same fin whale track as shown in Figure 5, without separation for note type pairings. There are 45 occurrences of INIs >60 s, which likely

indicate surfacing events. The median time between presumed surfacing events for this track was 18.6 min, with median duration of 121 s.

but previously recorded doublet INIs increased over time with
a different slope for the A-B interval than the B-A interval
(Weirathmueller et al., 2017). The A-B/B-A intervals recorded
at PMRF were also increasing over time. It is interesting,
however, that although this doublet pattern was prominent
off the west coast before these recordings at PMRF began, it
didn’t become the dominant song at PMRF until the 2014–2015
season. In addition, when it became the dominant song, the INIs
measured at PMRF were the most similar to U.S. west coast INIs
prior to 2010.

The B-B singlet and doublet patterns observed at PMRF have
not been described previously for North Pacific fin whales. The
B-B singlet pattern had an INI of approximately 17 s and the
B-B doublet pattern had INIs of approximately 17/24 s. These B-
note patterns did not show a significant trend over time. These
song patterns were not rare, as 26 tracks out of 115 consisted
of more than 50% B-B note pairings. Perhaps these B-B song
patterns are unique to fin whales in Hawaiian waters, or perhaps
they are present in other locations, but have not been reported

previously because this song pattern formed a less dominant peak
when analyzing songs based on INI alone.

The frequency of the notes differentiate the two pulse types
and seem to be an important component of the fin whale song
structure. Some previous work about fin whale song patterns
focused solely on the INIs between notes and did not consider
the frequencies of the notes when classifying song (e.g., Oleson
et al., 2014; Širović et al., 2017). Geographical variation in the
frequencies of the A and B notes might also exist as the B
notes recorded in Hawaiian waters appear to have a greater
bandwidth than those recorded along the U.S. west coast (based
on spectrograms in Širović et al., 2017; Weirathmueller et al.,
2017) and were more similar to those recorded in the Gulf of
California (Thompson et al., 1992; Širović et al., 2017). However,
comparing note types across studies is very difficult and should
be approached with caution. The methods used to measure note
characteristics can vary from study to study, and differences in
recording equipment can also influence the note measurements.
Additionally, the acoustic transmission properties of the different
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study areas can distort and attenuate the notes differently as they
propagate from the whale to the receiver. Oftentimes, as shown
in the work here, the measured signal properties can change as
a function of the SNR. Sometimes the note characteristics are
truly different at varying SNR, while in other cases the SNR
influences the measurement process itself. For example, if higher
SNR notes also have higher SLs, these higher SL notes could have
inherently different attributes which might be related to the size
and vocal intensity of the whale. However, higher SNR notes can
also appear to have a greater bandwidth, longer duration, and
different center frequency than lower SNR notes even if these
notes were identical when they were produced. There is some
evidence that the center frequencies and bandwidth of the A and
B notes changed slightly over the 7-year study period at PMRF.
However, due to the confounding factors mentioned previously,
results were not presented because it is difficult to determine if the
measured differences were true changes in signal characteristics
or simply measurement differences associated with changing
SNR. Weirathmueller et al. (2017) observed a frequency decrease
off Oregon andWashington for A notes in the singlet pattern, but
not for B notes. In the future, collaboration amongst colleagues
and establishing best measurement practices will help determine
if these trends can be corroborated. To begin, including both the
note type and INI will be important in future work describing the
singing behavior of fin whales.

Vocalization gaps >60 s aligned with the timing and duration
of surfacing events observed by other researchers during focal
follows. These breaks in singing occurred every 11.5 min on
average and lasted approximately 116 s. The average duration
of these presumed surfacing events was slightly shorter than
the 120–150 s averages that have been previously reported, but
they were spaced within the previously reported intervals of 10–
15 min (Watkins et al., 1987; McDonald et al., 1995; Nieukirk
et al., 2004). The notes before and after these presumed surfacing
events had lower RLs. It is unknown if the lower measured RLs
during surfacing events were caused by lower SLs of the animal as
was reported by Watkins et al. (1987), or if acoustic transmission
loss between the animal and the hydrophones was higher when
the whales were nearer to the surface.

