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ABSTRACT
Acoustics has been increasingly used for research on marine mammals as it
provides a window into their underwater behavior, allows studying their
distribution, movement patterns and relationships and may eventually become a
standard stock assessment tool. Fin whales produce low-frequency sounds that
have the potential to propagate over long-distances and are the most commonly
recorded species in the North Atlantic. Thus, the application of acoustic
methodologies to this species may offer rewarding results.

This thesis first investigated the use of passive acoustics in defining fin whale
stocks. The structure of songs recorded at two northwest Atlantic feeding
aggregations was compared to evaluate whether songs provide a mean to
characterize these aggregations. Fin whales residing on geographically isolated
feeding grounds may face different conservation issues and there are obvious
management benefits to identifying and tracking acoustically different fin whales.
Songs appear to characterize fin whale aggregations reliably, and the results are
consistent with the stock structure derived from other assessment methods.

A second part of the study consisted in describing a lesser known part of fin
whales’ vocal repertoire. Although fin whale songs and their 20-Hz pulses are
well described, social sounds produced in summer months have not received the
same amount of attention. Eight call types reflecting the natural sound diversity
were characterized. Comparisons of the same calls from different regions

x

provided preliminary evidence of geographic variations. In addition, sounds that
may be most suitable for summer acoustic census were identified.

In summary, this thesis demonstrates the potential of using acoustics to
assess fin whale biological parameters that are relevant to the conservation and
management of that species.

xi

1. Introduction
Baleen whales were the target of an extensive hunt that reached a peak in the
nineteenth and twentieth centuries following the development of faster boats and
more efficient killing methods (Clapham and Baker, 2002). Improvements in
harvesting technology brought the largest and most valuable species within
reach of the whaling industry; this consequently led to a massive decline of most
exploited species, a number of which are still struggling to recover today
(Clapham et al., 1999). Population declines prompted the creation of the
International Whaling Commission (IWC) in 1946. The mandate of the IWC was
to oversee management-related research and regulate whaling activities in order
to let whale stocks recover to the point where they could be harvested again
(Clapham et al., 1999). Despite being clearly an organization devoted to the
whaling industry, the IWC ironically found a sense of purpose in the recovery and
protection of whale populations, though only to sustain its exploitation agenda.
As a matter of fact, the antagonism between these two objectives–conservation
and exploitation–became apparent with the emergence of two opposite opinions
among IWC member countries. The IWC is also known as the first body to have
conducted ocean-wide scientific assessments of whale populations. Today, the
impetus to provide data that can be used for management and conservation
remains one of the stimulating forces behind marine mammal science.

The assessment of marine mammal populations has long relied on data
derived from harvested animals but it is now conducted using a variety of other
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methods such as genetics or photo-identification. This thesis addresses the use
of acoustics as an assessment tool in fin whales. In this chapter, I review current
understanding of fin whales in the northwest Atlantic, specifically in two focus
areas: the Gulf of St. Lawrence (GSL) and Gulf of Maine (GoM). I then examine
the use of acoustics in marine mammal science and focus on studies
investigating biological facts essential for management such as population size
or structure. Finally, I detail the goals and content of subsequent chapters.

1.1 Fin whale distribution

Fin whales (Balaenoptera physalus) are among the largest animals on earth,
second only to blue whales (B. musculus). They are encountered in all oceans
between 20° and 75° North and South and are thought to migrate between
productive, high-latitude feeding grounds in the summer and low-latitude
breeding grounds in the winter (Mizroch et al., 1984). However, specific breeding
areas have yet to be discovered, suggesting that fin whales breeding may be
more geographically diffuse than in other species. Furthermore, newborn calves
have been sighted at high-latitude in the North Atlantic (IWC, 1992), which
indicates that tropical or sub-tropical waters are not a breeding requirement for
this species. In addition, individuals are sighted (Kellogg, 1929) or recorded
(Clark, 1995) year-long at high latitudes, which suggests that at least part of the
population does not migrate. Thus, although summer distribution is well known,
the fin whale winter range is still uncertain.
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Fin whales in the northwest Atlantic are known to inhabit waters of the GSL
(Sergeant, 1977; Edds and MacFarlane, 1987; Sears and Williamson, 1982),
Newfoundland and Labrador (Mitchell, 1974; Sergeant, 1977; Whitehead and
Carscadden, 1985), Nova Scotia (Brodie, 1975; Mitchell, 1974) and the Atlantic
coast of the United States from Cape Hatteras to the GoM (Hain et al., 1992;
Agler et al., 1992). Abundance peaks in spring and summer (Hain et al., 1992;
Edds and MacFarlane, 1987) but winter sightings attest of the continued
presence of the species in some areas such as Nova Scotia (Brodie, 1975).

1.2 Fin whale exploitation history

Fin whales were subject to the most intense hunting pressure in the history of
whaling, with the removal of over 700,000 individuals between 1904 and 1975
(IWC, 1990), primarily in the southern hemisphere. In the North Atlantic, at least
48,000 animals were killed between 1860 and 1970 (Anonymous, 1999) at
whaling stations located in Eastern Canada, Iceland, Norway, Spain and various
other locations in the northeastern Atlantic (Sergeant, 1977). There are few
reliable records of fin whaling in the GoM. Available reports indicate that a
minimum of 500 fin whales were killed between 1870 – 1914 but the actual
figures are more likely in the low thousands (Reeves et al., 2002). In the GSL,
the only directed fishery took place between 1911 – 1915 and caught a total of
392 blue and fin whales, including 56 fin whales in 1915 alone (Mitchell, 1974).
Most whaling operations in the Northwest Atlantic took place in waters
surrounding Newfoundland and Labrador, where at least 13,000 individuals were
3

killed between 1898 – 1970 (Mitchell, 1974). Exploitation was neither consistent
nor continuous. Catches repeatedly reached an average of about 400 fin whales
per year but this yield proved to be unsustainable, leading to several declines in
the industry (Mitchell, 1974). During the last period of exploitation between 1965
– 1971, three whaling stations operating in Blandford (Nova Scotia) and
Williamsport and Dildo, (Newfoundland) took 3,537 fin whales (Mitchell, 1974). In
Blandford, the exploitable population (fin whales over 50 ft) decreased from
1,565 to 324 between 1964 – 1973 (Breiwick, 1993). Whaling ceased at all
stations in 1973. Although hunting pressure in the northwest Atlantic never
reached the magnitude observed in other areas, the exploited populations were
also probably smaller; thus, the impact of this hunt at a population level may
have been greater than for other areas, although the specific consequences of
these anthropogenic removals remain unknown.

1.3 Current abundance Estimates

The current abundance of fin whales in the northwest, and more generally the
north, Atlantic is unclear, essentially because of the inherent difficulties in
surveying the entire, primarily pelagic, range of fin whales. The most recent North
Atlantic estimates indicate a population of about 56,000 individuals (Bérubé et
al., 1998; IWC, 1992). An updated figure will be available as soon as an analysis
of data collected during the summer 2007 Trans North Atlantic Sightings Survey
is completed. Based on mark recapture models, 10818 (CI: 5,387 – 21,723) fin
whales were estimated to inhabit the region encompassing Newfoundland,
4

Labrador and Nova Scotia, (IWC, 1992). In Nova Scotia alone, sighting surveys
produced an estimate of about 2,800 fin whales (Sergeant, 1977). In the GSL,
Kingsley and Reeves (1998) estimated a summer population of about 380
animals but cautioned about the reliability of this number. However, it is
consistent with the estimate derived from sighting surveys in the late 1960s in the
same area (n=340; Mitchell, 1974). The most recent estimate for waters from
Georges Bank to the mouth of the Gulf of St. Lawrence, thus including the entire
GoM, is 2,814 (CV=0.21) fin whales (Palka, 2006).

1.4 Historical abundance estimates

Such figures, though valuable, have limited utility due to the lack of historical
population data to which a current estimate could be compared. Sergeant (1977)
suggested that the pre-exploitation fin whale abundance in the North Atlantic was
probably ~ 30,000 – 50,000 individuals. Genetic data indicate that population
levels pre-exploitation in the same area may have been as high as 360,000 (95%
CI: 249,000 – 481,000) whales (Roman and Palumbi, 2003). Although this
number is based on several estimated parameters such as genetic diversity or
effective population size, even the most precautionary (i.e. tending towards
underestimating populations) approach for setting these parameters did not bring
the genetic estimate in line with previous historical estimates. This differential in
population estimates has critical implications for the management and
conservation of fin whales and other species. In its Revised Management
Procedures, the IWC states that species or stocks below 54% of their carrying
5

capacity should not be harvested. Thus, taking carrying capacity as the prewhaling abundance, North Atlantic fin whales may have recovered enough to
allow commercial whaling to resume or could still be highly depleted, depending
on the estimate considered by managers. This is critical considering that Iceland
has shown interest in resuming whaling for that species in the near future (IWC,
2007).

1.5 Population structure and management

Global fin whale population estimates are meaningful only with some
knowledge regarding the population structure of the species. Population structure
refers to the degree of connectedness of individuals of a species living in a userdefined area. This information is essential not only to set up appropriate surveys
but also to design effective conservation measures. If conspecifics from two
adjacent areas are subject to the same level of anthropogenic removals, a single
management plan should provide effective protection to the population as a
whole. However, if one area was to experience a high level of human mortality
but was also demographically isolated from the other, a unique plan could
potentially lead to the extirpation of animals in the affected area. For example,
whether Icelandic fin whales represent a distinct stock that can be managed
separately or several stocks with different population sizes and conservation
priorities should be a prime consideration when assessing hunt quotas; knowing
that Iceland waters host high numbers of fin whales is simply not enough. This
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example underlines the need to design effective methods for stock structure
assessments and abundance estimates.

The term “stock” has been borrowed from fisheries science but its definition is
the topic of ongoing debates (Taylor 1999; 2005). It is typically used to refer to
management rather than biological units, and stocks are generally associated
with a level of demographic independence needed to achieve a specific
management goal. Demographic independence relates to the fact that internal
processes (local births and deaths) are more important than external processes
(immigration and emigration) to a stock’s demographics (Taylor, 1999), and
genetic isolation is not required for a group of individuals to be managed
separately. Stocks can be defined by distinct oceanographic regions or semienclosed areas but their boundaries are often blurred by overlapping movements
by individuals belonging to adjacent stocks (Taylor, 2005).

1.6 Stock structure assessments

Several line of evidence can be used to define marine mammal stocks:
distribution and movements, trends in abundance, morphological differences,
chemical signatures (e.g., contaminant loads, stable isotopes), and biological
signatures (e.g., parasite communities, genetic differences) (Wade and Angliss,
1997). The whaling era provided a number of opportunities to conduct tagging
experiment to investigate movements and compare morphological parameters
and reproductive characteristics between adjacent areas. The stock structure
7

currently accepted by the IWC for Northwest Atlantic fin whales was primarily
derived using these data (Sergeant, 1977). Since the moratorium on whaling,
most studies have relied on genetic data (Bérubé et al., 1998; 2006; Daníelsdóttir
et al., 2005; 2006). Such data have improved our knowledge of stock structure
over large spatial scales but have been less successful at detecting genetic
divergence between neighboring stocks. Tagging has also provided insights
regarding the extent, overlap and boundaries of tentative stocks (Watkins et al.,
1996; Heide-Jorgensen, 2003), but the usefulness and significance of these
results is hindered by small sample size. Finally, although toxicological and
photo-ID data (Hobbs et al., 2001; Coakes et al., 2005) offer great promise, their
use may be complicated by the need to access fin whales repeatedly and has
been restricted to the Northwest Atlantic where ongoing long-term studies target
fin whales in coastal areas (e.g. Agler et al., 1992).

