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North Pacific minke whales call
rapidly when calling
conspecifics are nearby

Cameron R. Martin1*, Regina A. Guazzo1, Tyler A. Helble1,
Gabriela C. Alongi2, Ian N. Durbach3, Stephen W. Martin2,
Brian M. Matsuyama2 and E. Elizabeth Henderson1

1Naval Information Warfare Center Pacific, San Diego, CA, United States, 2National Marine Mammal
Foundation, San Diego, CA, United States, 3Centre for Research into Ecological and Environmental
Modelling, University of St Andrews, St Andrews, United Kingdom
North Pacific minke whale (Balaenoptera acutorostrata) boing calls are

commonly detected in Hawaiian waters. When producing boing

vocalizations, minke whales seem to be in one of two calling behavioral

states. Most often minke whales produce boings with inter-call intervals of

several minutes, but sometimes minke whales call rapidly with inter-call

intervals of less than a minute. Since minke whales are difficult to detect

visually, cue-rate-based density estimation using passive acoustic monitoring

has been proposed. However, the variables that influence cue rate or calling

rate are poorly understood in most whales, including minke whales. We

collected passive acoustic recordings from 47 bottom-mounted

hydrophones at the Pacific Missile Range Facility’s instrumented range off the

coast of Kauaʻi, Hawaiʻi to test the hypothesis that minke whales call more

rapidly when closer in proximity to other calling conspecifics. A total of 599

days of data were recorded between August 2012 and July 2017 and were

automatically post-processed to detect, classify, and localize calls. Localized

calls were grouped into tracks and manually validated, resulting in 509

individual tracks composed of 36,033 calls within a 16 x 39 km focal study

area. Tracked minke whales exhibited a strong bimodal call rate with means of

one call every 6.85 min (s= 2.54 min) and 0.63 min (s= 0.36 min). We ran

hidden Markov models to quantify the relationship between call rate and the

distance to the nearest calling conspecific. Overall, the probability of the higher

call rate occurring increased as the distance to the nearest conspecific

decreased, and the probability of the lower call rate occurring increased as

the distance to the nearest conspecific increased. We also examined individual

track data and found that minke whales may also exhibit other responses (i.e.

increased speed, changes in heading, and cessation of calling) when calling

conspecifics are nearby. These findings provide new information about minke

whale calling behavior in what is likely a breeding area.

KEYWORDS

minke whale (Balaenoptera acutorostrata), inter-call interval (ICI), calling rate, cue rate,
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1 Introduction

North Pacific minke whale (Balaenoptera acutorostrata)

boing calls are commonly detected in Hawaiian waters from

fall to spring, but the animals that produce them have rarely

been sighted and little is known about their behavior in this area.

The minke whale boing call was first detailed by Wenz (1964)

using recordings from submarines operating off the coast of San

Diego, California and in Hawaiian waters and also from two

bottom-mounted hydrophones off the coast of Kāneʻohe,
Hawaiʻi. Although it was suspected that the boing was

produced by a whale species (Thompson and Friedl, 1982), it

took about 40 years until the source of the boing was determined

to be from a minke whale (Rankin and Barlow, 2005). Minke

whales are difficult to detect visually, so passive acoustic

monitoring (PAM) is an important methodology for learning

about the behavior and life history of this species.

Thompson and Friedl (1982) recorded boing sounds from

two bottom-mounted hydrophones off the coast of Oʻahu. They
observed two calling states with distinct inter-call intervals

(ICIs). They proposed that the whales produced calls with ICIs

of approximately 30 s when in acoustic contact with another

calling whale, and 6 min when not in acoustic contact with

another calling whale, but this study was limited by a low sample

size and the inability to localize calls and measure distances

between individuals (Thompson and Friedl, 1982). The

significance of the boing call is currently unknown. However,

since humpback whales (Megaptera novaeangliae) in Hawaiian

waters use song for breeding purposes (Tyack, 1981) and have a

similar seasonal and spatial overlap with minke whales, past

researchers have suggested that the minke whale boing is also a

mating call (Oswald et al., 2011; Martin et al., 2015), but this

hypothesis is yet to be tested. Learning more about the calling

rate of whales in different contexts can help us better understand

the function of calls in whale behavior.

The central North Pacific boing call produced by minke

whales in Hawaiian waters (as opposed to the eastern North

Pacific boing call, which has a slightly different pulse repetition

rate and call duration) has an onset transient component

followed by a long call (mean duration of 2.6 sec) with both

frequency and amplitude modulation (Rankin and Barlow,

2005). The 1,350 to 1,440 Hz band contains the majority of

energy from the boing call with 115 Hz pulse repetition rate

harmonic bands (Wenz, 1964; Rankin and Barlow, 2005; Martin

et al., 2015). The peak frequency in this band has been termed

the dominant signal component (DSC) (Martin, 2009), and has

been identified as a feature to attribute calls to individual whales

in some situations (Martin et al., 2013).

