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ABSTRACT

Passive acoustic monitoring is an effective tool for delineating population structure of
blue whales (Balaenoptera musculus). Globally, there are at least nine regionally distinct
blue whale songs, with two to three distinct groups within the North Pacific Ocean: The
Northeast Pacific (NEP), Central-Western Pacific, and putative Japanese populations.
Investigation of the fine-scale frequency characteristics of the NEP blue whale song B
unit was conducted from passive acoustic data collected between 2010 and 2013. Data
were collected at two low latitude, putative breeding sites at Palmyra Atoll and the
Hawaiian Islands, and three higher latitude, feeding locations: off Southern California,
off Washington state, and in the Gulf of Alaska. Frequency measurements were
extracted along the entire contour of the third harmonic of B calls using a custom feature
extraction tool in MATLAB. Data from these different geographic regions were
compared to investigate possible fine-scale song separation within the NEP, and
regionally distinct differences were observed. Calls recorded in the Gulf of Alaska
presented a noticeable downshift in frequency that begins just past the midway point of
the contour. This downshift was absent in calls recorded from Southern California, and
calls recorded in Washington displayed intermediate characteristics of these two sites.
Furthermore, frequency differences were observed between the three feeding grounds,
with calls recorded from the Gulf of Alaska displaying the highest frequency on average,
followed by Washington, followed by Southern California. Contours from Palmyra Atoll

showed striking resemblances to those in Southern California, and contours from Hawaii
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showed similarities to those of the Gulf of Alaska. Cluster Analysis further supported
these results, by indicating that there are at least two unique B call groupings across
these five sites, and contours from Washington and Hawaii were consistently grouped
together while contours from Hawaii and Gulf of Alaska were consistently grouped
together. These results provide the first evidence of vocally distinct subpopulations
within the NEP, or that these animals are demonstrating vocal plasticity in a regionally-

specific manner.
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1. INTRODUCTION
Blue whales (Balaenoptera musculus) are charismatic endangered species with widely
distributed populations across the globe. Like all other balaenopterids, blue whales are
obligate suspension feeders, that feed on small planktonic organisms (Goldbogen et al.,
2011). Reaching a maximum length of approximately 30 meters, they are the largest
animals to ever exist, which made them a prime target for the commercial whaling
industry (Sears and Calambokidis, 2002). During the peak years of commercial whaling,
over 360,000 individuals were harvested globally and although the majority of these
animals were taken from the Southern Ocean, nearly all regions saw a dramatic decline
in their population numbers (Clapham and Baker, 2018). Consequently, blue whales
were granted worldwide protection from commercial whaling in 1966 by the
International Whaling Commission. Shortly after, in 1970, they were listed as
Endangered by the Endangered Species Conservation Act, the precursor to the
Endangered Species Act, in the United States. Since receiving protections, efforts have
been made to determine their populations’ status, and what impacts from whaling still
remain. Most recent population estimates are between 5,000 and 15,000 individuals
remaining globally (Cooke, 2018), of which approximately 2,000 belong to the
Northeast Pacific (NEP) population (Monnahan and Branch, 2015). However, due to the
pelagic nature of these animals, estimating recovery rates and understanding population

structure is challenging.



Ship-based surveys are a traditional approach to answering population-level questions.
However, these surveys are limited to daylight hours and good sea-state conditions.
Passive acoustic methodologies on the other hand, are operational under a greater variety
of conditions and may be an efficient tool for understanding population structure, as has
been proposed for blue whales (McDonald et al., 2006). In addition, deploying long-
duration passive acoustic monitoring equipment across multiple locations, allows for a
long-term investigation of the distribution, seasonality, and/or changes in abundance of
these vocal marine mammals (Sirovic’ et al., 2004; Oleson et al., 2007; Sirovi¢ et al.,

2007; Sirovi¢ et al., 2015).

1.1. Blue Whale Acoustics

Baleen whales produce two types of species-specific sounds: songs and social calls. Both
the songs and social calls produced by blue whales are generally high-amplitude
(approximately 175-190 dBre: 1 pPa @ 1m) and low-frequency (10-110-Hz) signals
(McDonald et al., 2001). While songs are mostly hypothesized to play a role in
reproduction, the social sounds of blue whales appear to function in short-distance
communication with conspecifics, as they are only produced by whales within close

proximity to other whales (Oleson et al., 2007).

There are at least nine regionally distinct blue whale songs (McDonald et al., 2006). In
the Northeast Pacific (NEP), their song is composed of two distinct units (Rivers, 1997,

Lewis and Sirovi¢, 2018). The first unit is dubbed the A call, which is comprised of a
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long series (about 20 s) of pulsed signals (Figure 1) (Rivers, 1997; McDonald et al.,
2001). The second unit is a tonal B call which is a long-duration (10+ s) call with a
slightly down swept contour (Figure 1 & 2)(Rivers, 1997; McDonald et al., 2001). B
calls generally have their greatest spectral energy in the third harmonic, which has
shown a consistent linear decline at a rate of about 0.4 Hz per year, dating back to the
1960s (McDonald et al., 2009). Repetitive sequences of AB calls have only been
documented from solitary traveling males, and this apparent sex-distinction in calling
behavior has been used as an indicator they likely serve a reproductive purpose (Oleson

et al., 2007).
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Figure 1: Example spectrogram of the NEP blue whale song recorded in Southern
California (2,000-point Fast Fourier Transform, FFT, 90% overlap, Hann window) in
2010. On the left is the pulsed A call, followed by the tonal B call on the right.