1.7 Acoustic assessments

Acoustic data offer a cost-efficient opportunity to study acoustically-active
marine mammals as sounds propagate well in the marine environment and
technological progress has led to the development of autonomous recorders
capable of remote data collection over extended periods of time. These tools
generate extensive long-term data sets which can be used to answer a variety of
questions. Fin whales produce low-frequency sounds, are the most commonly
recorded species in the North Atlantic (Clark, 1995) and Pacific (Stafford et al.,
2007) and are typically inaccessible to biologists except in summer. Thus fin
8

whale research and management can benefit greatly from a development of
acoustic assessment methods. For example, the seasonal distribution of fin
whales in the North Atlantic (Clark, 1995), Pacific (Moore et al., 1998; Stafford et
al., 2007) and near the Antarctic Peninsula (Širovi et al., 2004) was revealed
using long-term recorders. In the northwest Atlantic, acoustic data hinted at
migration routes and emphasized a winter southward movement from
Newfoundland towards the West Indies past Bermuda (Clark, 1995). Additionally,
one study attempted to determine fin whale density using sounds recorded at a
single deep-water hydrophone (McDonald et al., 1999) and the possibility of
using fin whale songs to define stocks has been recognized repeatedly (Watkins
et al., 1987; Thompson et al., 1992; Clark et al., 2002) and evaluated once
(Hatch and Clark, 2004).

1.8 Thesis objectives

Although a number of investigators (Mellinger and Barlow, 2003; McDonald et
al., 2006) agree about the potential of acoustics for marine mammal surveys, its
concrete application for stock structure assessment or census purposes has
suffered until now from a lack of comparisons with other proven methodologies,
primarily. In this study, I investigate the validity of using songs as indicators of
stocks (Chapter 2). Previous studies describe differences typically involving
geographically-distinct areas, thus maximizing the probability of comparing
different populations. Instead, I test if geographically-neighboring feeding
aggregations could be delineated by their songs. I also use several previous
9

studies that directly or indirectly evaluated stock structure in the Northwest
Atlantic to ground-truth acoustic results.

In a second study, I described and compared fin whale calls recorded in the
GoM and the GSL (Chapter 3). Geographic variations in sounds can help clarify
relationships between populations when other data are either lacking or
inconclusive. However, the purpose of this study went beyond finding evidence of
acoustic variations between areas. Acoustic censuses are currently a distant
objective, but they would significantly reduce population monitoring costs.
Although most vocally conspicuous in winter, fin whales are also largely absent
from areas where they can be easily studied during that season. A method based
on summer sounds could be more easily compared with other monitoring
methods such as visual surveys. Such methods are also more precise in high
density areas such as feeding aggregations, thus allowing for a better calibration.
In addition, a number of the most prominent threats to fin whales such as ship
strikes (Panigada et al., 2006; Douglas et al., 2008) or the increase in ambient
noise (National Research Council, 2000; 2005) are likely to be more pronounced
in coastal waters frequented by fin whales in summer. Therefore, the aim of this
study was to provide a detailed quantitative description of summer sounds in
order to improve our knowledge of fin whale call repertoire and evaluate which
sound type may be most appropriate for acoustic census.

10

2. Geographic Variations in Northwest Atlantic Fin Whale (Balaenoptera
physalus) Song: Implications for Stock Structure Assessment

2.1 Abstract

The use of passive acoustic data in defining marine mammal populations or
stocks is receiving growing attention. Fin whale songs present a unique
opportunity to determine inter-population differences as their highly stereotyped
inter-pulse interval has been shown in some areas to be stable over time and to
vary among areas. In this study I compared the song structure of two feeding
aggregations of fin whales (Balaenoptera physalus), in relative geographic
proximity, from the Gulf of St. Lawrence (GSL) and Gulf of Maine (GoM).
Classification trees showed that GSL songs differ significantly from those in the
GoM over the time periods sampled. My results are consistent with those derived
from other stock structure assessment methodologies, such as chemical
signature or photo-identification analysis, suggesting that fin whales in these
areas may form separate management stocks. Thus, the analysis of song
structure could provide a useful and cost-efficient tool for determining units over
temporal and geographical scales relevant to management objectives. However,
an improved understanding of the role of vocal learning and male dispersal on
geographic variation in song structure is needed before this tool can be fully
functional.
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2.2 Introduction

Effective management of cetacean populations requires a working knowledge
of their stock structure. In this chapter I use “stock” to refer to groups of
individuals of the same species that are demographically, but not necessarily
genetically, independent. Specifically, gene flow between different stocks can
happen provided it has little to no impact on local demographic patterns. Stock
structure has generally been assessed using genetics, tagging, photoidentification or morphological and demographic data collected on harvested
animals (e.g. Bérubé et al., 1998; Mitchell, 1974; Clapham and Palsbøll, 1999).
Considered individually, each of these methods can lack the power to detect
differences of importance to management, and a number of authors have called
for a multidisciplinary approach to assess stock structure (Clapham et al., 2008;
Mellinger and Barlow, 2003; Donovan, 1991). For instance, a combination of
photo-identification studies and genetic data was necessary to define an
accurate population model for North Atlantic humpback whales (Megaptera
novaeangliae) (Smith et al., 1999). Analyzed on their own, the genetic data
represented how feeding aggregations interacted historically and thus are only
partially relevant to assessing present day differentiation within species
(Clapham and Palsbøll, 1999; Taylor, 1999). This example demonstrates one of
the main weaknesses of genetic-based stock assessment; specifically that
genetic data reflect millennia of evolution and may not evolve quickly enough to
track structural changes that are temporally meaningful to management, whose
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time frame is often decadal at most (McDonald et al., 2006; Clapham et al.,
2008).

Among the alternatives recommended to conduct or improve population
structure assessments, acoustic methods are among those most commonly cited
as worthy of further investigation (Mellinger and Barlow, 2003; McDonald et al.,
2006). For example, Mellinger and Barlow (2003) suggested assessing
population structure using acoustics, and then using a secondary method—such
as genetics—to ground-truth assessment. More importantly, they noted the
importance of examining the relationship between acoustic and genetic
differences in cases where acoustic metrics are used to assert population
structure.

The case of using baleen whale song as a proxy for stock identity has been
elegantly made by Hatch and Clark (2004) and McDonald et al. (2006). It relies
essentially on the growing body of evidence indicating regional variations in
vocalizations in a number of terrestrial and marine species, including several
marine mammal species (see McDonald et al., 2006). Although some
researchers argue that acoustic signals may be too susceptible to environmental
or social factors to be stable and thus reliable indicators of stock structure
(Harvey and Pagel, 1991), they may reflect intraspecific variation that is relevant
to management but too recent or non-linear to be apparent in the genome (Hatch
and Clark, 2004). More particularly, in species where genetic assessment of
population structure is hindered by logistic difficulties in collecting sufficiently
13

large sample sizes of tissue, geographic variations in songs may offer a reliable
alternative, provided they track meaningful biological units from a management
point of view.

Broad-scale acoustic population assessments, largely without genetic groundtruthing have already been conducted or contemplated for several species.
McDonald et al. (2006) report on the existence of nine distinctive blue whale
(Balaenoptera musculus) songs worldwide and suggest using this acoustic
population framework for management purposes. Humpback whale songs also
vary between, and to a limited extent within, oceanic basins (Winn et al., 1981)
and have been suggested as a stock indicator (Payne and Guinee, 1983). Sperm
whales (Physeter macrocephalus) populations may be best managed at the clan
level; clans can be easily identified by their codas (Rendell and Whitehead,
2003). Killer whale (Orcinus orca) dialects have also been proposed as stock
indicators (Ford and Fisher, 1982). Finally, fin whales (B. physalus) are known to
produce geographically distinctive songs, and several authors have hypothesized
using this to identify populations (Watkins et al., 1987; Hatch and Clark, 2004;
Thomson et al., 1992; Clark et al., 2002). However, such observations have
typically targeted comparison of individuals at distant sites, thereby maximizing
the possibility of comparing different populations. To date, no studies have
compared the structure of songs produced in proximate areas such as adjacent
or neighboring feeding grounds.
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Central questions regarding fin whale stock structure remain unanswered
(Coakes et al., 2005; Waring et al., 2007; Donovan, 1991), primarily as a result of
their pelagic distribution and their typically large, sometimes overlapping, and still
partly unknown, ranges (Mizroch et al., 1984; Kellogg, 1929). Historically, fin
whale stock assessment in the North Atlantic has relied heavily on biological and
demographic data from harvested animals to separate stocks and delineate
geographic ranges (Bérubé et al., 2006), but the results are still considered with
caution. More recently, genetic studies revealed a stock structure characterized
by isolation-by-distance (Bérubé et al., 1998) but failed to detect genetic
divergence at small spatial scales. Within this context, the determination of stock
identity using acoustic signatures in fin whales has great potential: fin whale lowfrequency (LF) calls have the potential to propagate over long distances (Payne
and Webb, 1971), thus maximizing their detection, and fin whales are the most
commonly recorded species in the North Atlantic (Clark, 1995). In addition, the
structure of their songs—repetitive sequence of pulses centered around 20Hz
and characterized by a highly stereotyped pulse interval (e.g. Watkins et al.,
1987)—varies geographically and yet remains stable over time in some areas
(Hatch and Clark, 2004).

In the northwest Atlantic, the IWC recognizes two stocks centered around
Nova Scotia (NS), and Newfoundland–Labrador (NL) (Sergeant, 1977). Size
differences and differential rates of decline during a short period of exploitation
(1965-1972) off the Canadian Atlantic coast provided support for some degree of
population structure between whales in NS and NL (Mitchell, 1974; Sergeant,
15

1977). Although concurrent tagging experiments indicated movements between
the Scotian shelf and NL (representing ~10% of tag recaptures), they were not
sufficient to offset the higher rate of decline around NS, thereby leading the IWC
to consider two stocks (Mitchell, 1974; Sergeant, 1977). More recently, Breiwick
(1993) reanalyzed the whaling dataset and confirmed Mitchell’s hypothesis
(1974); the current stock definition has not been reexamined since that time.

In this paper, I re-assess the stock structure of northwest Atlantic fin whales
using the structure of their song with a special emphasis on the connection of
GSL fin whales to those in adjoining areas, particularly in the GoM. Previous
studies comparing contaminant loads (Hobbs et al., 2001) and residency and
movement patterns (Robbins et al., 2007; Coakes et al., 2005) provided evidence
that GSL fin whales are relatively isolated from whales in the GoM, Nova Scotia
or Newfoundland, even though limited movements occur between these areas.
On the other hand, Bérubé et al. (1998) found no evidence of genetic
differentiation between the GSL and the GoM, which could be explained by gene
flow, recent divergence, or interbreeding and prevents any conclusions regarding
the potential reproductive isolation of fin whales in these two area. These fin
whales are thus presently best described as belonging to distinct feeding
aggregations linked by limited genetic interchange.

Although several conservation laws and treaties apply to genetically isolated
populations, the level of population structure needed to achieve specific
management goals for most marine mammal species rarely requires complete
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population isolation. Here, I test if song structure can provide a way to identify
units that may not be populations or stocks as commonly defined, i.e. genetically
isolated (e.g. Endangered Species Act, 1973), but are isolated enough to be
considered separately from a management point of view. The results of the song
comparative analysis are compared to other stock assessment methods and
discussed with respect to fin whale management. Finally the influence of male
dispersal and vocal learning on geographic variations in song is also discussed.