The life history of minke whales that spend time in Hawaiian

waters is unknown, but acoustic detections and visual sightings

in other areas can give clues about their migratory patterns. In

the Chukchi Sea, Delarue et al. (2012) detected a small number
Frontiers in Marine Science 02
of central North Pacific boings in the early fall (n=44), and

boings resembling the eastern North Pacific type in the late

summer and fall (n=10). In the North Pacific, pulse trains and

downsweep calls have been documented in the presence of

minke whales during the summer in Cormorant Channel,

British Columbia, Canada which is likely a feeding area

(Nikolich and Towers, 2020). Minke whales sighted off

Vancouver Island and central British Columbia often have

scars characteristic of cookiecutter sharks (Isistius brasiliensis)

which are only in tropical and subtropical waters (Towers et al.,

2013). Based on these observations and acoustic detections, the

minke whales detected in Hawaiian waters probably migrate

north to arctic or subarctic waters to feed, similar to the

migration patterns of other large baleen whales.

In addition to helping us understand whale behavior, calling

rate, or cue rate, is a necessary variable for PAM cue-rate-based

density estimation (Marques et al., 2009). Visual surveys are

currently the primary method to estimate marine mammal

abundance, but minke whales are difficult to see due to their

small size, minimal surface cues, and tendency to be alone, and

so it is very challenging to estimate their abundance precisely

(Zerbini et al., 2006). In addition, the visual ship-based surveys

for marine mammals in Hawaiian waters are usually conducted

during summer and fall, and since minke whales are rarely

visually or acoustically detected during this time, no total

abundance estimate exists for minke whales in this region

(Carretta et al., 2014). Quantifying the minke whale cue rate

and the variables that influence it may make it possible to

estimate the abundance of minke whales using PAM for

applications when tracking individuals is not possible.

In this paper, we investigate the hypothesis proposed by

Thompson and Friedl (1982) that minke whales call more

rapidly when closer to other calling minke whales. We

recorded and localized boing calls off of Kauaʻi, Hawaiʻi
between fall and spring for 5 years, and spatio-temporally

grouped these localized calls into acoustic tracks. Using these

tracks, we quantified individual minke whale ICIs and modeled

ICI as a function of distance to the nearest tracked calling

conspecific. This paper summarizes the calling behavior of

minke whales using 36,033 boing calls from 509 tracks.
2 Methods

2.1 Study area and data description

The Pacific Missile Range Facility (PMRF) is a U.S. Navy

training and testing area northwest of the island of Kauaʻi,
Hawaiʻi. For this analysis, we analyzed recordings from 47

bottom-mounted hydrophones spread over a gr id

approximately 20 km to the east-west and 58 km to the north-

south (Figure 1) to detect, classify, and localize minke whale
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boing calls (Figure 2) from data collected between August 2012

and July 2017. This period from 2012 to 2017 was chosen

because the broadband hydrophone array configuration was

consistent during this time. As detailed by Martin et al. (2015),

the depths of the hydrophones ranged from 650 m to 4,700 m

and had a suitable frequency response to detect calls from minke

whales. A custom personal computer-based recorder described

by Martin et al. (2013) and updated with a second 32-channel

analog-to-digital converter was used to record a total of 62

hydrophones and two inter-range instrumentation group time

code channels. Full bandwidth data were collected at a 96 kHz

sample rate with 16-bit samples. Starting in August 2014, the

collection of additional long-term recordings at a 6 kHz sample

rate increased the recording effort to monitor low-frequency

whale calls, including the minke whale boing call. Recordings at

the 96 kHz sample rate typically had maximum durations of 1.9

days of continuous data, while recordings at the 6 kHz sample

rate had maximum durations of 10.9 days. The recording limit

was a function of sample rate, bit depth, the number of channels

recorded, and a maximum hard disk drive capacity of 2 terabytes

supported by the recorder. No recordings during known U.S.

Navy training or testing activities were included in the analysis.

This work only analyzed tracks from unclassified recordings. Of

the focal tracks analyzed, two started within 24 hours after U.S.
Frontiers in Marine Science 03
Navy training and testing activities ended. Based on previous

work by Durbach et al. (2021), between 24 hours and 4 days after

the last sonar transmission, the kinematic behavior of minke

whales on PMRF is similar to baseline behavior.

In order to investigate the impact of conspecifics on minke

whale calling rate, we had to ensure that if a minke whale was

vocalizing within a certain distance from another whale, both

whales would be detected, localized, and tracked in all expected

noise conditions. Based on the geometry of the PMRF array and

the probability of detection of minke whale calls as a function of

location, we designated an inner rectangular focal area where, if

a whale called from a distance of 15 km or less from the focal

area boundaries, we would be able to detect, localize, and track it.