NEP blue whales also produce non-song related signals including singular A/B calls and
D calls. Singular A and B calls are structurally similar to the AB song units as described
previously, however they do not occur in repetitive phrases. While these singular calls
are also only known to be produced by males, they contrast AB songs in that they have
only been recorded by males in close proximity to other whales, suggesting they may
play a role in short-distance communication as well as reproduction (Oleson et al.,
2007). D calls on the other hand have been recorded from both males and females, and
were documented in between foraging bouts, often times from animals that are paired or
in close proximity to other whales (Oleson et al., 2007). Structurally, D calls are more
variable in nature, but can generally be described as approximately two second-long
signals, that have a down-swept contour ranging from around 80Hz to 40Hz (Oleson et

al., 2007).

1.2. Northeast Pacific Blue Whale Migrations

NEP blue whale acoustic data supports a tentative migratory route between warm water,
winter breeding grounds and cooler, nutrient rich waters for feeding. In the putative
breeding grounds of the Eastern Tropical Pacific, B call detections peak between January
and May, during the Northern Hemisphere winter and spring. Then, B call presence in
this area declines between June and November, during the Northern Hemisphere
summer and fall (Stafford et al., 1999). Furthermore, in the Gulf of California, another
putative breeding ground, songs and AB singular calls also occur at their highest rates in

the winter, between December and February, after which the detection rate decreases
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until March (Paniagua-Mendoza et al., 2017). The presence of NEP blue whale B calls in

the Central Pacific has not been examined in detail previously.

In the cooler and more productive waters of Southern California, B call rates peak in the
summer and fall, between August and November (Sirovi¢ et al., 2015). In the Gulf of
Alaska, visual observations of blue whales have been exceptionally rare since the
cessation of whaling (Stafford, 2003; Calambokidis et al., 2009). However, acoustic
evidence supports a summer/fall peak in calling behavior here as well, with peak B call
occurrence falling between September and October, and indicates a potential return to
pre-whaling migratory behaviors (Calambokidis et al., 2009; Sirovi¢ et al., 2016). The
totality of these studies strongly supports the seasonal movement of the NEP blue whales
between warmer waters during winter and spring months, and cooler, more productive

high latitude waters during the summer and fall months.

A preliminary study investigating the variations of NEP blue whale B calls at different
foraging regions found fine-scale frequency differences in calls recorded in Southern
California, Washington and in the Gulf of Alaska (Figure 2)(Sirovié et al., 2016). One
difference was in the average call frequency (approximately 48 Hz calls in the Gulf of
Alaska, 46.5 Hz in Southern California, and 47 Hz in Washington in 2012; Figure 3).
The other was a in the down-step in frequency towards the end of the call; the calls

recorded in the Gulf of Alaska had a down-step in frequency, whereas the calls recorded



in Southern California did not. The calls off Washington displayed intermediate

characteristics.

These results indicate that there might be additional population structure among blue
whales within the North Pacific (Sirovié et al., 2016). Therefore, in this thesis I
investigate the fine-scale frequency characteristics of NEP blue whale B calls recorded
at both the high and low latitude locations, using an archive of passive acoustic data

collected from 2010 until 2013.
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Figure 2: Example spectrograms of blue whale B calls recorded in the Gulf of Alaska
(left) and Southern California (right) (4,000-point FFT, 90% overlap, Hann window).
Note an apparent down-step in frequency in the Gulf of Alaska B call (beginning at
~25s), and its absence in the Southern California B call.



2. OBJECTIVES AND HYPOTHESES

2.1. Objectives
My goal was to investigate NEP blue whale population structure by exploring the
variability in the fine-scale frequency characteristics of their distinctive B call. Calls
recorded along both the west coast of North America (high latitude locations), and in the
Central Pacific Ocean (low latitude locations) were used for this study. Specifically, the
two objectives of the study were:
1) To determine if differences in the fine-scale frequency features of NEP blue
whale B calls can be found at both high and low latitude sites across the
North Pacific.
2) To evaluate the interannual persistence of regionally distinct differences in
blue whale B call features across the North Pacific Ocean.
2.2. Hypotheses
1) There is a difference in average B call contours from Southern California and the
Gulf of Alaska, with B calls from Washington exhibiting intermediate traits.
2) Average fine-scale frequency contours measured from Palmyra Atoll data are
different from those measured from the Hawaiian Islands data.
3) Average fine-scale frequency contours measured from sites at lower latitudes

will show matching characteristics to at least one site at higher latitudes.



4) Average fine-scale frequency contours at all sites will show a linear annual
decrease in third harmonic frequency, consistent with the trend observed by
McDonald et. al (2009).

5) Notwithstanding the predicted linear decrease in fundamental frequency, general
contour shape and structure of blue whale B calls will remain consistent from

year to year at each site.



3. METHODS
I used passive acoustic data collected at five sites between 2010 and 2013 for analysis of
blue whale song features. Three of these sites, Southern California, Washington, and the
Gulf of Alaska, are known feeding grounds located off the west coast of North America
(Calambokidis et al., 2009) and the remaining two sites, Palmyra Atoll and the Hawaiian
Islands, are tentative breeding grounds in the Central Pacific (Figure 3). Data were
collected at two locations within the Gulf of Alaska. Using data from two sites within

the Gulf enabled me to increase both sample size and the number of years with data.