2.3 Materials and methods

2.3.1 Recording equipment and schedule

Passive acoustic data were obtained using autonomous recording units
(ARUs) developed by Cornell’s Laboratory of Ornithology’s Bioacoustics
Research Program (http://www.birds.cornell.edu/brp/hardware/pop-ups). Each
unit contains batteries, a hydrophone, and a computer hard drive encased inside
a 17-inch pressurized sphere. Recordings were obtained at three sites. In the
GSL, recordings were obtained from September 2005 to May 2006 on a 1hour
on/1hour off duty cycle near Forestville, QC, in the St. Lawrence Estuary (Figure
2.1). In the GoM, recordings were obtained at two locations: near Mount Desert
Rock (MDR) from late June until mid-September 2006 and 2007 and within the
Stellwagen Bank National Marine Sanctuary (SBNMS) from January to March
2006 and intermittently from September 2006 to February 2007 (Figure 2.1)
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Figure 2.1 Map of the study area showing the three recording locations. The solid
line indicates the current IWC boundary between the Newfoundland-Labrador
and Nova Scotia fin whale stocks.
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(Table 2.1). The ARUs were programmed to record at a sampling rate of 2000Hz
for SBNMS and MDR and at 1000Hz in the GSL. Effective frequency response
range for each system can be calculated as half the value of the relevant
sampling rate (that is,

1000Hz and

500Hz respectively).

2.3.2 Fin whale songs and definition

A fin whale’s song is a stereotyped, repetitive sequence of LF downsweeping
pulses approximately one second in duration and centered around 20 Hz
(Watkins, 1981; Watkins et al., 1987; Thomson et al., 1992) (Figure 2.2). Song
structure is far less complex than in closely-related baleen whale species.
Sequences of pulses lasting approximately 3 to 20min are separated by periods
of silence—here called rests—often associated with surfacing episodes. Several
sequences form a bout; bouts are typically isolated from other bouts by at least
2h and last up to 32h. Within a sequence, individual pulses are separated by
stereotyped intervals, called pulse intervals (PI), measured from the beginning of
a pulse to the beginning of the next one (Watkins et al., 1987). PIs show little
intra- or inter-individual variation within a geographical area. Differences in PI,
and to a lesser extent median note frequency, have been found to explain up to
82% of the variation between songs from different areas and persist over periods
of years despite limited intra- and inter-annual variation (Hatch and Clark, 2004).
Thus, PIs provide a good measure of acoustic divergence when comparing
songs recorded in different areas.
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Table 2.1 Deployment schedule of autonomous recording units in the Gulf of St.
Lawrence, in the Stellwagen Banks National Marine Sanctuary (SBNMS) and
near Mount Desert Rock

Year
deployed
2005
2006
2006
2006
2006
2006
2007

Area

Location

Gulf of
St.Lawrence
Gulf of
Maine
Gulf of
St.Lawrence
Gulf of
Maine
Gulf of
Maine
Gulf of
Maine
Gulf of
Maine

Forestville, Qc
(48º30’ N, 69º06’ W)
SBNMS
(42º15’ N, 70º15’ W)
Forestville, Qc
(48º30’ N, 69º06’ W)
Mount Desert Rock
(44º04’ N, 67º55’ W)
SBNMS
(42º15’ N, 70º15’ W)
SBNMS
(42º15’ N, 70º15’ W)
Mount Desert Rock
(44º04’ N, 67º55’ W)
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Recording period
19 Oct 2005 - 4 Feb 2006
01 Jan 2006 - 26 Mar 2006
05 Apr 2006 - 19 Jun 2006
28 Jun 2006 - 17 Sep 2006
07 Sep 2006 - 23 Nov 2006
05 Dec 2006 - 18 Feb 2007
01 Sep 2007 - 01 Oct 2007

Figure 2.2 Two sequences of 20Hz pulses separated by a rest. Time in h:min:sec
on the x-axis; frequency in kHz along the left y-axis. The spectrogram was
generated using a Hanning window, 2048-point FFT, 75% overlap and a
window length of 0.5

21

2.3.3 Song selection

Passive acoustic data were visualized and analyzed using the eXtensiBle
Acoustic Tool software (XBAT; http://www.xbat.org). Spectrogram parameters
were standardized to maintain constant time and frequency resolution for
recordings sampled at different rates. An automated detector was built using the
XBAT template detector tool to search for sequences of 20Hz pulses in each of
the three data sets. Given the large amount of songs recorded in all areas, the
following process was applied to select specific sequences for analysis. Only
sequences that could be unambiguously attributed to a single singer and
containing pulses with a high signal-to-noise ratio were considered. In order to
lower the risk of non-independence of data each selected song had to be at least
24hrs apart but preferably several days apart. Only songs containing a minimum
of 100 usable pulses, which typically corresponds to two to four sequences, were
considered for analysis. From all the suitable songs, I selected a random,
temporally stratified subset from each area for analysis.

2.3.4 Song analysis

For each singer, PIs were measured and collated to create a histogram using
frequency bins of 0.5 s. PIs corresponding to, or occurring during, rests were not
included. Histograms were classified as unimodal or bimodal and characterized
by a dominant, and in the latter case a secondary, PI defined by the following
method. For unimodal distributions, the dominant PI was defined as the midpoint
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of the bin containing the highest PI proportion and representing at least 50% of
all PIs. If no bin satisfied these conditions, up to two bins adjacent to the highest
one were merged. If their cumulative PI percentage was above 50%, the value of
the resulting dominant PI was calculated as the average of the bin midpoints. For
example, in Figure 2.3 the highest bin contained only 37% of PIs so it was
merged with the highest adjacent bin; the dominant PI was thus calculated as
11.5 s.

If the distribution was clearly bimodal, the midpoint of the bin containing the
highest PI proportion above 30% was defined as the dominant PI; the secondary
PI was defined as the midpoint of the bin no less than 5s from, and with at least
half the PI proportion of, the dominant bin. Up to three adjacent bins could be
merged to meet these conditions, as explained for dominant PIs. Dominant and
secondary PIs were compared between both recording areas (GSL vs. GoM) and
within the GoM (MDR v. SBNMS) using Mann-Whitney U-tests.

I also investigated geographic and individual variations in song structure with
classification trees using R (R Development Core Team 2004, http://www.Rproject.org) and the RPART library (Therneau and Atkinson, 2004). To test for
geographic variations, all PIs were pooled for each recording area; to test for
individual variations, all PIs of each singer were pooled. In both cases, data were
split into increasingly homogeneous groups based on PIs and the variation
explained by the split was visualized graphically through the depth of the split (for
a detailed explanation of classification trees, see Risch et al., 2007).
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Figure 2.3 Pulse interval frequency distribution of a song sequence recorded in
the Gulf of St. Lawrence on October 28th 2005.
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I also compared right-side photographs of individual fin whales (see Agler et
al., 1990) seen in 2005 and/or 2006 in the GoM, archived in the North Atlantic Fin
Whale Catalog (NAFWC; curated by College of the Atlantic, Bar Harbor, Maine,
U.S.) to individuals seen in the GSL (archived in the fin whale catalog curated by
Mingan Island Cetacean Study in Quebec, Canada) (Robbins et al., 2007) in
order to evaluate the occurrence of movements between both areas during the
study period. Only GoM whales previously matched or added to the NAFWC
were compared to the GSL catalog. Whales were matched by one author (JD)
with seven years of fin whale matching experience, and matches were confirmed
by an experienced technician at College of the Atlantic.

2.4 Results

The results are based on the analysis of 19 songs from the GSL (2235
pulses), 10 songs from MDR (1597 pulses) and 19 songs from SBNMS (2434
pulses). Songs in the GSL had a mean dominant PI of 11.68 s (n=19; SE=0.06).
In the GoM, the overall PI frequency distribution was bimodal. At MDR, PIs
peaked at 9.22s (n=8; SE= 0.09) and 15 s (n=5; SE=0.0). At SBNMS, PIs peaked
at 9.15 s (n=12; SE=0.12) and 14.89 (n=7; SE=0.19) (Table 2.2).

The frequency distribution of PIs in the GSL and GoM were markedly different
(Figure 2.4). The only noticeable overlap in frequency distribution occurred for
PIs between 10.5 and 11 s and represented 8.0% of all GSL PIs; 5.1% and 1.3%
of all PIs at SBNMS and MDR, respectively; and 7.9% of SBNMS
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Table 2.2 Dominant and secondary pulse intervals (PI) for song sequences
recorded in the Gulf of St. Lawrence and the Gulf of Maine.

Gulf of St. Lawrence
1ary 2ary
Date
Area
PI
PI
9/18/05 GSL 11.5 9/27/05 GSL 11.5 10/8/05 GSL 11.5 10/12/05 GSL 11.5 10/20/05 GSL 12
10/22/05 GSL 11.5 10/28/05 GSL 11.5 10/31/05 GSL 11.5 11/4/05 GSL 11.5 11/7/05 GSL 11.5 11/10/05 GSL 11.5 11/13/05 GSL 12
11/15/05 GSL 12
11/22/05 GSL 11.5 11/25/05 GSL 12
12/5/05 GSL 12
12/6/05 GSL 12
12/11/05 GSL 11.5 12/13/05 GSL 12
-

n

Date

123
127
100
122
115
135
108
133
124
105
120
101
119
131
105
119
112
100
136

1/6/06
1/11/06
1/20/06
2/14/06
2/20/06
3/12/06
8/29/06
8/31/06
9/2/06
9/8/06
9/9/06
9/15/06
9/19/06
9/25/06
10/1/06
10/8/06
10/15/06
11/6/06
11/15/06
11/23/06
12/5/06
12/13/06
1/3/07
1/24/07
9/1/07
9/7/07
9/10/07
9/14/07
9/21/07
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Gulf of Maine
1ary
Area
PI
SBNMS 14.5
SBNMS 15.25
SBNMS 15
SBNMS 15.5
SBNMS 15
SBNMS 15
MDR
15
MDR
15
MDR
9.25
MDR
15
SBNMS 8.75
MDR
15
SBNMS 14
SBNMS 8.5
SBNMS 8.5
SBNMS 9
SBNMS 9
SBNMS 9.75
SBNMS 9.25
SBNMS 9
SBNMS 9.5
SBNMS 9.5
SBNMS 9.75
SBNMS 9.25
MDR
8.75
MDR
9.5
MDR
9.25
MDR
9.25
MDR
8.75

2ary
PI
9
9.5
15
-

n
100
125
155
111
121
161
379
167
144
164
107
103
100
114
142
106
160
122
136
118
136
117
151
152
150
128
110
150
102

GSL

1000

MDR
SBNMS
750

500

250

0
<=7

8.75

10.75

12.75

14.75

16.75

Figure 2.4 Overall pulse interval frequency distribution measures for fin whale
songs from the Gulf of St. Lawrence (GSL; n=2234), Mount Desert Rock (MDR;
n=1597) and Stellwagen Bank National Marine Sanctuary (SBNMS; n=2432).
Frequency bins were 0.5 s in width.
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and 2.1% of MDR PIs centered around the short PIs peak. Although the PI
frequency distributions at MDR and SBNMS were statistically different (Pearson
2

= 233.275; p<0.001), they followed the same pattern and songs recorded in

these areas exhibited a similar structure, as shown in Figure 2.4.

The classification tree representing geographic variations revealed differences
in the structure of songs recorded in the GSL and GoM (Figure 2.5). The first split
separated songs from SBNMS and MDR characterized by the short PI (~9.2 s)
from the other ones. The second split separated songs from SBNMS and MDR
characterized by the long PI (~15 s) from GSL songs. SBNMS and MDR songs
could not be differentiated. The classification tree representing inter-individual
variations showed the same pattern (Figure 2.6). Singers split into three groups
reflecting the three types of PI described above. Most of the variation in this tree
was explained by the second split separating GSL singers and GoM singers
producing short-PI songs. Fin whales singing a particular song type could not be
further differentiated.