In other words, we could detect nearest calling conspecifics for

whales tracked within the focal area out to 15 km. The focal area

extended approximately 16 km to the east-west and 39 km to the

north-south (indicated by the solid white box in Figure 1) with

approximate latitude boundaries of 22.38°N and 22.74°N, and

longitude boundaries of 160.02°W and 159.87°W. The 15 km

search area was smaller than that defined by Harris et al. (2019)

which conservatively encompassed the area where minke whale

calls could be accurately detected, localized, and tracked based

on expected noise conditions, source levels, and transmission

properties of the boing call.
FIGURE 1

Map of the approximate locations of the 47 hydrophones used in this analysis (white circles) at the Pacific Missile Range Facility (PMRF) off
Kauaʻi, Hawaiʻi, as shown by the red box in the inset map. The focal study area of the array extends approximately 16 km to the east-west and
39 km to the north-south (boundaries shown by a solid white box). The 15 km search area outside the focal area is shown with a dashed white
box. The depth contours are every 1,000 m (1 km spatial resolution, Hawaii Mapping Research Group, The School of Ocean and Earth Science
and Technology, the University of Hawaiʻi at Mānoa, http://www.soest.hawaii.edu/hmrg/multibeam/bathymetry.php).
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2.2 Post-processing and validation

The automated minke whale boing call detection and

classification algorithms developed to process recordings

collected at the PMRF instrumented range have been

previously described (Mellinger et al., 2011; Martin et al.,

2013; Martin et al., 2015) and are briefly reiterated here. The

central North Pacific minke whale boing call detection and

classification process operated in multiple stages. The first

stage detected the near-continuous wave portion of the call by

measuring if the energy in the detection band (1,320–1,450 Hz)

exceeded a long-term spectral average noise estimate in the

detection band for more than 0.8 sec. The second stage

computed a spectral correlation to locate the onset time of the

frequency modulated portion of call, and was used as the

measured time of arrival (TOA) in the model-based localizer

(discussed in the next paragraph). The third stage reprocessed

the raw time series data with a longer fast Fourier transform

(FFT) length to produce an FFT bin resolution of less than 1 Hz.

The average power in the 1,350–1,440 Hz range over the

duration of the signal was calculated and compared to the

peak power in the same frequency and time range.

The resulting value was termed a quasi-signal-to-noise ratio

(QSNR) since the average power in the 1,350–1,440 Hz range
Frontiers in Marine Science 04
also included the peak signal. If the QSNR exceeded a user-

defined value of 2.0, the signal was classified as a boing call

detection, and a high resolution measurement of the DSC was

made. To our knowledge, the central North Pacific boing call is

the only call associated with minke whales that has been

recorded on PMRF.

The model-based localization algorithm for data processing

was previously described by Martin et al. (2015) and is briefly

described here. To localize calls, we compared the measured time

difference of arrivals (TDOAs) of each call across the

hydrophones with the modeled TDOAs. The onset times for

automatic detections on multiple hydrophones were the

measured TOAs, and were subtracted from each other to

calculate measured TDOAs. Modeled TDOAs were calculated

from theoretical source locations. An iterative spatial gridding

process minimized the weighted least square error between

measured and modeled TDOAs to spatially locate a call. The

least square error was weighted by order of TOA with earlier

arrivals weighted more than later arrivals, and was also

normalized by the number of hydrophones in the localization

solution. Only localizations with a weighted least square error

value between measured and modeled TDOAs of less than or

equal to 0.075 sec were used in this analysis. In addition, the

DSCs of the first four detections for a candidate localization were

required to be within 5 Hz to initiate grouping of detections.

Currently, ground-truth whale positions to determine

localization accuracy do not exist. However, Martin et al.

(2015) noted that surface ship hull-mounted mid-frequency

active sonar transmissions within the hydrophone array at

PMRF that were localized with the same algorithm were

typically within 50 m of ship positional data. The accuracy

with which the start of a signal is detected influences the

accuracy of localization. Despite mid-frequency active sonar

transmissions being a higher frequency than minke whale

boings, the start of both signals have an onset transient with a

sharp rise time that is detected well.

An automatic tracking algorithm (previously described by

Klay et al. (2015) and used by Harris et al. (2019); Helble et al.