Because blue whale song occurs seasonally, and their seasons at their feeding grounds
span two traditional calendar years, data discussed in this study will be presented in

terms of two-year increments which describe the season in which they were collected.
For example, any data collected from a site between August, 2011 and January, 2012,

will be presented as the 2011-2012 season for that site.
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Figure 3: Map of the North Pacific Ocean depicting the six data collection locations
(black hexagons).
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3.1. Passive Acoustic Data Collection

Passive acoustic data were collected using two systems. High Frequency Acoustic
Recording Packages (HARPs) were used to collect data from Southern California,
Washington, Gulf of Alaska and Palmyra Atoll. These are bottom-moored acoustic
recording systems that contain a hydrophone which is typically suspended 10m off the
seafloor, an acoustic release system for instrument retrieval, data loggers for data
acquisition, and batteries enabling long-duration of recording (Wiggins & Hildebrand,
2007). All HARPs sampled at a rate of 200 kHz with the exception of one deployment in
Southern California which sampled at a rate of 320 kHz. Collected data were decimated
by a factor of 100 (from 200kHz to 2 kHz and from 320 kHz to 3.2 kHz), leading to an
effective bandwidth of 10-1000 Hz and 10-1600 Hz, respectively. All sites had
continuous sampling, except one deployment in the Gulf of Alaska which used a duty
cycle of 10 min of sampling every 12 minutes. Long-term spectral averages (LTSAs)
were calculated from down-sampled data by calculating 5 s averaged spectra with a
frequency resolution of 1 Hz. Data from Hawaii were collected via University of
Hawaii’s ALOHA Cabled Observatory (ACO), a deep-sea multi-purpose observatory
that has continuously collected passive acoustic data since 2011. ACO data were
collected at a sample rate of 24kHz, and were decimated by a factor of 12, which

produced data with a Nyquist frequency of 1kHz.

Blue whale calls can propagate over long ranges that exceed 100 km (Stafford et al.,

1998; Sirovi¢ et al., 2007). Acoustic detection area for these low frequency calls is
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dependent on the bathymetry of each deployment site (Sirovi¢ et al., 2015). The use of
two deployment sites in the Gulf of Alaska allowed for coverage of signals across much
of the deep waters of the Gulf. Deployments in Washington occurred in deep water just
off the continental shelf, and therefore detected offshore signals. HARPs in Southern
California were deployed in a basin within the Southern California Bight and therefore
received signals originating from within that basin. In the Central Pacific, recorders were
placed on the north facing slope of Palmyra atoll, and 100 km north of Oahu in the
abyssal plain. Therefore, they received signals originating to the north from their nearest

respective body of land or underwater ridge.

3.2. Call Sampling

NEP blue whale B calls were manually located and sampled from long-term acoustic
data collected between 2010 and 2013. These years were selected due to the degree of
overlap in available recordings across the five regions, which allowed for comparisons
across sites within individual years (Tables 1 & 2). Data from all sites, with the
exception of Hawaii, were manually reviewed using LTSAs with a window-size of 1-
hour, and days were selected for sampling based on the abundance of B calls with a
strong signal-to-noise ratios. Hawaii had data available from 2011 to 2013. However,
these data were stored in a format that was not conducive to the formation of LTSAs,
which made manual scrutiny of the data, via inspection of individual spectrograms,
much less efficient. Therefore, data were sampled from expected months of peak

occurrence during two breeding seasons, 2011-2012 and 2012-2013.
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To the maximum extent practicable, I conducted contour extraction from at least five
days per month at each site. In an attempt to avoid over-representing any single animal
in the study, back-to-back days were not sampled whenever possible, and all calls
sampled within one day were averaged and the average was used in all subsequent
analyses. The following contour extraction procedure was followed for B calls with high

signal-to-noise ratios that occurred on selected days.

Table 1: Sampling effort conducted for each site. Months Sampled indicates months
during which data were scrutinized to find high quality B calls. # Days Sampled
represents number of days during which contour extraction occurred and # of Contours
is a total number of contours extracted during that month.

Months # Days # of

Site Season Sampled Sampled Contours
Gulf of Alaska 2011-2012 Aug-Nov 15 82
2012-2013 Sep-Nov 15 128

2013-2014 Sep-Nov 14 181

! 44 391

Washington 2011-2012 Dec-Jan 10 134
2012-2013 Sep-Feb 26 330

Total 36 464

Southern California 2010-2011 Jul-Nov 22 215
2011-2012 Juk-Jan 27 292

2012-2013 Aug-Dec 25 300

2013-2014 Jul-Dec 29 395

Total 103 1,202

Hawaii 2011-2012 Dec 2 54
2012-2013 Jan 2 36

Total 4 90

Palmyra Atoll 2010-2011 Jun-Dec 36 102
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Table 2: Recording times at the six deployment locations. Boxes shaded grey represent months in which data were available.
Boxes with no fill indicate months in which no data were collected at that location.