Non-parametric tests revealed that short and long PIs at both GoM locations
were not different. GoM PIs for songs recorded at MDR (short PI: p<0.001; long
PI: p<0.001) and SBNMS (short PI: p<0.001; long PI: p<0.001) were significantly
different from GSL songs. This remained true when both GoM locations were
pooled (short PI: p<0.001; long PI: p<0.001). The comparison between the GSL
songs and those recorded at SBNMS in winter 2006 (long PI) was the only one
involving songs from the same presumed breeding season.
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Figure 2.5 Classification tree showing how songs recorded in the Gulf of St.
Lawrence (GSL), Stellwagen Bank National Marine Sanctuary (SBNMS) and
Mount Desert Rock (MDR) split based on pulse intervals (PI). SBNMS and MDR
sites were both in the Gulf of Maine (GoM). At each split the PI cutoff values are
represented and the two nodes labeled SBNMS/MDR each represent one of the
two PI recorded in the (GoM). The vertical depth of each split indicates the
proportion of total variation in the data explained by it.
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Figure 2.6 Classification trees showing how singers from the Gulf of St.
Lawrence (GSL), Mount Desert Rock (MDR) and Stellwagen Bank National
Marine Sanctuary (SBNMS) are split based on the pulse intervals of their songs.
See Figure 2.5 legend for further details. The two nodes labeled MDR/SBNMS
each represent one of the two PI recorded in the (GoM).
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In the GoM, songs recorded during the winter 2006 were different from those
recorded in and after fall 2006, with an apparent transition period. Songs
recorded in January through March 2006 at SBNMS were all characterized by a
long (~15 s) PI. However, I found both the short and long song structure among
the songs recorded in August and September 2006 at both SBNMS and MDR.
From October 2006 and until September 2007, songs were all characterized by a
short PI at both locations (Figure 2.7).

Three

songs

recorded

at

MDR

incorporated

both

PIs;

sequences

characterized by one PI were usually separated from sequences incorporating
the other PI by a break; that is, consecutive pulses within a sequence were
separated by the same PI (Figure 2.8).

Fifty four GoM fin whales were matched or added to the North Atlantic Fin
Whale Catalog in 2005 and 2006. Forty seven were photographed on their rightside and had picture quality compatible with reliable matching. Only one fin whale
(2.1%) was sighted in both the GoM and GSL during the study. It has been
sighted 12 times since 1988, including once in 2005, in the GoM. The 2006 GSL
sighting was the first one for that whale in the area.
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Figure 2.7 Dominant pulse intervals temporal distribution for songs recorded at
Mount Desert Rock (MDR) and Stellwagen Bank National Marine Sanctuary
(SBNMS).
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Figure 2.8 Song sequence recorded at Mount Desert Rock on August 29th 2006
and incorporating two different types of pulse intervals alternatively. Time in
hr:min along the x-axis.
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2.5 Discussion

2.5.1 Comparison of results with other stock structure assessment
methods

The results of the song structure analysis indicate that GSL songs differ from
those recorded at MDR and SBNMS (hereafter referred to as GoM) and provide
an efficient way to characterize feeding aggregations. Fin whale stock structure
in the Northwest Atlantic has previously been assessed using several recognized
methods. First, several GSL fin whales were tagged during the 1965-1972
eastern Canadian whaling period but none were resighted in either NS or NL
(Mitchell, 1974). In addition, population estimates derived during the same period
remained relatively constant while adjacent stocks under exploitation were
declining. If GSL and NS or NL fin whales belong to the same stock and mix
homogeneously, all areas, even if not exploited, should have been expected to
experience some degree of decline. Thus, GSL fin whales may be relatively
isolated from NL or NS (Mitchell, 1974; Sergeant, 1977).

Second, levels of PCBs and persistent organochlorine pollutants in the
blubber of fin whales caught in NS and NL during the 1965-72 whaling period
and sampled using biopsy darts in the GSL in the early 1990s (Gauthier et al.,
1997) suggested that GSL fin whales are not part of the NL stock and are
relatively distinct from NS whales (Hobbs et al., 2001).
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Third, fin whales in the northwestern Atlantic exhibit strong site fidelity to their
feeding grounds. Forty three percent of GoM individuals were sighted at least
twice between 1974 — 2006 (Agler et al., 1992; Robbins et al., 2007) and the
same pattern has been observed in the GSL where 55% of individuals were
sighted twice or more between 1982 — 2006 (Mingan Island Cetacean Study,
unpublished data; Edds and Macfarlane, 1987; Robbins et al., 2007). In addition,
a recent study noted that of 57 fin whales photo-identified off Halifax, NS, in
1997, nine had also been seen in the GoM, four in the GSL, and one in both
areas (Coakes et al., 2005). Considering the number of individuals known in both
areas (~840 in the GoM, ~430 for the GSL; Robbins et al., 2007), this suggests
that very little movement occur between the two areas, even though some mixing
between GoM and GSL fin whales may occasionally occur. The fact that 15.8%
of fin whales sighted off NS were known GoM individuals also supports the idea
that GoM animals belong to the NS stock, a hypothesis first proposed after
several whales tagged near Georges Bank were recaptured on the Scotian shelf
(Mitchell, 1974)

Thus, residency and movement patterns as well as differences in population
trends and contaminant loads suggest that GSL fin whales are relatively isolated
from adjacent stocks. This study showed that comparative song structure
analyses agree with other stock structure assessment methods. In addition, it
provided evidence that songs differ on a relatively small spatial scale. Finally, it
confirmed recent findings indicating that estimates of genetic and acoustic
divergence are not correlated (Hatch and Clark, 2004). Indeed, Bérubé et al.
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(1998) found no evidence of genetic differentiation between GSL and GoM. The
fact that the samples used in these genetic analyses were collected on two
feeding grounds known to exchange a small number of individuals associated to
evidence indicating that fin whales in these areas may be at an early stage of
divergence may limit the use of genetics in defining biological populations for that
species. Interbreeding groups of individuals are often at the center of
conservation and management objectives (e.g. Marine Mammal Protection Act
(1972)). However, interconnected units that retain a high level of demographic
independence while potentially interbreeding, such as proximate fin whale
feeding aggregations, may experience different source and level of mortalities
and may require different conservation policies. In that regard, fin whale songs
appear to provide a way to characterize and track individuals from different
feeding aggregations.

2.5.2 Temporal trends in song structure

Hatch and Clark (2004) observed that, in some Northern hemisphere areas,
fin whale song structure was stable over periods of years. It is worth noting that
the 11.7 s PI characterizing the GSL (this study) is very similar to the 12s PI
described by Watkins et al. (1987) for the Bermuda area between 1958 – 1980. If
songs are indeed a component of mating behavior, fin whales recorded in the
GSL and off Bermuda could belong to the same breeding population. However,
whether GSL fin whales take part in the acoustically-detected winter movement
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between Newfoundland and the West Indies past Bermuda (Clark, 1995), and
thus potentially mix with other stocks, remains unknown.

PIs of songs from the northwestern Atlantic were previously found to peak
around 9 s and 14 s (see Hatch and Clark, 2004, Figure 4). Both values,
measured for songs recorded in the winters of 1994, 1995, 2002 and 2003 are in
agreement with my recording from 2005-6 and 2007 in the GoM. In addition,
Hatch and Clark (2004) recorded both song types sequentially and not
simultaneously, starting with songs characterized by the short PI. In this study,
the reverse pattern was observed: the initial period was characterized by long
PIs, followed by a short transition period during which both PIs were recorded
while the final recordings contained only short PIs. The transition also appears to
have taken place at the same time at MDR and SBNMS (Figure 2.7) and one can
speculate whether my recordings overlap the transition period from one song
type to the other. Regardless, it seems that song structure in the GoM varies in a
non-random way over relatively short time period.

One type of song structure described by Watkins et al. (1987) for the GoM
region in 1978 was characterized by PIs averaging 8.46 s, a value not too
different from the 9-9.2 s PI recorded by Hatch and Clark (2004) and this study.
Therefore, at least on a decadal time scale, fin whale song structure remains
fairly constant and can be used to characterize geographic areas and groups of
individuals living in those areas. I did not find any doublet patterns as described
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for the GoM over 30 years ago (Watkins et al., 1987) and other areas (Thomson
et al., 1992; Hatch and Clark, 2004).

2.5.3 Causes of song variations

Hatch and Clark (2004) found that estimates of genetic divergence were not
correlated with geographic variations in song structure, so that genetically similar
males are more likely to sing different songs. Consequently, males in acoustic or
physical contact are more likely to sing different songs than distant males. This
finding could explain differences observed in this study. In winter, fin whales are
forced out of the GSL by ice. After leaving the GSL, Sergeant (1977) reasoned
that fin whales might potentially winter off Nova Scotia waiting for the ice to
retreat. There, they might come in contact with fin whales from adjacent stocks.
Character displacement theory predicts that under conditions where reproductive
signals could attract mates from different populations, selective forces should act
on calls to become regionally distinctive (Bradbury and Vehrencamp, 1998;
Hatch and Clark, 2004). Fin whale songs are thought to be male reproductive
displays (Croll et al., 2000; Watkins et al., 2000). Recordings of songs in fall,
winter, and spring in the GoM and other northern North Atlantic areas (Clark,
1995; Watkins et al., 1987) as well as observations of singers displaying
apparent courtship behavior in the GoM (Watkins et al., 1987) suggest that
breeding could be taking place, at least partly, on the feeding grounds.
Therefore, it is reasonable to presume that the different songs recorded in the
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GoM and GSL may have originated from the temporary range overlap of two or
more stocks during the breeding period due to seasonal changes in distribution.

Sergeant (1977) suggested that fin whale movements between NS and NL
observed through tag-recapture experiments (Mitchell, 1974) could also be
explained by seasonal, parallel movements of both stocks. Under that
assumption, fin whales from NL migrate south towards the Scotian shelf and the
GoM in winter, thereby replacing, or intermingling with, NS whales. In the model
involving intermingling, which assumes a resident NS population (Brodie, 1975),
character displacement theory also predicts the evolution of different songs. This
could explain the presence of two song types in the GoM. Population-specific
songs may have evolve to ensure assortative mating which could, in turn, explain
morphological and demographic differences observed between individuals
caught off NS and NL (Mitchell, 1974; Breiwick, 1993). If these represent
adaptations to local environmental conditions and relate to differential seasonal
food availability (Brodie, 1975), non-random mating may be selected for to
prevent the conception of lower-fitness offspring, as shown in other taxa (Coyne
and Orr, 1989).

The hypothetical winter range overlap of adjacent stocks in the GoM should
correlate with the simultaneous recording of their respective songs but we found
this not to be the case. This temporal segregation cannot be explained by spatial
segregation since both song types were recorded at both locations. Thus,
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although the potential winter range overlap of NS/GoM and NL fin whales
provides a plausible explanation for the evolution of different songs based on
character displacement theory, my observations are not consistent with this
hypothesis. GoM fin whales may in fact be characterized by songs whose
structure alternates on a multi-year basis. Despite this shift, these songs appear
to characterize the GoM feeding aggregation consistently and could also be used
to track fin whales from this area.

2.5.4 Male dispersal and vocal learning

A song’s local stability over periods of years (Hatch and Clark, 2004) argues
against the fact that a few permanent migrants could alter song structure within
an area. In humpback whales, a small number of immigrants revolutionized the
song of a breeding population off eastern Australia in less than 3 years, but this
pattern seems rather exceptional and has never been observed in other species
of birds or mammals (Noad et al., 2000). However, a number of studies have
pointed out the existence of a possibly important gene flow between fin whale
populations (Bérubé et al., 2006; Hatch and Clark, 2004; Palsbøll et al., 2004), by
which up to 20% of individuals in an area could be immigrants. This might explain
the lack of concordance between geographic patterns of acoustic and genetic
variation (Hatch and Clark, 2004). Studies on birds have revealed the same
phenomenon in a number of species (Wright and Wilkinson, 2001; Hafner and
Peterson, 1985) and post-dispersal vocal learning in males was found to be
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critical in preventing populations from diverging genetically while maintaining
local dialects (Wright et al., 2005; Ellers and Slabbekoorn, 2003).