(2020b); Durbach et al. (2021) to track minke whales) spatially

and temporally grouped localized calls into individual tracks by

recursively examining distance and time between successive

candidate localizations. The following user-defined values were

tuned for trackingminke whales: a track had to be composed of 12

or more localizations, a localization solution required automatic

detections from 8 or more hydrophones, the distance between

localizations had to be less than or equal to 0.06 decimal degrees in

both latitude and longitude (approximately 6.7 km), and the

maximum time allowed between any two localizations before

terminating a track was set to 40 min. Gaps between recordings

could vary fromminutes to weeks. In this study, we did not group

calls into tracks across individual recordings.
FIGURE 2

Example minke whale boing spectrogram (upper) and time series
(lower) recorded at the Pacific Missile Range Facility (PMRF).
Color in the spectrogram represents received sound pressure
level in dB re 1µPa.
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For every localized call, we searched for the closest localized

call from another track within the past 10, 20, and 30 min. If at

least one other vocalizing minke whale was present during that

time window and within the 15 km search area from the focal

study area, we calculated the straight-line horizontal distance

between the focal track’s call and the neighboring track’s calls.

The distance to the nearest calling conspecific or “nearest

neighbor” was the distance to the closest localized call from

another track during that time window. For statistical analysis,

nearest neighbor distances were assigned to categories of 0–5

km, 5–10 km, 10–15 km, or 15+ km. If there were no other tracks

within the search area and time window, then the nearest

neighbor for the focal track was assigned to the 15+ km

category given that there were additional whales beyond

15 km. Grouping nearest neighbor distances into categories

allowed us to keep observations from all tracks, including

those that did not have a detectable nearest neighbor, without

assuming an arbitrary large value for its nearest neighbor

distance. The 5 km distance bins were small enough to see

changes in calling behavior across distances, but large enough to

have large sample sizes and small confidence intervals for each

category. We only searched for nearest neighbors within the

same recording as that containing the focal track. We tested

multiple nearest neighbor time windows (10, 20, and 30 min) to

account for variability in call timing and location (e.g. if an

animal skipped calls or if some calls from the nearest neighbor

were outside of the study area). Since the maximum time

between subsequent calls before terminating a track was

40 min, we did not test window sizes larger than 30 min to

avoid potentially declaring a whale as its own nearest neighbor.

We manually validated all tracks to ensure that a track was

generated by an individual whale since spurious tracks could be

generated under certain conditions. Specifically, a single track

could be classified as two or more tracks in close proximity to

each other when the ICI decreased or the number of co-

occurring tracks in the study area increased. During the

validation process, it was important to inspect and rectify

potential duplicate tracks by removing or combining them

since they could produce artificial minimum distances between

conspecifics (i.e. a whale could be its own nearest neighbor). An

interactive program was used to systematically examine the

movement, DSC, and ICI of tracks in close proximity to each

other. We combined tracks if the overall track path appeared to

be a single animal which was evidenced by a relatively stable

DSC and a call rate distribution that fell within the expected

bimodal call rate distribution. Alternatively, we removed a track

if it did not satisfy these criteria and appeared to be produced by

multiple animals. No tracks were split since parsing calls from an

individual track to multiple individuals is difficult and subjective

without other data from tags or visual sightings. The validation

process reduced the total number of focal tracks by 15.7%. Using
Frontiers in Marine Science 05
unmodified tracks has the advantage of adding no subjectivity

from the analyst, but a fraction of these automatic tracks are

likely spurious or split from the same animal. To test the

sensitivity of the results to the validation process and ensure

call rate results were not biased by combining or removing

tracks, both validated and unvalidated tracks were run through

the same statistical analyses and the overall trend of the results

were similar. From this analysis we determined that any

subjectivity introduced from the validation process was

minimal and using validated tracks for the statistical analyses

provided the most accurate information on minke whale calling

behavior and distances to conspecifics.

In addition to validating how calls were grouped into tracks,

we also quantified the performance of the entire detection,

classification, localization, and tracking process in a way

similar to Helble et al. (2020a). We randomly selected 5% of

all tracks from the full range of seasons and years. The

corresponding raw acoustic data during the times of these

tracks from four hydrophones centered and evenly spaced in

the study area were imported into Raven Pro (Center for

Conservation Bioacoustics, 2019) to generate spectrograms.

The TOAs for tracked calls were also imported and colored

boxes were overlaid on the signals in the spectrogram, with each

color associated with an individual whale track. Sequential calls

from the same individual had similar delay patterns across the

four hydrophones. If an unmarked call recorded on the four

channels had the same delay pattern as other calls along a known

track, the call was counted as a missed localization. A missed

localization means a call along a track should have been detected,

localized, and tracked, but was missed or excluded in one of the

automated stages. If detections coincidentally arrived at the

correct delay patterns to warrant a localization but did not

appear to be a minke boing or if boings were detected but

suspected to be frommultiple minke sources (based on the signal

characteristics and/or source level), they were marked as false

localizations. Any missed or false localizations were noted from

each of these tracks. In reality, there was no evidence that false

localizations occurred along a track, which is not surprising

because calls from different whales would need to arrive in near-

perfect delay sequences on 8 or more hydrophones to be

considered a valid localization. Missed localizations did

occasionally occur, and so a “stress test” dataset was created to

determine how sensitive subsequent analyses were to missed

localizations. To test this sensitivity, 30% of all calls along each

track were randomly deleted, and this decimated dataset was also

used to see if any changes in the calling behavior statistical

analysis could be mistakenly skewed by any missed localizations.