HARP Location 2010 2011 2012 2013
Month ) |F [MIAM[) ) |A S

Palmyra Atoll

Hawaii

Southern California

Washington

Gulf of Alaska - CB
Gulf of Alaska - PT




3.3. Contour Extraction

I extracted the frequency contour of each selected call using the following protocol.
First, a spectrogram for the call of interest was plotted in the MATLAB-based software
Triton version 1.81. B calls from Southern California had particularly strong signal
strengths, and therefore spectrograms from this site could be created with a 0.25 Hz
frequency resolution. Data from all other sites were created with a 0.5 Hz frequency
resolution. The resulting time resolution in the contour measurements were 0.4 s for
Southern California and 0.2 s for all other sites. Next, using custom MATLAB software,
I outlined the boundaries of each call, and the following features were automatically
extracted from within the box: absolute time at the start of measurement, and along each
time-step — peak amplitude, frequency at peak amplitude, and relative time of that step
along the length of the call (Figure 4). Extracted contours thus consisted of a frequency
measurement every 0.4 or 0.2 s along the duration of a call, and the corresponding

amplitude values for those frequency measurements.
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Figure 4: Example spectrogram of blue whale B call recorded in Southern California in
2010 (4,000-point FFT, 90% overlap, Hann window). The red box indicates the marked
call for the contour extraction. Frequencies were extracted every 0.4 or 0.2 seconds (site-
dependent) along the maximum amplitude contour within the box. Low amplitude
sections such as that representing the gap in the call (at approximately 20-23 seconds)
were removed from subsequent analysis.

3.4. Data Cleaning

Upon completion of contour extraction for each site, features extracted from each call
were reviewed for their signal strength using a custom-built MATLAB based program.
Within each site for each year, an amplitude threshold roughly equivalent to the
background noise level was empirically determined. Frequency contours were plotted
one at a time (frequency on the y-axis, timesteps on the x-axis) and frequency
measurements along the contour with a corresponding amplitude value below the desired
threshold were removed. If, after the removal of these data points, a contour was still
largely complete, taking special consideration not to lose the beginning features of the

16



call, it was saved for later analyses. If too much of the contour was deemed to be

missing, the entire contour was removed from the dataset.

3.5. Contour Averaging

Once all the calls from a given site were measured and cleaned, daily average contours
were calculated to avoid over-representing any individual animal in this study. In
addition, monthly site-average contours and annual site-average contours were generated

and plotted for visual comparison of B call structure across sites and years.

3.6. Analyses

To determine if these data corroborate the 0.4 Hz annual decrease in the third harmonic
frequency observed by McDonald et al. (2009), I fit linear models to these data using
simple linear regression using the /m() command in RStudio (version 3.5.1) (R
Development Core Team, 2018). To do this, a single frequency measurement was
extracted from all of daily averaged contours at the point six seconds after the time of
peak frequency. These data were then used to look for frequency shifts across months
and years. This specific time-step was selected because it falls within the region where
the slope of the B call contour is the least steep. Therefore, selecting a point within this
region ensured consistency in the measurements in spite of any minor variabilities in call
duration that may be present in the data. Per my hypotheses, contours from each site
were treated as if they came from unique grouping of animals, and therefore regressions

were run on data from each site independently. This allowed me to observe whether the
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animals at each respective site have shifted their frequency at different rates. Data from
Palmyra and Hawaii were not included in regression analyses due to the sparsity of data

from these sites.

To verify the results of the regressions, diagnostic plots were created for each site’s
dataset, to test for the assumptions of linear regression. Residual versus fitted plots were
created to ensure that a linear model was, in fact, the correct model to fit to the data, and
to ensure that there were no issues with homoscedasticity. I used normal Q-Q plots to
ensure all datasets had a normal distribution of their residuals. And finally, I checked for

presence of influential data points via Cook’s distance plots (Quinn and Keough, 2002).

Next, tests were conducted to see whether B call contours could be grouped by site
according to their contour structure and frequency characteristics. The first step in these
analyses was to quantify contour structure. This was done by extracting 10
representative measurements from each of my daily averaged contours. These
measurements included the peak frequency, as well as frequency measurements in 3
second intervals following the peak frequency, up to 15 seconds after the peak. Also
included was a measurement of the slope between the 2 second mark and 4 second mark
of each contour and finally, to quantify the downstep in frequency, the difference in
frequency between a point just prior to and just after the downstep in frequency was

calculated.
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Once all contours were quantified and compiled into a single dataset, cluster analyses
were conducted using both k-means clustering and Kruskal’s non-metric
multidimensional scaling. These were completed using the kmeans command in the stats
package and the isoMDS command in the MASS package in RStudio, respectively. K-
means clustering requires that the number of clusters (k) be stated prior to analysis.
Three independent methods were used to determine what k-value should be used, and
results using all recommended values are reported. The three methods of selection were
the gap statistic (Tibshirani et al., 2000), K-means partitioning using a range of values of
k (Calinski and Harabasz, 1974), and selection of k in k-means clustering based on Pham
et al. (2004). These tests were conducted, respectively, using clusGap in the cluster

package, cascadeKM in the vegan package and kselection in the kselection package.
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4. RESULTS
At least two regionally distinct B call variants were found across all sites — one dominant
in Southern California with a similar variant recorded off Palmyra and the other in the
Gulf of Alaska with similar calls found off Hawaii (Figure 5). There were two
characteristics that differentiated them from one another, frequency and the presence (or
absence) of a notable downstep in frequency that began approximately 10-12s from the
start of the call. On average, B calls from the Gulf of Alaska were produced at a higher
frequency than those recorded from both Washington and Southern California (Figure
5). The downstep in frequency was much more prominent in calls recorded from the
Gulf of Alaska than it was at the other two feeding grounds, where this step was more or
less non-existent. While calls from Washington consistently displayed intermediate
characteristics between the other two feeding sites, they were more similar to B calls
from Southern California both visually (Figure 5) and statistically (Figures 6-7).
Contours from both putative breeding grounds in the Central Pacific displayed similar
characteristics to B call variants observed in the NEP foraging grounds. Data from
Palmyra Atoll yielded mean B call contours that strongly resembled B calls of the
Southern California variant, whereas contours measured from Hawaii displayed a very
prominent downstep in frequency, and as such bore strong resemblance to the Gulf of
Alaska B call variant (Figure 5). The matches in contour structure between breeding and
feeding grounds were further supported with cluster analysis (Figures 6-7) and

multidimensional scaling (Figure 8).
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4.1. Clustering of contours from different sites