Whether fin whales inherit the structure of their song genetically or learn it
from conspecifics is unknown. A number of studies have shown vocal learning
abilities at various life stages among cetacean species. In bottlenose dolphins
(Tursiops truncatus), individualized signature whistles are not inherited and
calves gradually develop their own whistle over the first six months of their life
(Caldwell and Caldwell, 1979; Caldwell et al., 1990). The social environment
appears to be a strong determinant of their acoustic repertoire, and dolphins
often derive their signature whistle from that of their mother or associated
animals (Sayigh et al., 1990; Smolker and Pepper, 1999). Several studies have
also shown that bottlenose dolphins can imitate the whistles of conspecifics
(Smolker and Pepper, 1999; Janik, 2000). Killer whales provide some of the best
evidence of vocal learning and cultural transmission of vocalizations that result in
the evolution of acoustic clans (Ford, 1991). In humpback whales, all males from
a given breeding ground sing a constantly evolving song following the
introduction of novelties by individual whales which are then adopted by the rest
of the singing population (Payne et al., 1983). This was interpreted as evidence
of vocal learning and cultural transmission (Guinee et al., 1983).

The finding that vocal learning is present in both cetacean suborders raises
the possibility of its existence in a common ancestor. Robust mitochondrial and
nuclear markers have determined, with confidence, that fin and humpback
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whales are closely-related taxa (Hatch et al., 2006; Rychel et al., 1994; Nishida
et al., 2003). There is also evidence of long-term differences in the structure of fin
whale songs between geographically-proximate areas even though males
occasionally disperse (Hatch and Clark, 2004). If males were to keep the
structure of their natal song after dispersing, songs would be expected to be
homogenous at least on small spatial scales, which I found not to be the case.
Therefore, it is not unreasonable to suggest that fin whales may also be capable
of vocal learning.

This hypothesis has strong implications for the use of songs in assessing
stock structure. A newborn male fin whale will presumably first hear and learn the
song produced by conspecifics belonging to the same population as its mother
(Hatch and Clark, 2004), thereby maintaining its geographic discreteness. If male
fin whales can learn new songs after dispersing, they may adjust to the local
song of their new environment. The selective pressure for song matching will
depend on the role of singing in the mating system of fin whales, and whether
singing the local song improves a male’s reproductive fitness, as seen in birds
(Payne, 1982).

2.5.5 Implications for acoustic stock structure assessment

The main purpose of this paper was to assess the use of fin whale songs for
characterizing feeding aggregations. Given that some movements occur between
feeding grounds, it is important to consider and differentiate the impacts that
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permanent dispersal and seasonal movements may have on their acoustic
signature. Seasonal movements may result in temporary range overlap that
could confound stock structure assessments but should theoretically have no
impacts on the long-term composition of a stock. In fin whales, range overlap is
likely to be caused by environmental factors leading to shifts in prey type or
abundance (Payne et al., 1990) and should be temporary and most prominent
during the feeding season. Temporary sympatric fin whale populations that
intermingle to exploit productive areas but not to mate are likely to retain the
original structure of their song. Considering that songs can be recorded as early
as September when fin whales usually still frequent their feeding grounds,
acoustic sampling of feeding aggregations may provide a better knowledge of the
distribution and range overlap of adjacent stocks that have been characterized
acoustically.

There is genetic evidence suggesting that some males are successful postdispersal breeders (Hatch and Clark, 2004). However, whether these males
return to feed in their maternal feeding ground (Clapham and Seipt, 1991) or
remain permanently in the area they migrated into as well as the corresponding
evolution of their song is unknown. Both cases have different implications
regarding stock affiliation but more data are needed to quantify the duration,
spatial extent and bias in sex ratio of dispersal in order to evaluate their impacts
on geographic song variations.
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A potential drawback of using songs as a stock assessment tool is that songs
are a male behavior and song-based surveys would therefore not consider
females. However, if songs are indeed a mating display, and given the
geographic discreteness of various song types, males should be expected to sing
in presence of females of their respective stock while females should respond to
songs from same-stock males. Thus, acoustic sampling could potentially
delineate stocks encompassing the range of both males and females. However,
the precise function of songs in the mating system is unknown. In the GoM,
singers often appear to be separated by several kilometers (Watkins et al.,
1997), but vocalizing males were recorded as close as 200m apart in the Sea of
Cortez (Thomson et al., 1992). Singing does not appear to induce approach by
nearby, non-vocalizing whales (Watkins et al., 1987). Investigating the role of
singing in the fin whale mating system would resolve the remaining uncertainty
surrounding the validity of using songs as a stock structure assessment tool and
help determine males’ probability to change their songs post-dispersal and/or
when moving accross different feeding aggregations.

2.6 Conclusion

This study shows that geographic song variations are consistent with
population structure model derived from differences in contaminants loads,
demographic parameters and residency patterns. Based on my data and
previous research, GSL fin whales should be considered a separate stock for
management purposes. Despite movements between areas, songs seem to be
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reliable regional indicators and could therefore offer an appropriate mean to
define management units, in particular at small spatial scales where genetic
assessments may be affected by spatial overlap and gene flow. The Northwest
Atlantic meta-population presents an ideal opportunity to further test the
applicability of acoustic stock structure assessment in fin whales. Studies to
better quantify the rate of movements between the GSL, GoM, NS, and NL
concurrently with thorough acoustic and genetic sampling could help resolve the
uncertainty regarding the potential impact of movement patterns and vocal
learning on geographic variations in song structure. It would also improve the
current knowledge regarding the relationship between acoustic and genetic
divergence.
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3. Summer Fin Whale Calls in the Northwest Atlantic: Characterization and
Variation
3.1 Abstract
Although fin whales’ vocal repertoire is typically associated with 20-Hz
pulses, their summer sounds are dominated by several other call types whose
published descriptions remain rather limited. In this study, over 3750 h of
recordings collected in the Gulf of Maine and Gulf of St. Lawrence in summer
2006 and 2007 were scanned, and fin whale calls were separated into eight call
types defined on the basis of previous descriptions and reflecting the diversity of
sounds recorded in this study. Calls were characterized by their duration,
minimum and maximum frequency and bandwidth—variables which, when
considered together, accurately differentiated call types. Parameters of each call
type were also compared between both regions. Despite the potential biases
introduced by differences in recording equipment and protocols, our data
suggests geographic variation in calls between feeding aggregations.
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3.2 Introduction

Acoustic studies on fin whales (Balaenoptera physalus) started in the 1950s
with the investigation of 20 Hz sounds, apparently of biological origin, recorded at
several locations by the military and various oceanographers (Walker, 1963).
Schevill et al. (1964) were the first to attribute these sounds to fin whales; since
then, they have been extensively described in the North Atlantic by Watkins et al.
(1987) and several other investigators in other parts of the world (Thompson et
al., 1992; Clark et al., 2002; Edds, 1988; Hatch and Clark, 2004). 20-Hz pulses
are recorded year-round in some areas but are predominant in fall, winter and
spring (Clark, 1995; Watkins et al., 2000; Stafford et al., 2007)) when they occur
in stereotyped sequences called songs (Watkins et al., 1987).

20-Hz pulses are undoubtedly the best studied fin whale call. However, here
we focus on the other, lesser known call types that occur predominantly in
summer months. The first attempt at categorizing these calls was made by
Watkins (1981) who, in addition to documenting 20-Hz pulses, described three
types of calls produced in the North Atlantic: “Higher frequency sounds” (termed
here “HF downsweeps”) comprised a variety of generally downsweeping pulses
between 100 and 30 Hz, ranging mostly between 75 and 40 Hz; “ragged lowfrequency (LF) pulses” were broadband pulses below 30 Hz lasting between 0.1
and 1 s and sometimes with narrowband components at defined frequencies; “LF
rumbles” were similar to LF ragged sounds in nature but generally lasted
between 2 and 8 s.
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Edds (1988) described four other call types from the Gulf of St. Lawrence
feeding aggregation: “constant calls” lasted between 0.3 and 0.6 s, had a
bandwidth ranging between 2 and 6 Hz but did not modulate in frequency;
“upsweeps” had a similar frequency range to HF downsweeps but typically had
narrower bandwidth; “wavers” were calls with a consecutive frequency rise and
fall; and “simple tones” were narrowband calls, either flat, upsweeping or
downsweeping and centered between 129 and 150 Hz. Edds’ (1988) simple tone
corresponds to the upsweep note described by Hatch and Clark (2004) and is
usually associated with 20-Hz pulses. In addition, both Edds (1988) and Watkins
(1981) described non-vocal sounds that could have been by-products of feeding
or breathing.

Additional fin whale calls recorded in the Sea of Cortez have also been
described. Cummings et al. (1986) detailed two consecutive, approximately 1.5 s
long moans centered around 68 and 33 Hz. Although longer, these sounds
resemble Edds’ (1988) constant calls. In addition, Cummings et al. (1986)
described miscellaneous moans typically downsweeping and resembling the HF
downsweeps of Watkins (1981). These moans were short (0.6-0.7 s) and had
frequency sweep usually less than 20Hz. Thompson et al. (1992) primarily
described songs but also mentioned miscellaneous sounds with frequencies
ranging from 18 to 310 Hz. Most were frequency-modulated: 53% were
downsweeping, 17% upsweeping and 19% incorporated both upsweeps and
downsweeps, as in Edds’ “waver” call (1988).
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Overall, these descriptions are rather limited; for some call types, description
is based on very small sample sizes and may be insufficient to identify fin whale
calls unambiguously, in particular when visual confirmation of presence is
lacking. Humpback (Megaptera novaeangliae) (Dunlop et al., 2007), blue (B.
musculus) (Berchok et al., 2006), minke (B. acutorostrata) (Edds-Walton, 2000)
and potentially sei (B. borealis) whales all produce calls that could completely or
partially fall within one of the above call categories–most likely the HF
downsweeps. Thus, to prevent misidentification, it is essential to document
accurate baseline descriptions of fin whale calls and their natural variations.
Here, we provide average time and frequency characteristics, and estimates of
variation therein, for call types recorded in the summer on two North Atlantic
feeding grounds. In addition, spectrograms of all call types and their variants, if
any, are provided to aid in call identification. Such data are particularly useful
given that visual surveys are relying increasingly on acoustics to improve
detection rates, and that acoustic population assessments may eventually
become standardized field techniques (Mellinger and Barlow, 2003). Further,
although fin whales can be easily identified and located from their 20-Hz pulses,
the potential of acoustic surveys conducted in the summer may be limited by the
relatively rare occurrence of this call type in that season (Stafford et al., 2007;
Watkins et al., 2000). This in itself justifies improving our knowledge of fin whale
summer calls.

A second objective of this paper is to compare call measurements for the two
recording locations in the Gulf of St. Lawrence (GSL) and Gulf of Maine (GoM),
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thereby assessing any geographic variation. Although songs are known to vary
between areas (Hatch and Clark, 2004; Watkins et al., 1987), there is little
information regarding social calls produced during the summer. Edds (1988)
mentioned differences in call use between the GSL and the rest of the Northwest
Atlantic. Some GSL calls also appeared to be longer, but comparisons were
limited by the lack of quantitative call descriptions for other areas. Fin whales in
the GSL and the GoM are known to occasionally mix on their feeding grounds
(Coakes et al., 2005), which may prevent acoustic divergence. Alternatively,
environmental (Wiley and Richards, 1982) or population-based (Deecke et al.,
2000) selection pressures may result in geographic variation.