In practice, the average missed localization rate was nearly an

order of magnitude smaller than 30%, and so the stress test

marked a worse-case scenario for any missed localizations to

skew the behavioral statistical analysis.
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2.3 Changes in calling behavior
statistical analysis

We used hidden Markov models (HMMs) to quantify the

relationship between calling rate and distance to the closest

calling conspecific. For each localized call, we measured the time

difference between this call and the next call in the track and

saved this value as the ICI. Only tracks or segments of tracks that

were within the focal area were modeled in the HMMs. For

tracks with multiple segments within the focal area, we only kept

the longest segment. This segment was required to have at least 4

localizations within the focal area.

Since minke whales in Hawaiʻi have two calling states, a

rapid and nominal calling state, and we hypothesized that the

likelihood of being in each is affected by the distance to the

closest calling conspecific, HMMs were appropriate for

modeling. We modeled the minke whale ICI as HMMs that

were functions of distance to the nearest calling neighbor. The

ICI was modeled as a gamma distribution with initial values of

5 min for State 1 (representing the nominal calling rate) and

0.5 min for State 2 (representing the rapid calling rate) with

standard deviations of 1 min for both. These initial values were

chosen based on the observed distribution of data and the calling

rates reported by Thompson and Friedl (1982), but the results

presented were not sensitive to these initial values as initial

values ±25% were tested and the best models did not change. We

used the Akaike information criterion (AIC) (Akaike, 1974) to

determine which nearest neighbor window size was best (10 min,

20 min, or 30 min). Once the best model was selected, we used

the Viterbi algorithm to group each localized call into one of the

two calling states (Langrock et al., 2012; McClintock and

Michelot, 2018). To calculate the amount of time spent in each

state, we added up the ICIs for the calls assigned to each state.

HMM analyses for this study were conducted in R (v 4.0.3,
Frontiers in Marine Science 06
R Core Team, 2020) using the momentuHMM package

(McClintock and Michelot, 2018).
3 Results

Between August 2012 and July 2017, 599 days of data were

recorded on each hydrophone. During this time, 2,245 individual

minke whale tracks were observed and contained 223,732 calls. Of

these tracks, 509 were located within the focal area at least part of

the time and so were included as “focal tracks”. The subset of focal

tracks contained 36,033 localized calls. Although we recorded

throughout the year, minke whale boing vocalizations were only

present between October and May (Figure 3). The increase in

recording effort from collecting long-term data at the 6 kHz

sample rate (initiated in August 2014) is evident from the lower

cyan bars in Figure 3 starting in September 2014.

Manual review of 5% of the 509 focal tracks (26 tracks)

resulted in a mean missed localization rate of 4.6%. We noted

that missed calls were almost always detected on 8 or more

hydrophones, but were sometimes discarded by the automated

localization process because the least square error value exceeded

the user-defined threshold. No false localizations were noted in

the manual review process. Relaxing the least square error

threshold would result in fewer missed localizations, but

would come at the expense of false localizations that can

confuse the tracking algorithm. The 4.6% missed localization

rate was acceptable and did not affect the outcome of

determining the behavioral state, as demonstrated by the stress

test dataset (details presented with the modeling results).

Minke whale boing ICIs followed a bimodal distribution

(gray bars, Figure 4). Two calling states based on ICI were

identified by the HMM and their probability density functions

followed the observed ICI distribution well (blue and teal curves,
FIGURE 3

The number of localized minke whale calls that were tracked within the focal area per month (upper blue bars), and hours of recording effort
per month (lower cyan bars) shown as a function of time from August 2012–July 2017.
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Figure 4). Whales in State 1 had an mean ICI of approximately

6.85 min and whales in State 2 had an mean ICI of

approximately 0.63 min (Table 1).

We compared three different time windows to search for the

nearest calling conspecific. The 30 min time window performed

the best, followed by 20 min, and 10 min, which all performed

better than the null model that tested the hypothesis that minke

whale inter-call interval was not a function of distance to the

nearest neighbor (Table 2). Because the inter-call interval

changed by an order of magnitude between State 1 and State

2, these results were not sensitive to occasional missed

localizations along a track. In the stress test dataset, 30% of

calls were randomly dropped from a track, but the model

ranking and stationary state probability trend remained the
Frontiers in Marine Science 07
same (although the ICIs for the two states increased, as

expected since there were fewer calls).