All three independent methods for determining the number of clusters suggested using
two clusters for the 2011-2012 data, and therefore, this was the number of clusters
selected for that analysis. One of the resulting clusters contained all Gulf of Alaska
contours, all Hawaii contours, and 2 out of 10 Washington contours (Figure 6). The
other cluster had all Southern California contours and 8 out of 10 contours from

Washington (Figure 6).

Tests for determining the appropriate number of clusters for 2012-2013 data indicated
that either two or three clusters should be used. Thus, I ran analyses using both values.
Using the assumption of two clusters, 100% of contours from Washington and Southern
California were clustered together along with one contour from the Gulf of Alaska
(Figure 7A). The majority of contours from the Gulf of Alaska (13/14) and both contours
from Hawaii were sorted into the second group (Figure 7A). When three clusters were
assumed, all three feeding sites were mostly correctly placed into their own groups, with
only a small degree of overlap (Figure 7B). The strongest overlap occurred between
Southern California and Washington. In one group, 5/25 contours from Washington
were clustered with 21/25 contours from Southern California. The remaining contours
from each of these two sites were placed together in a second group, meaning that
ultimately, all contours from Washington and Southern California were sorted together,

across two groups. The third group contained only contours from the Gulf of Alaska and



Hawaii. This pattern of grouping is consistent with the analysis of two clusters as well as

the site-averaged contour plots for 2012-2013.

Gulf of Alaska Hawa

100%

Southern California Washington

WM Groupl mGroup?2

Figure 6: Results of cluster analysis for 2 clusters for the 2011-2012 season. Each pie
represents a site, and colors indicate what proportion of contours were grouped into
group 1 (blue) or group 2 (orange).
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Figure 7: Results of cluster analysis results for the 2012-2013 season using (A) 2 and
(B) 3 clusters. Each pie represents a site, and colors indicate what proportion of
contours were grouped into group 1 (blue), group 2 (orange) and group 3 (grey).
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In the multidimensional scaling plots, at least two distinct groupings are apparent, one
including data from the Gulf of Alaska and Hawaii, and the other including data from
Southern California and Washington, with very little overlap between the two groups
(Figure 8). Furthermore, the stress values were 6.8 for 2011-2012 and 6.9 for 2012-2013
data, which indicates that the representation of the true distances between data points,
when plotted into two-dimensional space, can be classified as “good” (Dugard et al.,
2010). These results further support the clustering into two unique groupings of B call

variants in these data.
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Figure 8: Results of Kruskal’s non-metric multidimensional scaling analyses performed
on quantified contours from the 2011-2012 (top panel) and 2012-2013 seasons (bottom
panel).

26



4.2. Frequency shift

Diagnostic plots created for these datasets indicated the assumptions of simple linear
regression were mostly supported across the data. Residual versus fitted plots revealed
that there were no issues with homoscedasticity and that a linear model is the correct
model for all sites (spline p-values all >0.05). The residuals from the Gulf of Alaska and
Washington data were normally distributed (Shapiro-Wilk test, p = 0.74 & 0.89,
respectively). The Southern California displayed only minor issues with normality but
these are considered relatively unimportant (Sterba-Boatwright, personal
communication). No sites contained measurements with a Cook’s distance >1, meaning

there were no influential points amongst my datasets.

B calls from both the Gulf of Alaska and Southern California showed a significant linear
decline in third-harmonic frequency (Figure 9). In the Gulf of Alaska, third-harmonic
frequency declined at a rate of 0.48 Hz/year, with a 95% confidence interval of 0.63 -
0.34 (R?=0.51, p = 3.51*10). In Southern California, frequency declined at a rate of
0.32 Hz/year, with a 95% confidence interval of 0.37 - 0.27 (R?> = 0.63, p < 2.2*107'6).
Over the two seasons in which data were available for Washington, B calls showed an

insignificant decline in the third-harmonic frequency (R = 0.03, p = 0.15).
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Figure 9: B call frequency measurements at the point 6 s after the maximum frequency,
extracted from daily averaged contours from Southern California (top panel) and the
Gulf of Alaska (bottom panel). The red line is the trendline from regression analysis.
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5. DISCUSSION / LIMITATIONS

5.1. Discussion / Limitations

In this thesis, I describe two distinct B call variants within the Northeast Pacific
population of blue whales. Because these distinct variants have not been previously
described, I will label them the NEP B1 call and the NEP B2 call. The B1 call is
produced by animals in the waters off Southern California and Washington, and has
tentatively been matched to B calls produced near Palmyra Atoll in the Central Pacific.
Contours of the B1 variant display little to no downstep in frequency, and are produced
at a lower frequency when compared to the second variant. B2 call variants are produced
by animals in the Gulf of Alaska, and have been grouped with B calls recorded north of
Oahu, Hawaii. The contours of B2 calls have a very steep and noticeable downstep in
frequency that occurs roughly between 12 and 15 seconds into the call. Furthermore, B2

calls are produced at a higher frequency than B1 calls within a given year.