3.3 Materials and methods

3.3.1 Recording systems

Acoustic data were collected using different configurations of equipment. In
the northern GoM, two autonomous recording units (so called “pop-up” buoys)
developed by the Bioacoustics Research Program (BRP) at Cornell’s Laboratory
of

Ornithology

(http://www.birds.cornell.edu/brp/hardware/pop-ups)

were

deployed between June 29 and September 15 2006 near Mount Desert Rock
(MDR; 44º1’N, 68º6W) and the Schoodic Ridges (SR; 44º8N, 67º49W) (Figure
3.1). These hydrophones were moored at a depth of approximately 100 m. They
have a flat (± 1 dB) frequency response between 50 and 580 Hz and recorded
continuously at a sampling rate of 2000Hz and 16 bit resolution.
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Figure 3.1. Map of the study area. The Gulf of Maine (MDR and SR) recording
locations are indicated by black dots. The dashed area shows the Gulf of St.
Lawrence recording area.
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In the GSL, recordings took place in the Jacques Cartier Passage located
between the Mingan Islands and Anticosti Island (Figure 3.1) during the months
of June and July in 2006 and 2007. In 2006 recordings were obtained using
SSQ-53D DIFAR sonobuoys (Hermes Electronics Ltd.) suspended at a depth of
approximately 45 m from a 3 m spar buoy and modified to amplify and directly
record acoustic data on a solid state digital recorder (Microtrack 24/96, MAUDIO) packaged in the buoy. Signals were recorded at a sampling rate of 44.1
kHz and at 16 bit resolution. In 2007, I replaced the acoustic sensor with a HTI96-MIN (High Tech, Inc.) hydrophone providing a flat (± 3 dB) response between
4 and 8160 Hz.

3.3.2 Field methods

In the GoM, no dedicated sighting effort occurred in the vicinity of the two popups. However, I used opportunistic sighting data (time, position, species and
group size) collected by naturalists onboard whale-watch boats to determine
presence or absence of fin whales within a given radius of the pop-ups when
whale-watch boats were in the area. This information was primarily used to assist
in species identification for ambiguous calls recorded when only one species was
sighted.

In the GSL, I deployed the recording system in areas of high densities of
resident fin whales. I preferentially recorded in areas of high animal concentration
in order to maximize the number and quality of calls. Position relative to the boat
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(bearing and distance), surfacing (or time at first detected blow) and dive time,
group size and behavior of individuals in the vicinity of the buoy were noted.
Other species such as humpback whales, minke whales, harbor porpoise
(Phocoena phocoena), grey seals (Halichoerus grypus) and harp seals (Phoca
groenlandica) were often sighted among fin whale aggregations. The same
sighting data were collected for humpback and minke whales in order to assess
potential sources of ambiguous calls. Blue whales were never sighted in the
study area during the recording sessions or on the same days. The start and end
time of the recording as well as whale sightings were referenced to GPS time.
Recording sessions were limited to sea state conditions less than 3-4 (Beaufort
scale).

3.3.3 Call detection, classification and analysis

Acoustic data were visualized and calls were measured using the eXtensiBle
Acoustic Tool software (XBAT; www.xbat.org). Prior to starting the call detection
and measurement process, the GSL recordings were downsampled to 2000 Hz
so that the same spectrogram parameters could be applied to the whole data set.
Spectrograms were generated using a 2048-point Fast Fourier Transform, using
a Hanning window, with 75% overlap, and a 0.5 window length. The entire
acoustic dataset was scanned visually in order to locate fin whale calls.

Calls were classified into one of three quality categories: category A was
assigned to calls with sharp contours and high signal-to-noise ratio allowing
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identification to call type and precise time and frequency measurements;
category B included calls that were too faint for precise measurements to be
obtained but whose contours allowed call type identification; category C included
calls that could be reliably identified as fin whales’ but whose type and
parameters could no be determined and measured. Only calls in category A and
B were used in further analyses. Specifically, I only assigned calls in categories A
and B to call types. However, calls in category C are included in calculations of
overall fin whale call detections.

Calls were identified as originating from a fin whale on the basis of
resemblance to published descriptions wherever possible. However, the rather
simplistic descriptions of some call types initially resulted in my being unable to
associate a number of calls with fin whales, especially as other related species
have a diverse repertoire overlapping that of, and were often sighted or recorded
simultaneously with, fin whales. In the GSL, diverse, high quality recordings were
obtained on two occasions when fin whales were the only species sighted or in
the immediate vicinity of the hydrophones. During these recording sessions, high
signal-to-noise ratio and behavioral context allowed me to confirm that the source
of ambiguous sounds was one of the fin whales under observation. These calls
proved similar to calls described by previous investigators and provided a search
image for recordings where few visual sightings were available to confirm the
calling species.
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Call

parameters

measured

included

maximum

frequency,

minimum

frequency, duration and bandwidth and were estimated using XBAT. I used
multivariate analyses of variance on my data to test: 1) if call types could be
distinguished by use of the four chosen measurement parameters, thus testing if
these provided an appropriate representation of call discreteness; 2) if call types
were different between areas and which parameters accounted for the majority of
that difference.

3.4 Results

3.4.1 Call type description

I defined eight call categories based on previous descriptions (Watkins, 1981;
Watkins et al., 1987; Edds, 1988) and the diversity of calls recorded during this
study and named them by letters for convenience. Their parameters are
summarized in Table 3.1.

Call type A encompasses 20-Hz pulses, as defined by Watkins et al. (1987),
which are primarily produced as components in song. In this study, short, LF
pulses with a maximum frequency less than 27 Hz were labeled as A-calls
(Figure 3.2). We chose this boundary as it corresponds both to the 95th percentile
of all maximum frequency measurements of pulses making up songs recorded in
the same areas (Delarue et al., unpublished data), and also to previous findings
by Watkins et al. (1987) suggesting that 20-Hz pulses’ maximum frequency in the
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Table 3.1. Mean±SD, range and median spectrogram parameters for eight call
types measured in the Gulf of Maine and Gulf of St. Lawrence in 2006 and 2007.
Duration are in seconds and frequencies in hertz.
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Gulf of Maine
Call
type

n

A

9

B

C

D

F

G

H

I

48

25

510

248

5

14

28

Gulf of St. Lawrence

Duration

Minimum
frequency

Maximum
frequency

Bandwidth

0.8±0.2

15.8±0.8

23.9±1.3

8.2±1.8

0.6-1.1

15.1-17.7

22.3-26.1

4.6-10.5

0.8

15.5

23.6

8.2

0.9±0.2

26.1±7.1

52.3±8.7

26.2±6.9

0.5-1.4

11.7-48.1

0.9

25.3

32.8-72.6
51.2

14.3-46.3
25.0

1.0±0.2

18.7±3.0

34.3±2.6

15.5±1.9

0.6-1.3

14.0-23.9

29.7-38.9

13.2-20.0

1.0

18.3

34.9

15.3

0.6±0.1

45.8±9.7

69.1±11.9

23.3±6.5

0.4-1.2

16.3-76.9

41.3-108.2

8.0-60.4

0.6

45.3

67.1

22.5

0.6±0.1

47.6±10.2

62.0±11.6

14.4±5.4

0.3-1.9

15.5-80.2

31.4-100.7

7.2-40.9

0.5

47.4

61.5

12.8

1.0±0.3

123.9±0.9

138.8±5.7

14.9±6.2

0.6-1.3

123.1-125.4

133.5-146.8

8.2-23.7

1.0

123.8

136.8

12.7

0.6±0.1

50.3±16.2

71.7±11.3

21.4±10.1

0.4-0.9

19.8-74.4

42.5-85.3

10.5-44.8

0.6

56.7

74.1

18.1

1.1±0.3

35.9±9.9

92.6±29.2

56.8±26.5

0.6-1.8

19.7-63.6

32.9-139.2

13.1-96.8

1.0

35.5

99.6

54.4

n

31

50

281

773

221

17

26

35

Overall

Duration

Minimum
frequency

Maximum
frequency

Bandwidth

1.0±0.2

16.2±0.7

25.5±1.0

9.3±1.0

0.5-1.4

15.5-17.7

23.2-26.8

6.9-11.4

1.0

16.1

25.8

9.2

1.0±0.2

24.0±5.7

46.0±10.2

22.0±6.1

0.6-1.4

14.5-42.1

26.5-66.6

12.0-37.3

1.0

23.4

43.3

20.2

1.1±0.2

17.7±2.0

31.8±3.0

14.2±2.5

0.6-1.8

14.0-25.0

27.2-40.3

9.3-22.4

1.1

17.2

31.4

13.9

0.7±0.2

52.6±17.6

80.9±17.9

28.3±8.7

0.3-1.8

15.8-96.4

41.4-127.2

10.1-65.7

0.6

48.8

78.0

26.9

0.5±0.1

57.5±17.8

72.2±19.0

14.7±5.9

0.3-1.1

25.0-106.1

35.1-114.8

5.7-39.4

0.5

57.0

71.6

13.4

0.9±0.3

124.5±5.3

138.7±4.8

14.2±3.8

0.4-1.4

116.9-140.1

131.5-152.9

7.8-25.6

0.9

123.7

138.4

14.0

0.6±0.2

64.7±18.9

84.6±18.2

19.9±9.1

0.3-1.1

31.4-103.6

49.2-119.5

9.9-45.5

0.5

66.5

87.4

15.6

0.9±0.1

48.2±15.6

84.3±20.0

36.1±10.9

0.6-1.1

21.5-92.9

52.4-129.2

13.2-75.7

0.9

48.1

80.1

35.9
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n

40

98

306

1283

469

22

40

63

Duration

Minimum
frequency

Maximum
frequency

Bandwidth

0.9±0.2

16.1±0.7

25.2±1.2

9.1±1.3

0.5-1.4

15.1-17.7

22.3-26.8

4.6-11.4

1.0

15.8

25.8

9.1

0.9±0.2

25.0±6.5

49.2±10.0

24.2±6.8

0.5-1.4

11.7-48.1

26.5-72.6

12.0-46.3

0.9

24.0

48.8

23.1

1.1±0.2

17.8±2.1

32.0±3.0

14.3±2.5

0.6-1.8

14.0-25.0

27.2-40.3

9.3-22.4

1.1

17.2

31.7

13.9

0.7±0.2

49.9±15.3

76.2±16.8

26.3±8.3

0.3-1.8

15.8-96.4

41.3-127.2

8.0-65.7

0.6

47.4

73.7

25.1

0.6±0.1

52.3±15.1

66.8±16.3

14.6±4.3

0.3-1.9

15.5-106.1

31.4-114.8

7.8-25.6

0.5

49.6

64.1

13.9

0.9±0.3

124.3±4.7

138.7±4.9

14.4±4.3

0.4-1.4

116.9-140.1

131.5-152.9

7.8-25.6

0.9

123.7

138.3

13.9

0.6±0.1

59.6±19.1

80.1±17.1

20.5±9.4

0.3-1.1

19.8-103.6

42.5-119.5

9.9-45.5

0.6

59.6

81.2

16.4

0.9±0.2

42.7±14.6

88.0±24.6

45.3±21.9

0.6-1.8

19.7-92.9

32.9-139.2

13.1-96.8

0.9

40.2

85.1

37.9

Figure 3.2. A-call (top left corner) and three C-calls. Time in sec and frequency in
Hz. Spectrograms generated using a 1024-point FFT, Hanning window, 90%
overlap and 2.81-Hz filter bandwidth.
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Northwest Atlantic is about 25 Hz; thus, the chosen boundary value is in
agreement with both historical and recent measurements. In this study, songs
were absent from the GSL recordings, but 10 short song bouts were recorded in
the first two weeks of September in the GoM, which corresponds to the onset of
the singing season. I did not consider song-forming A-calls for my analysis
because songs are not typically produced in summer (Watkins et al., 2000; Clark,
1995; Stafford et al., 2007) and the emphasis of this study was on summer social
calls.

Only single A-calls or those forming irregular series were analyzed. They were
relatively uncommon in the GoM (6.9% of calls) and the GSL (6.5%).

Call type B (Figure 3.3) resembles what Watkins (1981) described as LF
ragged calls. These calls were typically LF pulses characterized by a harsh,
raspy texture. They usually contained several harmonics and were more
broadband than the typical fin whale LF pulse exemplified by A and C-calls. Bcalls were flat or downsweeping and were rare in the GoM (4.1% of calls) and the
GSL (2.8%).

Call type C (Figure 3.2) represented another type of short, LF downsweeps
that were similar in texture and contours to A-calls, but higher in frequency and
more broadband. Following a visual inspection of data, the frequency boundary
between C- and D-calls (HF downsweeps) was set at 40 Hz. C-calls were rare
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Figure 3.3. B-calls. Time in sec and frequency in Hz. Spectrograms generated
using a 512-point FFT, Hanning window, 90% overlap and 5.62-Hz filter
bandwidth.
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(5% of calls) in the GoM but common (15.7%) in the GSL and usually occurred in
short irregular series.