The probability of a minke whale being in State 1 and calling

at a nominal rate increased as its distance to the nearest calling

conspecific increased and the probability of a minke whale being

in State 2 and calling at a rapid rate increased as its distance to the

nearest calling conspecific decreased (Figure 5). Since each

observation is a localized call, the plotted probabilities are the

probability of a call being in a given state and not the length of

time that a whale is in a state (Figure 5 upper). When a whale is

calling rapidly, more localizations are available for a given time

than when a whale is calling nominally. Of the 36,033 localized

calls that were part of focal tracks, 49% were categorized as being

in State 1 and 51% were categorized as being in State 2. However,

these tracked whales spent a total of 84.7 days calling nominally

(State 1) and 8.0 days calling rapidly (State 2), which is equal to

91% of the time in State 1 and 9% of the time in State 2. Therefore,

regardless of the distance to the closest calling conspecific, at any

given time, minke whales are most likely in State 1 (Figure 5

lower). Calling rapidly has a higher probability when whales are

closer together, but it is never more likely than calling nominally.

We selected two interactions between calling minke whales

to illustrate these behaviors with individual whales. The first

example occurred on 7 Feb 2017 (Figure 6). The minke whale

that generated the primary track was calling entirely in State 1

and changed its heading and speed, and ultimately ceased calling

during an encounter with a whale that generated the nearest

track and was mainly in State 2. At the start of the primary track

it was steadily calling and moving east-southeast, and had a

distant nearest neighbor that was outside the search area. The

whale that generated the track labeled as the “nearest track” in

Figure 6 started calling at 18:31 UTC, almost an hour and 15 min

after the start of the primary track. When the nearest track

started calling it was 11.8 km away from the primary track and it

quickly switched into State 2 and traveled southeast. At about

the same time, the primary track turned to a south-southeast

heading and increased its median speed before it stopped calling.

While both animals were calling, the distance between the

primary track and the nearest track varied between 10.8–

11.8 km.
FIGURE 4

Distribution of observed minke whale boing inter-call intervals
from 509 focal tracks at PMRF. The gray histogram shows the
observed values normalized by the area of each bar, the blue
curve shows the probability density function of State 1, and the
teal curve shows the probability density function of State 2.
These calling states were estimated using a hidden Markov
model with distances grouped into 5 km bins and nearest
neighbor determined using a 30 min window.
TABLE 1 Inter-call interval distribution parameters for hidden
Markov model states modeling minke whale calling behavior as a
function of distance to the nearest calling conspecific within the past
30 min.

State 1 State 2

Inter-Call Interval

Mean 6.85 min 0.63 min

Standard Deviation 2.54 min 0.36 min
TABLE 2 Comparison of models using three different time windows
to search for the nearest calling conspecific ranked by the Akaike
information criterion (AIC) and AIC weights (Akaike, 1974; Burnham
and Anderson, 2002) H0 represents the null model that calling rate is
not a function of nearest calling conspecific.

Time Window AIC AIC Weight

30 min 98687 1.0

20 min 98701 1.1 x 10–3

10 min 98728 1.6 x 10–9

H0 98868 5.8 x 10–40
Distance was modeled as a categorical variable in 5 km bins.
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The second example of an interaction between two calling

minke whales occurred on 8 Nov 2013 (Figure 7). During this

encounter, the minke whale that generated the primary track

switched to a rapid calling behavioral state when the whale that

generated the nearest track and was also calling rapidly headed

towards it. At the start of these tracks, the primary track was

traveling southwest and the nearest track was traveling northeast

and then north, with the distance between the two tracks

decreasing. The primary track switched to calling mainly in

State 2 at 6:27 UTC (indicated by arrow in Figure 7) when the

whales were about 6.9 km apart. At the same time, the nearest

track’s heading became more northeast, a reciprocal heading of

the primary track. Before the tracks intersected, the whales

paused calling for 36 min (primary track) and 15 min (nearest

track). The nearest track started calling again first and was

traveling northwest. When the primary track started calling it
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was about 2.7 km southwest of the nearest track and milled in

that area while still calling in State 2. The nearest track then

turned and headed south towards the primary track. The whale

generating the primary track ceased calling when the nearest

track was 900 m away.
4 Discussion

Minke whales were more likely to call at an increased calling

rate when in close proximity to another calling minke whale. They

increased their calling rate by an order of magnitude between State

1 and State 2. Converting the ICIs reported in the Results section,

the mean calling rate for State 1 was 8.7 calls/whale/hour and the

mean calling rate for State 2 was 95.2 calls/whale/hour. The overall

mean calling rate for minke whales on PMRF was 15.7 calls/

whales/hour. Since calling rate is dependent on distance to the

nearest neighbor, calling rate would be expected to be higher in

areas where minke whale density is higher and lower in areas

where minke whale density is lower.