Some researchers have proposed that INI patterns are unique
to specific populations and/or stocks (e.g., Thompson et al., 1992;
Hatch and Clark, 2004; Delarue et al., 2009; Širović et al., 2017),
while others have suggested that INI patterns can change as
a result of cultural transmission (Weirathmueller et al., 2017).
The results presented here suggest that the same group of
fin whales may use multiple note pairings and INIs in their
song. The strongest support for multiple singing patterns being
employed by a single group is evidenced by numerous individuals
(45) that changed or switched between song patterns within a
track. For example, the whales tracked in Figure 8 transitioned
between three distinct note pairings with unique INIs and even
exhibited multiple patterns simultaneously. These transitions
often occurred within a song bout (Figure 8 spectrogram).
Although we do not know the fin whale population structure,
the ability for individual whales to change their primary singing
pattern within a track suggests that a variety of song patterns
are sung by individual populations and that these different song

patterns do not indicate new whales entering the area, but instead
are part of normal individual song variability.

Based on available evidence, it is most likely that multiple song
patterns within a track are produced by individual whales and
not multiple whales coordinating their singing in a tight group.
Song patterns along a track often switched even within a song
bout, and there was no evidence of overlapping song along the
tracks. Therefore, high coordination between multiple males in
very close proximity would need to occur in order to appear to
the analyst as a single singing animal. For some tracks, the song
patterns changed more distinctly mid-track. In this situation,
it might be possible that one singing animal ceased to vocalize
and a nearby animal began to vocalize concurrently. However,
the density of fin whale tracks on the range was very low. Of
the 115 tracks, only 15 tracks occurred within the boundaries
of the study area at the same time as another singing fin whale.
Therefore, it is unlikely that two tracks would be combined in
this manner, unless the movement between the singing whales
was highly coordinated since the localization methods have such
high accuracy and precision. Previous researchers have reported
that singing fin whales were separated by distances much greater
than our localization method precision (e.g., Watkins, 1981,
observed that singing fin whales were separated by at least 1
km). In addition, the subset of tracks that contained multiple
song patterns had median durations of 3.5 h. If the multiple song
patterns are from coordinated singing animals in tight groups,
and song pattern is population-specific as has been suggested
previously (e.g., Thompson et al., 1992; Hatch and Clark, 2004;
Delarue et al., 2009; Širović et al., 2017), then the results presented
here suggest that males from separate populations are interacting
in unprecedented coordination over several hours. Although it
would not be impossible for these tracks with multiple song
patterns to be produced by multiple whales, it seems improbable,
and the more probable explanation is that single whales were
utilizing multiple song patterns in their repertoire. A visual-
acoustic study would need to be conducted in order to determine
the correct explanation.

Fin whales might engage in vocal learning and change their
song over time. The fin whales at PMRF sang with many
of the same song patterns as whales recorded on the west
coast, however, their songs were not in sync over these years
as previously reported (Oleson et al., 2014). Notably, the A-B
doublet pattern did not become the dominant song in the fin
whales recorded at PMRF until 5–8 years after it was reported
as the dominant song off the U.S. west coast (Širović et al.,
2017; Weirathmueller et al., 2017). In addition, the INI pattern
of the A-B doublet song pattern did not align with the trends
observed off the U.S. west coast. For example, in 2011–2012, the
fin whales in the Southern California Bight were singing with
INIs of approximately 16/21 s (Širović et al., 2017), while the
A-B INIs recorded at PMRF were about 5 s lower. Since the
fin whale songs were not in sync, the fin whales in Hawaiian
waters appear to be somewhat separated from the fin whales off
of the U.S. west coast, supporting the division of this population
into separate stocks (Carretta et al., 2018). This singing behavior
is different from that of North Pacific humpback whales which
share overlapping summer feeding areas and go to separate
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wintering areas, but sing similar songs across these wintering
areas (Winn et al., 1981; Barlow et al., 2011). If vocal learning
in fin whales is similar to humpback whales, then the delay in fin
whale song adoption suggests that whales from these groups are
not interacting regularly on shared feeding areas (as suggested
by Weirathmueller et al., 2017). This delayed adoption of singing
patterns from the U.S. west coast might be evidence of cultural
transmission. Humpbacks, for example, have been shown to
adopt the song of a small number of immigrant whales (Noad
et al., 2000) and cultural transmission of song patterns has rippled
across the South Pacific (Garland et al., 2011). Perhaps small
numbers of male fin whales occasionally immigrate between
the North Pacific regions and bring new songs with them as
they travel.