Call type D encompassed a number of downsweeping calls which correspond
best to the HF downsweeps described by Watkins (1981). A variety of call
contours were identified although no obvious sub-divisions could be defined.
Figure 3.4 pictures several variants of this call type which differ primarily in their
bandwidth and frequency boundary. D-calls were the most abundant and most
variable in both areas, comprising almost 56% of calls. They occurred either in
short bursts mixed with other call types, irregularly sequenced, or as completely
isolated events.

Call type F comprised calls that remained constant in frequency, with no or
negligible frequency sweep (Figure 3.5). They were first described by Edds
(1988). F-calls were common, representing 24% of calls in the GoM, and 12.9 in
the GSL.

Call type G (Figure 3.6) correspond to the tonal calls described by Edds
(1988) or the upsweeps described by Hatch and Clark (2004). G-calls were
usually slightly upsweeping and a rare summer sound, totaling less than 1%
calls.
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Figure 3.4. D-calls. Time in sec and frequency in Hz. Spectrograms generated
using a 512-point FFT, Hanning window, 90% overlap and 5.62-Hz filter
bandwidth (except 256-point FFT for the top left spectrogram).
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Figure 3.5. F-calls. Time in sec and frequency in Hz. Spectrograms generated
using a 512-point FFT, Hanning window, 90% overlap and 5.62-Hz filter
bandwidth.
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Figure 3.6. G-calls. Time in sec and frequency in Hz. Spectrograms generated
using a 512-point FFT, Hanning window, 90% overlap and 5.62-Hz filter
bandwidth.
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Call type H (Figure 3.7) included all upsweeping sounds outside of G-calls.
This call type was first documented by Edds (1988). H-calls comprised about
1.7% of all calls.

Call type I represented the “wavers” described by Edds (1988). These calls
consist of an upsweeping segment followed by a downsweeping one (Figure
3.8). I-calls represented 2% of all calls.

3.4.2 Call occurrence

Although the number of recording hours in the GSL (22 h) was less than 1%
that of the GoM (3750 h), I recorded 1.54 times more calls in the GSL (Table
3.2), likely a function of the directed effort to locate and record fin whales. I
observed significant differences (Pearson

2

=229.071; df=7; p<0.001) in the

overall proportion of each call type in the vocal repertoire of GoM and GSL fin
whales. D- and F-calls were the most frequently recorded calls and accounted for
79.8% of all calls in the GoM and 70.3% in the GSL. In the GSL, C-calls
represented another 15.7% of all calls. All other call types contained less than
7% of calls (Figure 3.9). Calls frequency also differed between the two recording
locations in the GoM (Pearson
the GSL (Pearson

2

=25.362; df=7; p=0.001) and the two years in

2

=55.958; df=7; p<0.001).
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Figure 3.7. H-calls. Time in sec and frequency in Hz. Spectrograms generated
using a 512-point FFT, Hanning window, 90% overlap and 5.62-Hz filter
bandwidth.
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Figure 3.8. I-calls. Time in sec and frequency in Hz. Spectrograms generated
using a 256-point FFT, Hanning window, 90% overlap and 5.62-Hz filter
bandwidth (except 512-point FFT for the top-left spectrogram).
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Table 3.2. Frequency and proportion of fin whale call detection, identification and
measurement for eight call types recorded in the Gulf of Maine (MDR and SR)
and Gulf of St. Lawrence in 2006 and 2007.

SR2006

MDR2006

GoM

GSL2006

GSL2007

GSL

OVERALL

Call

Detected
Identified
Measured

1074
848
530

815
698
358

1889
1546
888

434
381
257

2347
2052
1178

2781
2433
1435

4670
3979
2323

A

Detected
Measured
Proportion

28
4
3.3

78
5
11.2

106
9
6.9

30
2
7.9

127
29
6.2

157
31
6.5

263
40
6.6

B

Detected
Measured
Proportion

51
37
6.0

13
11
1.9

64
48
4.1

8
4
2.1

61
46
3.0

69
50
2.8

133
98
3.3

C

Detected
Measured
Proportion

22
15
2.6

55
10
7.9

77
25
5.0

29
9
7.6

354
272
17.3

383
281
15.7

460
306
11.6

D

Detected
Measured
Proportion

479
276
56.5

383
234
54.9

862
510
55.8

247
191
64.8

1149
583
56.0

1396
774
57.4

2258
1284
56.7

F

Detected
Measured
Proportion

230
169
27.1

141
79
20.2

371
248
24.0

39
31
10.2

275
190
13.4

314
221
12.9

685
469
17.2

G

Detected
Measured
Proportion

4
3
0.5

4
2
0.6

8
5
0.5

12
9
3.1

11
8
0.5

23
17
0.9

31
22
0.8

H

Detected
Measured
Proportion

15
9
1.8

7
5
1.0

22
14
1.4

4
2
1.0

40
24
1.9

44
26
1.8

66
40
1.7

I

Detected
Measured
Proportion

19
17
2.2

17
11
2.4

36
28
2.3

12
8
3.1

36
27
1.8

48
35
2.0

84
63
2.1
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Figure 3.9. Call types proportion in the Gulf of St. Lawrence (GSL), Gulf of Maine
(GoM) and overall (ALL)
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3.4.3 Call differentiation

The first multivariate analysis tested if the four measurement parameters
(treated as dependent variables), when collapsed across populations, could be
used to examine call discreteness (treated as a categorical variable). A
multivariate analysis of variance showed that the eight call categories were
significantly different (Wilks =0.1589; df=28; p<0.0001) as defined by the four
chosen parameters. Taken individually, duration (F=349.96; df=7, 2313;
p<0.0001), minimum (F=376.12;

df=7, 2313;

p<0.0001) and

maximum

(F=441.38; df=7, 2313; p<0.0001) frequency, and bandwidth (F=256.35; df=7,
2313; p<0.0001) were significantly different between all call types. Bonferronicorrected post-hoc test results indicated that out of 28 possible pairwise
comparisons per parameter, only seven bandwidth, eight duration, one minimum
frequency and two maximum frequency comparison were not significant.

The second multivariate analysis tested if there were differences in
calls between the GSL and GoM. When all parameters were considered
simultaneously, I found that at least some calls differed significantly (Wilks
=0.8907; df=28; p<0.0001) between both areas. Indeed, all calls but G- and Hcalls were significantly different between both areas. H-calls were not different
even though their minimum and maximum frequency differed significantly
between both areas. None of G-calls’ parameters differed. For all calls that were
different, between two and four parameters were found to be significantly
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Table 3.3. P-values for overall (MANOVA) and parameter-specific (ANOVA) call
type comparisons between the GSL and the GoM. Significant figures are shown
in bold.

Call parameters
Call
Type
A
B
C
D
F
G
H
I

Overall

Duration

0.0005
0.0246
0.0003
<0.0001
<0.0001
0.7796
0.2426
<0.0001

0.0944
0.5931
0.011
0.1524
0.0032
0.3617
0.263
0.0008

Minimum Maximum
Bandwidth
Frequency Frequency
0.1053
0.003
0.0151
0.0987
0.0013
0.0021
0.0155
0.0001
0.0078
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.5689
0.8179
0.976
0.7756
0.0213
0.0211
0.6403
0.0006
0.1848
<0.0001
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different. Duration and maximum frequency were the least commonly (37.5% of
calls) and most commonly (75% of calls) diverging parameter, respectively.
Results of the MANOVA are presented in Table 3.3.

3.5 Discussion

3.5.1 Call distinctiveness

MANOVA results indicated that the four descriptive parameters used in this
study were good discriminators of call identity. Fin whale calls are simple in
structure and contain no or a single inflexion point, with the rare exception of Icalls. Thus, basic time and frequency parameters provide an accurate call
definition. In a number of calls types, energy was not uniformly distributed. For
instance, D-calls’ energy was often concentrated at the end of the call (low
frequency) whereas A-, B- and C-calls peak energy occurred at the beginning of
the call. Therefore, measurements such as peak frequency or time to peak
frequency may add discriminatory power to call identification. Specific comments
about each call type are included below.
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3.5.2 Comparisons with previous recordings

3.5.2.1 A- and C-calls

Despite the small number of A-calls measured, the parameters recorded are
in agreement with previous measurements for the northwest Atlantic (Watkins et
al. 1987). In a study focusing on the St. Lawrence Estuary, Edds (1988) found
that 82% of sounds were characterized by a maximum frequency of 40 Hz or
less, but she did not further differentiate these LF downsweeps. Based on an
analysis of songs recorded in the GSL and GoM suggesting that song-forming
pulses have virtually no energy above 27 Hz (J. Delarue, unpublished data), LF
downsweeps were divided into A- and C-calls; C-calls were found to be twice as
abundant as A-calls in the GSL, although both were produced in comparable
numbers in the GoM. McDonald and Fox (1999) reported that in the North
Pacific, more than 90% of fin whale calls recorded in summer were short,
downsweeping pulses ranging between 20 and 35 Hz, which also supports the
differentiation between A- and C-calls.

A- and C-calls have similar contours and texture, and C-calls are also usually
produced in short irregular sequences (McDonald and Fox, 1999; this study)
such as those described by Watkins et al. (1987) for 20-Hz pulses. Therefore, it
appears that the contextual use of A- and C-calls, at least in summer, is similar,
and the biological significance of discriminating between these call types may be
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questionable. However, even if A- and C-calls have the same function, their
separation emphasizes the increase in maximum frequency and bandwidth of LF
downsweeps,and the prevalence of C-calls—at least in the North Pacific
(McDonald and Fox, 1999) and the GSL—during the summer. If A-calls are
indeed male breeding displays (Watkins et al. 1987; 2000; Croll et al., 2002), one
could assume that they are produced by sexually mature, larger males. In the
summer, sound production is not limited to large animals and has been detected
in animals of all sizes, except calves (Watkins, 1981). The higher maximum
frequency of LF downsweeps recorded in the summer could thus be tentatively
explained

by

morphologically-constrained

sound

production

in

smaller

individuals.

3.5.2.2 B-calls

This call type is similar to the LF ragged pulse described by Watkins (1981),
although my results suggest that they are more broadband and have a higher
maximum frequency than previously noted. The duration measurements are in
agreement with Watkins’ (1981). The limited occurrence of this call type
prevented me from linking it to a clear behavioral context although it was
predominant in a small number of situations involving dynamic and potentially
antagonistic interactions.
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3.5.2.3 D-calls

Despite their abundance and diversity, D-calls have received surprisingly little
attention in the literature. Watkins (1981) is the only researcher to make a clear
reference to these relatively HF calls, although they have been mentioned by
other investigators (McDonald and Fox, 1999; Thomson et al., 1992; Edds,
1988). The frequency measurements generally agree with Watkins’ (1981) who
found that D-calls ranged between 40 and 75 Hz. Similarly, Watkins (1981) noted
that D-calls were produced more frequently than LF downsweeps in summer
which also stands out clearly in this study since more than half of the sounds
recorded in both areas were D-calls. However, McDonald and Fox (1999) found
these calls to be quite rare in the North Pacific, and less than 18% of sounds
recorded by Edds (1988) were possibly interpretable as D-calls. Since Watkins
(1981) recorded D-calls from animals of all sizes, it is unlikely that these
differences could be explained by a biased demographic composition of fin whale
populations using the St. Lawrence Estuary or the North Pacific as a summer
feeding ground. Watkins (1981) noted that D-calls were heard most often during
periods of group activity, which is consistent with my GSL observations. Thus,
differences in D-call use between areas may reflect differences in the social
structure and level of interaction of fin whales.
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3.5.2.4 F-calls

F-calls have only been previously described by Edds (1988) and Cumming et
al. (1986). Although sometimes narrowband and tonal in sonority, most had a
bandwidth of about 14 Hz, surpassing the value observed by Edds (1988). Fcalls usually occurred as singleton or in irregular sequences consisting of an Fcall closely followed by a D-call. The typically short (<0.5 s) interval between the
notes in this sequence sometimes resulted in the duplet having the aural
characteristics of a broadband downsweep, in particular if the source was
estimated to be far (low signal-to-noise ratio) from the hydrophone.