The findings in this paper add complication to PAM cue-rate-

based density estimation since calling rate is needed and is

dependent on the number of animals in an area. In contrast,

using PAM tracks of localized calls for a census-type density

estimation (counting the number of tracks) is less complicated

than density estimation methods using only calling rate, but is

only available in places where the number and spacing of

hydrophones allow for tracking (requirements for tracking are

discussed in detail in Nosal, 2013; Helble et al., 2015). For

researchers that are unable to localize and track calls, this work

provides information on minke whale calling dynamics that are

important to consider when studying calling behavior and density

estimation. Although we present a cue rate for minke whale boing

calls in this paper, this rate should be applied with caution to

density estimation equations because we also found that calling

rate is density dependent. In addition, this calling rate is based

only on regularly vocalizing animals and we do not know the

proportion of silent minke whales. Due to the complicated use of

vocalizations by mysticetes, deploying multiple hydrophones to

track animals may allow for more accurate PAM-based density

estimation. Then the “cue” would be a track and the “cue rate”

would be related to the probability of tracking a whale, which

could be estimated with passive acoustic tagging studies. However,

these tagging studies might show that the probability of

acoustically tracking whales is also density dependent, which

was shown with humpback whales migrating off the coast of

Australia by Noad et al. (2017). Even so, deploying multiple

hydrophones to localize and track whales is likely more stable

for density estimation because it is easier to define a study area and

tracking is less impacted by changes in calling rate.

Martin et al. (2015) hypothesized that the minke whale boing

call is a mating call. Since minke whales increase their calling rate

when in close proximity to other calling minke whales, we are
FIGURE 5

The probability of a minke whale call being a part of State 1 or 2
as a function of its distance to the nearest calling minke whale
(upper plot) and the proportion of time in each of the states
(lower plot). The blue and teal points show the stationary state
probabilities of State 1 and State 2, respectively. The error
bounds show the 95% confidence intervals. The blue and teal
bars show the proportion of time that the focal animals were
calling in State 1 and 2, respectively. The nearest neighbor
distance is binned in 5 km intervals. The distances to the nearest
neighbor are the distances to the closest calling whale within the
past 30 min.
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FIGURE 6

Example minke whale boing tracks at PMRF on 7 Feb 2017. The left panel shows a map of the interaction between two whales. Marker color
indicates time and shape indicates calling state, with circles representing the nominal calling state (State 1) and triangles representing the rapid
calling state (State 2). The dotted and solid lines connect the localized calls for the primary and nearest track, respectively. The right panel
shows the distance to the primary track’s nearest neighbor. Time and calling state are again indicated by color and shape of the markers,
respectively. Note that the nearest track between 17:00 and 18:30 UTC was outside of the 15 km search area and is a different track than the
“nearest track” depicted in the map. This earlier track is not depicted in the left panel.
FIGURE 7

Example minke whale boing tracks at PMRF on 8 Nov 2013. The left panel shows a map of the interaction between two whales. Marker color
indicates time and shape indicates calling state, with circles representing the nominal calling state (State 1) and triangles representing the rapid
calling state (State 2). The arrow indicates when the primary track’s state changed from mainly State 1 to mainly State 2. The dotted and solid
lines connect the localized calls for the primary and nearest track, respectively. The right panel shows the distance to the primary track’s nearest
neighbor. The time and calling state are again indicated by the color and shape of the markers, respectively.
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hypothesizing that the boing call also communicates territoriality

when the calling rate increases. Minke whales might call slowly to

advertise their position and keep space between other vocalizing

whales. When another whale gets too close, they begin to call

rapidly, possibly as a sign of aggression. Territoriality is expressed

acoustically in many other animal taxa. For example, territorial

male Galápagos sea lions (Zalophus wollebaeki) and greater sac-

winged bats (Saccopteryx bilineata) both increased their

vocalization rates as the density of conspecifics around them

increased (Kunc and Wolf, 2008; Eckenweber and Knörnschild,

2013). Other species including male green frogs (Rana clamitans)

and ring-billed gulls (Larus delawarensis) use a specific call type to

signal aggression and produced those calls when intruders entered

their territory (Wells, 1978; Southern, 1981).

The minke whale boing call might have a dual purpose of

being a mating call and a territorial call. Other species also use

the same calls for both aggression and mating. Anurans, birds,

and even fish species have been observed to produce the same

calls while defending their territory from an intruder as they

would if they were trying to attract a mate, although their calling

rate may help signify the intent in these different scenarios (e.g.

Wiewandt, 1969; Wingfield, 1994; Borgia and Coleman, 2000;

Vasconcelos et al., 2010; Baker et al., 2012). However, aggression

and mating may not be independent events. Species that use

vocalizations to simultaneously deter competitors and attract

mates include male midwife toads (Alytes obstetricans and Alytes

cisternasii), red deer (Cervus elaphus), and fallow bucks (Dama

dama) (McComb, 1991; Bosch and Márquez, 1996; McElligott

and Hayden, 1999). These previous studies have used the

proximity of non-calling conspecifics (specifically female

conspecifics) to help determine the significance of calls, but in

our study, we only know the positions of vocal whales and do not

know how non-vocal whales are behaving and whether they are

attracted or repelled from the boing calls.