Blue whale song has been proposed as a tool for delineating their population structure
worldwide (McDonald et al., 2006). Following that logic, the apparent geographic
separation of these two call variants opens the possibility of two distinct groupings of
animals within the Northeast Pacific population. Off Southern California and near
Palmyra Atoll, B1 was the only B call variant observed. In the Gulf of Alaska and
Hawaii, B2 was the only B call variant observed. Larger-scale variation in blue whale

song has been shown to reflect their population structure around the globe (McDonald et
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al., 2006; Torres-Florez et al., 2014; Barlow et al., 2018; Pastene et al., 2019). It is
possible that the fine-scale differences observed may reflect population-level
differences, both geographically and reproductively, that have not been explored
previously. While the separation between California and Gulf of Alaska is clear, in the
waters off Washington the situation may be more complex. While contours in
Washington were dominated by the B1 variant, average contours from that region
consistently displayed intermediate characteristics of both variants, which may be the

result of geographic overlap between the two call-types, and thus two populations.

If the logic holds that differences in song structure are indicative of population-level
differences, then it is possible that the degree of difference in song structure could also
be a measure of the degree of divergence between the population. For example,
Antarctic and pygmy blue whales each produce their own unique song-types which are
quite distinct from one-another visually (McDonald et al., 2006; Gavrilov et al., 2011),
and these two groups are distinguishable from each other genetically (Sremba et al.,
2012). Conversely, two song types off the coast of Chile, SEP1 and SEP2, which are
more similar in spectral shapes have been attributed to a group of blue whales which are
genetically homogenous (Torres-Florez et al., 2014; Pastene et al., 2019). Given that
song serves a reproductive purpose for these animals (Oleson et al., 2007), it is possible
that differences in song structure are indicative of early-stage population-level

divergence that is not yet measurable in genetic analyses.
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In regards to the NEP population, it is important to consider what pressures may lead to
population divergence. Their population numbers rose steadily after the cessation of
commercial whaling, but have been at a plateau for several decades, which has led some
to believe that the population has approached its carrying capacity (Calambokidis and
Barlow, 2004; Calambokidis et al., 2015; Campbell et al., 2015; Monnahan et al., 2015).
The emergence of blue whales in the Gulf of Alaska is a relatively new occurrence could
be an indication that these animals have returned to a historic, pre-whaling foraging
region (Stafford, 2003). As blue whales may use memory to direct their movements to
productive foraging grounds year after year (Abrahms et al., 2019), it is possible that a
small subgroup of animals from the NEP population has extended its range to include
the productive waters of the Gulf of Alaska, subsequently adjusting the structure of their

mating call in response to site-specific pressures.

The B2 variant was observed in both the Gulf of Alaska and Hawaii, two regions in
which the NEP and Central and Western Pacific (CWP) blue whale populations are
known to overlap in both time and space (Stafford, 2003). CWP blue whales produce a
low-frequency, tonal reproductive call that has little variation in frequency across the
duration of the call (McDonald et al., 2006). It is possible that, because these populations
overlap, the sharp downstep in frequency observed in the B2 variant could be an attempt
by the NEP males to differentiate themselves from the more monotone calls of the CWP
males. The fundamental frequency of CWP blue whale calls ranges between 17-19 Hz,

which is only a few Hz higher than the fundamental frequency of the NEP blue whale

31



calls (~15Hz). The temporal and spatial overlap with another group of animals that
produce reproductive calls that are not only similar in structure, but frequency as well,
may have driven NEP blue whales to differentiate their calls from the CWP calls in these
regions. A preference for more complex signals is found elsewhere in animal kingdom,
as female swamp sparrows (Melospiza georgiana), for example, show preferential
selection towards males that produce complex songs with a higher degree of proficiency
(Ballentine, 2004). Therefore, it is possible that the increased complexity of NEP B2
calls in the Gulf of Alaska and Hawaii is a competitive response to the presence of males

from another sub-population.

Ideally, my hypothesis on population sub-structure should be tested using both satellite
tags and genetic sequencing. It would be interesting to compare genetic samples of
animals in the Gulf of Alaska, with the animals in Washington and Southern California,
to see if any degree of divergence is evident within the NEP population, and if so, along
what geographical boundaries has this divergence occurred. However, if this population
is in the early stages of divergence, separation may not yet be observable genetically.
Long-duration satellite tags could provide further verification of movements into the
Central Pacific. To date, no tags have been deployed on animals in the Gulf of Alaska.
While that would be a very challenging task, doing so would provide insights on the
potential migratory route into the Central Pacific, or other regions of the Eastern
Tropical Pacific. However, because the eastern and central populations overlap in the

Gulf of Alaska (Stafford, 2003), identifying whether the tagged animal is from the CWP
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or NEP population would be a challenge, and would require the use of real-time acoustic
data as well. An alternative solution to this challenge would be to conduct tagging in the
fall, which would lead to a higher change of tagging NEP blue whales (Rice et al., in

prep) but this may be even more challenging to accomplish due to weather.