Alternatively, different populations of fin whales might enter
the Hawaiian waters at different times. These movements may
be driven by environmental fluctuations [as described for
Mediterranean fin whales by Notarbartolo di Sciara et al. (2016)].
Individual populations may utilize multiple song patterns in
their repertoire and cause sudden shifts in observed song
types. However, since the song patterns observed here were
not synchronized with song patterns reported elsewhere it is
unlikely that whales are coming to this area from fin whale
populations previously recorded and described. An exception
to this argument is the A-A song patterns which seem to have
INIs that are continuations of the trends observed off the U.S.
west coast (e.g., Weirathmueller et al., 2017). But these A-A
song patterns sometimes occurred in tracks that also had A-B
doublet song patterns that were not in sync with those observed
off the U.S. west coast (e.g., see Figure 8). Unfortunately, no
other published recordings completely overlap in time and many
areas of the North Pacific are undersampled. To fully test these
two hypotheses and assess how the song patterns used by fin
whales in Hawaiian waters compare with those used at the same
time throughout the North Pacific, simultaneous recordings of
fin whales throughout the North Pacific are needed. In addition,
more work is required to better understand the movements and
population structure of fin whales in the North Pacific, and a
repertoire of song patterns (in contrast to a single song pattern)
could be one method of distinguishing different groups at any
given time.

The along-track cue rate at PMRF provides some insight into
the feasibility of using acoustic cue counting as a method for
estimating density or abundance of fin whales. If individual notes
are used as the acoustic cue, the cue rate would likely need to be
adjusted for song patterns, year, and season. For example, if an
acoustic cue was first derived from the dominant A-A doublet
song in 2011–2014, it would no longer be accurate as the fin
whales transitioned to the dominant A-B doublet song present
from 2014 to 2017. Additionally, most song patterns observed
on PMRF had an INI that lengthened over time, indicating that
annually fewer notes were produced per hour. The cue rate of
singing fin whales was significantly greater than that of non-
singing fin whales (Stimpert et al., 2015). An acoustic cue does
not have to be limited to counting individual notes. For example,
counting song bouts, surface intervals, or the number of tracks
are viable cue options. While it may be more difficult to count
surface intervals using single-fixed hydrophones, the metric may

be more stable over time than counting individual notes, as the
breathing requirements of the whale likely remain unchanged
over time. The ability to localize and track whales at PMRF
allows for the number of tracks to be counted on the range.
However, even in this ideal scenario it is difficult to determine
how many individual fin whales utilize the range. The percentage
of time that males are vocally active and the percentage of vocally
active whales within the total population are still unknown.
Additionally, it is difficult to determine if tracks that are separated
by hours or days are made by unique fin whales or from the same
individual returning to the range.

In conclusion, fin whales in Hawaiian waters sang songs that
were more complex in note choice and rhythm than previously
reported in other regions. INI alone is not enough to distinguish
populations since individual whales sang songs with multiple
INI patterns. Even though some singing patterns overlapped
between fin whales in Hawaiian waters and fin whales off the
U.S. west coast, since the songs in Hawaiian waters were not in
sync with songs recorded off the U.S. west coast, these groups
of whales seem to be separated. The delay in adoption of the A-
B doublet for fin whales in Hawaiian waters may indicate that
cultural transmission occurs through low numbers of individuals
immigrating between regions. Alternatively, groups occupying
the Hawaiian waters could shift over time resulting in different
song patterns becoming dominant. More work is needed to
understand the behavior, life history, and abundance of fin whales
in Hawaiian waters.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

Ethical review and approval was not required for the animal
study because research was conducted through passive listening
of whales in their natural environment.

AUTHOR CONTRIBUTIONS

CM, SM, and EH collected the data. GA processed the data. CM
and SM developed the tracking algorithm. TH and RG validated
and analyzed the data and wrote the draft manuscript. TH, RG,
GA, CM, SM, and EH discussed the results and contributed to
the final manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This research was supported by Commander, U.S. Pacific Fleet
(Code N465JR, Award Number N0007020WR0EP8F) and tool
development necessary for this analysis was supported by the
U.S. Navy’s Living Marine Resources Program (Award Number
N0002520WR0141R).

Frontiers in Marine Science | www.frontiersin.org 14 October 2020 | Volume 7 | Article 587110

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Helble et al. Fin Whale Song Patterns Shift

ACKNOWLEDGMENTS

The authors would like to thank Glenn Ierley, Ana Širović,
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