Even if vocalizations are associated with mating behavior,

their purpose may not be to attract mates. Sometimes other

humpback whale males have approached singers, but singers

have also been observed to sing when alone and when escorting

mother-calf pairs (e.g. Darling and Bérubé, 2001; Smith et al.,

2008). Male-male interactions were not always agonistic and

Darling and Bérubé (2001) suggested that they might help in

social ordering. Similar to minke whales, singing humpbacks

might also change their singing behavior when in close

proximity to another singing male and often stop singing if

the approach gets very close, regardless of whether or not the

other male is singing (Darling and Bérubé, 2001; Smith et al.,

2008; Cholewiak et al., 2018). Our understanding of baleen

whale behavior has advanced more slowly than other taxa due

to their vast communication space and difficulties with visual

observations, but studies like these can help to increase our

knowledge of these protected species.

Although the seasonality of the minke whale boing in

Hawaiian waters is similar to that of male songs from
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Guazzo et al., 2020; Helble et al., 2020a), no biopsies have been

collected from calling minke whales to provide evidence of their

sex (unlike with humpback and fin whales, e.g. Darling and

Bérubé, 2001; Croll et al., 2002; Smith et al., 2008). In other taxa,

both males and females have been observed producing territorial

calls, so our hypothesis that the minke whale call is used to signal

aggression does not also imply the sex of the calling animals. For

example, both male and female little blue penguins (Eudyptula

minor) defended nest sites by vocalizing and/or moving toward

intruders and these vocalizations may help them to signal their

aggression in the low-visibility nighttime conditions when they

are most active (Waas, 1991). Minke whales also live in low-

visibility conditions, so vocalizations are more effective than

visual signals to communicate a message over long distances.

Since territoriality and aggression are associated with mating in

many taxa, it is possible that the minke whale boing functions as

a mating call when emitted at the lower calling rate and as a

territorial or aggressive call at the higher calling rate.

An alternative hypothesis for the minke whale boing call is

that this call is a social call not used for mating, and whales are

increasing their calling rate to better communicate location and

maintain cohesion with another nearby minke whale. The rarity

of boing calls reported at higher latitudes during the summer

and fall (Delarue et al., 2012) in potential feeding areas suggests

that if the boing call is a social call, it seems to be used primarily

in tropical waters from fall to spring. More information about

the sex of calling minke whales and the reaction of conspecifics

to the boing call would help differentiate between hypotheses.

Minke whale vocal activity is likely influenced by other

factors not tested in this analysis. If the boing call is part of

mating behavior, then calling behavior may be influenced by

hormone levels and time of year (proposed for humpback whales

by Clark and Clapham, 2004; Vu et al., 2012; Vu et al., 2014).

The time of day can also affect whale behavior, including

vocalization behavior (observed in gray whales (Eschrichtius

robustus) by Guazzo et al., 2017). In addition, background noise

level might affect the vocalization rate (Helble et al., 2020b;

Guazzo et al., 2020). Minke whales might call more if noise levels

are higher due to other calling conspecifics in the area or they

might call more out of a defensive posture due to reduced

communication space. Conversely, minke whales might call

less if the communication space is reduced and they cannot

hear nearby conspecifics (various responses to increased noise

level are reviewed in Brumm and Zollinger, 2011). These

variables should be tested with future research.

Ideally, similar studies should be performed in other

locations to assess how minke whales and other species

vocalize as a function of density. However, very few

hydrophone set-ups currently available would be able to

replicate the study described in this paper. PMRF is a unique

area in that we were able to guarantee detection and localization

of calling minke whales within a large (over 3,100 km2) search
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area. A large search area is required to be able to test for

behavioral responses based on distance to a conspecific when

conspecifics are spread out on the order of multiple kilometers.

In conclusion, minke whales producing boing calls in

Hawaiian waters are more likely to call at a rapid rate when

they are closer to other vocalizing conspecifics. Many questions

still remain about the function of these boing calls, but the unique

hydrophone array set-up at PMRF combined with the statistical

tools applied here allowed for the analysis of more than 500minke

whale tracks containing tens of thousands of calls. Since the calling

rate is dependent on the distance to the nearest neighbor, the

calling rate would be expected to be higher in areas where the

density of minke whales is higher and lower in areas where the

density of minke whales is lower, adding complication to density

estimation using passive acoustic monitoring. Despite this added

difficulty when estimating abundance, these findings provide new

information about minke whale calling behavior on what is

probably a breeding area.
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