Over 150 satellite tags have been deployed on blue whales in the NEP, most with initial
attachment off the coast of Southern California, but none of the published data contain
examples of animals moving as far southwest as Palmyra Atoll or Hawaii (Mate et al.,
1999; Bailey et al., 2009; Irvine et al., 2014). Yet, acoustic data from this study still
support the presence of NEP blue whales in the Central Pacific. This discrepancy is not
entirely surprising considering the relatively low number of detected calls and likely
long propagation ranges at these lower latitude locations. In addition, variability in the
migratory behaviors of individual animals within this population could further account
for the discrepancies between passive acoustic and satellite tag data. Differential
migration occurs when, within a single population, there are differences in migratory
behavior between either sexes or between older and younger individuals (Dingle and
Drake, 2007). This concept is not unheard of in the marine environment. Eastern North
Pacific grey whales (Eschrichtius robustus Lilljeborg) stagger their migrations by sex,
age and reproductive condition (Rice and Wolman, 1971). Similar observations have
been made for humpback whales (Megaptera novaeangliae) in the Northern Central
Pacific, and adult male northern elephant seals (Mirounga angustirostris) which migrate

further north during their feeding season than females and juvenile animals, a behavior
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which is thought to confer benefits to pubescent males (Stewart, 1997; Craig et al.,
2003). Similarly, differential migration could confer currently unknown benefits to
juvenile blue whales, such as the avoidance of competition or aggression from larger
animals in the breeding grounds. It is therefore possible that only a small proportion of
the population, such as animals that have not reached reproductive maturity for example,
move out to the Central Pacific, and that satellite tag studies have, as of yet, not been
sufficient to capture one of these individuals, or they have not included enough life-
history data to discern any fine-scale sex or age-dependent migratory patterns. While, at
this point, little is known about blue whale dynamics on their breeding grounds, the idea

of differential migration warrants further investigation.

From the management perspective, the possible existence of two distinct groups within
the NEP population could have large implications. NOAA currently recognizes a single
group in the Northeast Pacific that extends from the Gulf of Alaska to the Eastern
Tropical Pacific, but does not mention animals that may occur in U.S. Exclusive
Economic Zones in the Central Pacific (NOAA, 2019). In a recent assessment on North
Pacific blue whales for the International Whaling Commission, Monnahan et al. (2014)
split North Pacific blue whale catch records by population based on the presence of two
geographically distinct song-types that exist within the region, the CWP and the NEP
song. Historically high catch-rate of blue whales in the Gulf of Alaska when compared
to Southern California (Monnahan et al., 2014) indicate that this region used to be an

important blue whale habitat. The results of my study indicate that catch and recovery
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assessments might need to be further evaluated by dividing catch records between
regions where the B1 variant is present, and regions where the B2 variant is present, to
evaluate separate recovery states if there are two potential groups in the region. If there
are or historically were in fact two unique groups in this area, then it is possible that one
was disproportionally affected and has been slower to recover from the impacts of
whaling. Alternatively, if the Gulf of Alaska population was extirpated, recent range
expansion from the population off California and Washington could have seeded a new

sub-group.

B calls measured in this study also displayed a consistent decrease in third harmonic
frequency, as measured by the frequency at the point six seconds after the peak
frequency. This is largely consistent with previous observations of a decline in blue
whale B call frequency (McDonald et al., 2009; Gavrilov et al., 2012; Sirovié, 2016;
Leroy et al., 2018). The rate of decrease was different across locations. Calls recorded
from the Gulf of Alaska (B2 variants) declined at a slightly higher annual rate than the
calls recorded from Southern California (B1 variants). The decline rate was smallest off

Washington.

Several theories have been proposed to explain the decrease in frequency of blue whale
songs which include a steady decrease in depth at which calls are produced, sexual
selection, Doppler shift, and response to the change in abundance post-whaling

(McDonald et al., 2009; Gavrilov et al., 2012; Miller et al., 2014). At this point in time,
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no single theory is widely accepted. One theory however, that may explain why the rate
of change observed in this study was different from site to site, is that the animals lower
their frequency in response to anthropogenic noise (Leroy et al., 2018; Malige et al.,
2020). If that is the case, then the different rates of decline observed in this study could

be an example of site-specific responses to anthropogenic noise.

Malige et al. (2020) found that the rate of decline, as percent of call frequency, in blue
whale songs was substantially higher in the North Pacific than in the Indian Ocean. The
results of my study are generally comparable to the rates observed in the NEP (0.91%),
and also show a similar pattern in which sites with higher levels of anthropogenic noise
yield a higher rate of decrease in frequency. In the Gulf of Alaska, shipping noise
contributed substantially to noise levels below 100 Hz, with levels around 85 dB re 1
uPa?/Hz at a bands between 30-100 Hz (Debich et al., 2013). The rate of frequency
decrease there was 1.05%. The site off Southern California on the other hand, was in a
basin that is protected from the propagation of shipping noise by a string of islands
between it and the primary shipping routes along the coastline. At this site, low-
frequency spectral levels in that same bandwidth were at most around 72 dB re 1
uPa?/Hz on average between 2012-2017 (Wiggins et al., 2017). The rate of decrease here
was also lower, at 0.71%. The higher noise levels in the Gulf of Alaska could explain
why the rate of decline was higher there when compared to Southern California.
However, that assessment, while appealing, is likely an oversimplification. The

continental margin off the coast of Southern California is bathymetrically complex,
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which results in acoustically heterogeneous environment, with broadly varying noise
exposure levels (McDonald et al., 2008). Tag data show that individual blue whales
move substantially between different areas while feeding off the coast of Southern
California (Mate et al., 1999) so it is likely that these animals are exposed to variable

levels of anthropogenic noise within the course of a single feeding season.