3.5.2.5 G-calls

Hatch and Clark (2004) characterized fin whale songs by their three unique
components, one being the G-call. The seasonal absence of songs within this
study was likely a main reason why G-calls were rare in my recordings. G-calls
were typically associated with A- or C-calls and the interval between a G-call and
consecutive A- or C-calls showed great variation, as already described by Edds
(1988). In addition, in the GSL, I recorded G-calls in association with short,
irregular series of LF downsweeps. In the GoM, the five occurrences of G-calls
came from short song bouts recorded in late summer.
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3.5.2.6 H-calls

H-calls were a rare call type in both areas. Although my finding of broad
frequency range concurs with Edds (1988), the bandwidth measurements were
about three times larger. H-calls always occurred either on their own, or among
D- or F-calls, but not sequenced in any way. Frequency sweep was usually rapid,
making it potentially hard to recognize these calls as upsweeps.

3.5.2.7 I-calls

I-calls were neither recorded frequently in this study, nor are there previous
time and frequency measurements available from previous studies. I-calls are
conspicuous by their contours and were usually produced during periods of high
vocal activity, potentially indicating interaction between individuals. On several
occasions, up to five I-calls were repeated in sequence separated by less than
five seconds.

3.5.3 Comparison between the GSL and the GoM

Six out of the eight calls recorded in this study—A- through F- and I-calls—
differed in nature between the two feeding aggregation areas. No statistical
difference was detected between GSL and GoM G- or H-calls, potentially
because of the small sample sizes of these two call types.
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A-calls differed strongly between areas, perhaps a consequence of
geographic variations in fin whale songs (Hatch and Clark, 2004; Watkins et al.,
1987; Clark et al., 2002; Thompson et al., 1992). Although most song variation
can be explained by variation in 20-Hz pulse intervals (Hatch and Clark 2004;
Delarue et al., in prep.), there is also some variation in frequency characteristics
between areas.

For all call types, differences in recording equipment could partially explain
the differences. In addition, recordings were obtained in different situations.
Although pop-ups were deployed in areas of known fin whale abundance, fin
whales may not have been vocalizing as close to the hydrophones as those
recorded in the GSL. Owing to potentially different propagation conditions and
the faster attenuation of HF components, one could expect sounds recorded in
the GoM to have a lower maximum frequency but a similar minimum frequency
than in the GSL. Four call types showed evidence of higher maximum frequency
in the GSL, but this pattern was the same for their minimum frequency,
suggesting that the mean call frequency of A-D-, F-, and H-calls was higher in
the GSL. Although very similar to A-calls, GSL C-calls frequencies were lower
than in the GoM, and the same was observed for B-calls. If observed differences
were caused by recording equipment, the same effect should be expected on
similar calls. Thus, the differences observed between both areas could be real
geographic-based variation.

80

Geographic differences appear to persist despite evidence of limited
movements between both areas (Coakes et al., 2005), although the level of
exchange (1-2%) is unlikely to be sufficient to lead to a homogenization of the
vocal repertoire. Fin whales in both the GoM and the GSL show strong site
fidelity to their feeding grounds (Edds and MacFarlane, 1987; Agler et al., 1992;
Robbins et al., 2007)) in the summer which could generate the observed
differences if one assumes that cultural drift could be a mechanism involved in
the evolution of acoustic divergence (Risch et al., 2007; Deecke et al., 2000).
Vocal learning, which would be required for these acoustic differences to
perpetuate, has not been demonstrated in fin whales. However, its presence in
the closely related (Hatch et al., 2006) humpback whale (Guinee et al., 1983) and
other related delphinid species as well as the long-term stability of fin whale song
geographic variations despite male dispersal (Hatch and Clark, 2004) suggest
that fin whale may have this ability as well. In addition, Bérubé et al. (1998)
interpreted the lack of genetic divergence between GoM and GSL fin whales by
their relatively recent (~18,000 yrs) access to these areas as a consequence of
the last ice age. Added to movements between both areas (Coakes et al., 2005),
this could explain why the observed differences are limited to changes in time
and frequency parameters instead of note types or repertoire size.
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3.5.4 Behavior and implications for acoustic assessment

The purpose of this research was not to conduct a detailed study of fin whales
acoustic behavior but rather to provide a basis for such studies and other
acoustic assessment. Simultaneous acoustic and visual data collection only took
place in the GSL and it proved difficult to assign call types to behaviors for
several reasons. First, recordings rarely took place with less than 10 fin whales
around the hydrophone, making it hard to reliably assign calls to an individual or
group or to track all groups. Second, several call types were frequently produced
in sequence or within a short period, and a range of behavior and group size was
often observed simultaneously.

Nevertheless, one of the consistent observations arising from the GSL
observations is that calling rate, at least if averaged over short time period, does
not seem to be correlated with the number of individuals present in an area but
rather with the level of social interactions occurring among individuals. Northern
right whales (Eubalaena glacialis) vocal activity also increases dramatically in
presence of surface active groups whereas relatively few calls are produced by
lone individuals or small groups not involved in social activities (Jaquet, 2008).
This may have important implications for the development of acoustic
assessments and more particularly acoustic census of fin whales. An attempt has
been made to estimate fin whale population density using several call types
recorded at a single bottom-mounted hydrophone (McDonald and Fox, 1999).
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However, a better knowledge of fin whales’s acoustic behavior and calling rate in
relation to their activity budget and local abundance may be a prerequisite to
using summer sounds for acoustic census purposes. The greater densities
usually observed on summer feeding grounds may also provide an opportunity to
calibrate the methods with more reliable visual surveys.

Edds (1988) already noted that calling rates reported for higher frequency
sounds (D-calls) in the northwest Atlantic were far lower than those in the GSL.
The same pattern was visible in this study since I recorded 1.54 times more calls
in the GSL in less than 1% of the GoM recording hours. Although GSL fin whales
may be more vocally active, the observed differences are at least partly a
consequence of the recording protocols. Indeed, GoM popups recorded
continuously whether fin whales were present or not whereas in the GSL, the
hydrophone was only deployed in presence of fin whales. In the GSL, I also
recorded primarily in the vicinity of concentrated fin whale aggregations
sometimes characterized by intense social interactions. Occasionally high calling
rates (up to 6 calls/min over 3-h period) generated large number of calls over
small time periods. In comparison I have no data regarding the behavioral
context of sound production for the GoM. Finally, fin whales were reported to
have arrived relatively late in the GoM in 2006 which may have reduced the
number of calls that could be recorded in a “regular” season.
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Results indicate that D-calls were the call type most commonly produced by
fin whales and could be potential candidates for use in summer acoustic census.
The high proportion of D-calls in fin whales’ vocal repertoire does not seem to be
a consequence of recording in the vicinity of socially active fin whale groups
since the same proportion was detected in the GoM where acoustic data were
collected continuously and irrespective of the presence of fin whales. However,
the variability of this call type may render an automated detection process less
efficient. Further analyses may be needed to determine the most common subtype or whether a frequency band common to all sub-types can be identified and
used for call recognition.

3.6 Conclusion

I detected geographic variations in time and frequency parameters for six out
of eight fin whale call types recorded in the Gulf of St. Lawrence and the Gulf of
Maine. All call types defined in this study were recorded in both areas; call
proportions were similar for all but two call types. This study provided a detailed
characterization of fin whale summer sounds to serve as an aid in fin whale call
identification in future acoustic assessments. The highest calling rates were
recorded in the presence of socially active fin whales. The prevalence of D-calls
and relative rarity of LF downsweeps in summer repertoire suggests that the
former may be good candidates for standardized detection assay, although more
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analysis may be needed to determine the most common and stable sub-type on
which to base an automated detector.
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4. Conclusion

This thesis has demonstrated the potential utility of acoustics in fin whales
stock assessment. Songs appear to provide a reliable way to characterize
feeding aggregations and could be used to track movements in these groups of
individuals in order to evaluate their winter distribution, the degree of range
overlap

with

adjacent

aggregations

and

the

subsequent

likelihood

of

interbreeding. Predictable geographic variations seem to exist within the social
summer sound repertoire as well. These sounds are now better described,
making future studies of fin whale acoustic behavior more possible.

The IWC is currently reviewing the stock structure of North Atlantic fin whales.
This is primarily motivated by the fact that Iceland intends to resume whaling in
the near future but also because there is no universally accepted view on fin
whale stock structure, despite important research efforts. In that regard, the
results of this thesis are timely. Should fin whaling be re-authorized, the hunt
would likely be directed on the species’ feeding grounds. Acoustics may thus
help in designing robust conservation policies for areas that might be affected
differently by anthropogenic activities.

The definition of the term “stock” depends upon management objectives,
which in turn are dependent on the laws and treaties that generate them. For
instance, the Endangered Species Act (1973) aims to protect the evolutionary
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potential of a species and thus focuses on genetically distinct units. Alternatively,
the Marine Mammal Protection Act (1972), although defining stocks as “groups of
individuals that interbreed when mature”, stipulates that they “should not be
permitted to diminish beyond the point at which they cease to be a significant
functioning element in the ecosystem of which they are a part” which suggests
that stocks should be considered as demographically independent units. The
IWC has not adopted a clear definition of “stock” but is primarily concerned with
maintaining species throughout their entire range and the likelihood of recovery
in an area depleted by exploitation.

Beyond agreeing on a definition of management units, which reflects values
attached to the organisms that one attempts to preserve, spatial, temporal and
political factors may further restrict one’s ability to design meaningful
conservation plans. Indeed, it may prove difficult to preserve large stretches of
open ocean, in particular if these are regulated by different countries with
conflicting opinions or values about the species of concern. Also, the continuity of
management effort, often highly dependent on federal funding, may be
jeopardized by fluctuating economies and changing governments. Thus, although
successful wildlife conservation relies on the definition of biologically sound
management units—which acoustic methodology may aid in the case of fin
whales—a number of human values as well as other factors independent from
biology come into play in the definition of a stock. This is probably why the
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marine mammal research community is still debating about a definition for
“stock”.

At a time when we have finally realized our impact on renewable resources
such as marine mammals, the right to exploit comes with the responsibility to
preserve. Beyond learning about the acoustic behavior of fin whales, this thesis
aimed to investigate an alternate and cost-efficient assessment method that
could facilitate fin whale conservation. Next steps should include concurrent
recording sessions over at least two consecutive winter at several known feeding
aggregations in the northwest Atlantic, namely in the GSL, off Newfoundland
(targeting the southern and western shores), the Scotian Shelf, the Bay of Fundy,
the GoM, and eventually New York waters. This would help confirm that songs
can characterize feeding aggregations accurately. In addition, once these are
characterized by their songs, it should be possible to track winter movements of
different stocks in the North Atlantic, which may help defining breeding stocks on
the basis of range overlap. It would also be interesting to combine song structure
analysis with a study investigating genetic relationship between the same feeding
grounds to further compare patterns of genetic and acoustic divergence.

This thesis demonstrates that vocal learning may influence the biological
meaning of geographic differences in song structure. Thus, an investigation of
vocal learning abilities in fin whales is needed, but this may require long-term
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sampling in addition to acquiring a better knowledge of fin whale social structure
and the extent of movements between neighbor areas and beyond.

Finally, in order to move towards the possibility of acoustic census, a study
investigating relationships between calling rate, behavior and abundance is
needed. Hydrophone arrays are required to confirm that socially active
individuals may also be more vocally active; in this way, one might be able to
contextualize sounds with associated behavior.
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