Alternatively, the sharper decline in frequency observed in Gulf of Alaska could also be
connected to the presence of CWP blue whales in the region. In these data I observed
that the fundamental frequency of NEP blue whale calls is slightly lower than that of the
CWP animals. This difference could be present because NEP blue whales in the region
have decreased their frequency at an accelerated rate in order to get out of the bandwidth
of CWP calls. However, my measurements of fundamental frequency were purely

exploratory, and any conclusions on this topic would require further investigation.

5.1.1. Limitations

A number of limitations are generally inherent in passive acoustic studies. The main
limit is that passive acoustic data do not provide information which, or how many
animals vocalize in a given sampling period. To address this issue, all statistical analyses
were conducted on datasets that contained daily-averages of contour structure, to avoid

over-representing a single animal.
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A challenge with these data was that the recordings were collected opportunistically,
which was particularly troublesome for the Central Pacific. Where exactly these animals
congregate in the Central Pacific remains unknown. Therefore, instruments deployed
near Hawaii and Palmyra Atoll contained only occasional blue whale calls, during the
few instances when animals happened to be close enough for the hydrophone to receive
those signals, or they were well propagated over potentially long distances. As a result,
data from these sites, particularly Palmyra Atoll, often displayed weak signal-to-noise
ratios, which made measuring their features challenging. Data from the few days found
to contain B calls in Hawaii tended to have complicated spectral characteristics. For one,
there were often several calls that overlapped one another, which made extracting
accurate contours challenging. Secondly, the best calls available in this dataset were
often very high in amplitude, making them much more broadband than calls from the
other study sites. The strength of the signal leads me to believe that the overlapping B
calls were the result of multiple animals vocalizing at once, close to the hydrophone, as
opposed to multi-path arrivals of the signals. Because of the limited sample size from
Hawaii data, these complications made it difficult to evaluate whether the substantially
higher frequency of calls measured in Hawaii when compared to the Gulf of Alaska is a
true indication of the calls produced there, or simply an artifact of the data extraction
process. If the broad contour of the call in Hawaii was systematically resulting in the
higher maximum frequency along that peak to be extracted, it is possible that extraction
of the lower end frequency of that peak would have resulted in calls that were of more

similar frequency to those recorded in the Gulf of Alaska.
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My goal in this thesis was to quantify one of the call units of stereotypical songs of blue
whales so that I could statistically compare its features from different sites across the
North Pacific. I extracted eight variables from daily averaged B call contours. Six of
those variables were measurements of frequency, collected across the call durations. One
variable was a measurement of the slope in the least variable region of B calls across
sites, and the final variable was a measurement of the downstep in frequency, which was
visually the strongest differing feature between B1 and B2 variants. When tested
statistically, these variables were not only sufficient, but highly effective in grouping B
call contours by their appropriate site while also showing geographic structure across the
two variants. These results support my hypothesis on the existence of unique B call
variants within the NEP population, and offer a new approach to studies investigating

the previously under-estimated complexities of stereotypical whale songs.

Moving forward, this study should be expanded to include more years of data, as well as
other sites in the North Pacific. Sites of particular interest would be presumed breeding
grounds such as the Gulf of California and the Costa Rica Dome. Investigating these
sites for the presence of B1 and B2 variants could provide further information on the
geographic separation of the two call types. Also important is the fact I explored
variations in B call structure alone, which is only one aspect of NEP blue whale song.
Song phrasing in blue whales can also be highly variable within populations (Jolliffe et

al., 2019). Further studies should therefore include not only investigations of variations
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in A call structure, but also explorations into AB calling patterns, to see if song phrasing
is different between songs produced with the B1 variant and songs produced with the B2

variant.
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6. CONCLUSIONS
Through this study I have discovered the existence of at least two distinct variants of the
stereotypical NEP blue whale B call. The two variants, Bl and B2, appear to be at least
partially geographically separated and, per my hypothesis, the strongest separation
occurs between B calls in the Gulf of Alaska and those in Southern California. While
visual comparisons originally indicated a possible third, intermediate variant that was
measured from Washington data, statistical analyses consistently grouped these contours
with the B1 variant, and I can therefore only propose the existence of two variants. The
B1 variant occurs further south, off the coasts of Washington and Southern California,
and the B2 variant is found further north in the Gulf of Alaska. As predicted, both of
these variants were also observed in the Central Pacific, and a similar north-south
separation was observed. While data from these sites were a bit more inconclusive, the
B1 variant was observed at Palmyra Atoll, the more southern of the Central Pacific sites,
whereas the B2 variant was observed in Hawaii, further north in comparison. These
distinct variants may indicate separate populations, or groups that have begun to diverge,

which could have important management consequences for this endangered species.

Also, in accordance with my hypothesis, I observed a significant decline in tonal
frequency of NEP blue whale calls in these data, and found that the rate of decrease was
different at each site. The most rapid rate of decline occurred in the Gulf of Alaska, and
the slowest decline occurred off Washington, and Southern California displayed an

intermediate rate of decline. While this frequency shift has been observed across all blue

41



whale populations, we still do not know why they are engaged in this behavior. Different
rates of frequency decline, in a species where individuals generally appear to be very
well tuned to the “correct” annual frequency, indicates, however, that this decline is

likely biologically important and locally driven.

The communicative behavior of many species of large cetaceans is still an
underexplored topic. The results of this study provide a foundation for future studies on
the topic of fine-scale variations in stereotypical reproductive calls and demonstrate that
the vocal repertoire of the Northeast Pacific population is more complex and variable

than previously understood.
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