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ABSTRACT
Sperm whales (Physeter macrocephalus) are widely distributed in all oceans, but
principally found in areas of high primary productivity. Historically, they were whaled
extensively in the Sargasso Sea and recent surveys have also found large numbers there.
However, the Sargasso Sea is an oceanic gyre considered to be low in productivity. This
dissertation explores the paradox of a high abundance of large top predators in a body of
water once described as an “oceanic desert”. First, I compared the diet of sperm whales in
the Sargasso Sea to those off Dominica, in the eastern Caribbean. Results suggested
differences in trophic ecology between these two areas, with sperm whales in the
Sargasso Sea feeding at a higher trophic level. Second, I examined the spatial and
temporal distribution of sperm whales in the Sargasso Sea in relation to environmental
variables using acoustic surveys and autonomous recording devices. Sperm whale
prevalence around Kelvin seamount, part of the New England Seamount Chain, was
higher in the spring compared to the winter. Habitat modeling results suggest that the
mesoscale activity associated with the Gulf Stream plays an important role in sperm
whale occurrence in this area, likely due to the enhancement of primary productivity in
this region. Finally, I estimated the current density of sperm whales in the northwestern
Sargasso Sea and compared their present distribution to their distribution during the
open-boat whaling era (1775-1921). Sperm whale density in the northern Sargasso Sea is
one of the highest found globally, showing that this region remains a hotspot for sperm
whales. The area where sperm whale detections per unit effort is presently the highest
showed little overlap with areas where whales were hunted historically. Whalers all but
ignored this region except when transiting to other whaling grounds, perhaps a result of
fixed whaling patterns due to the conservative use of knowledge at that time. My
dissertation highlights patterns and processes that help to explain the presence and
abundance of sperm whales in the Sargasso Sea and demonstrates the importance of
western boundary currents, such as the Gulf Stream, to the distribution of marine top
predators.
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CHAPTER 1

INTRODUCTION
It is estimated that oceans cover 71% of our planet and make up about 90-99% of liveable
space on earth (Angel 1993, Vega and Wiens 2012). However we know so little about the
marine environment in which an estimated 91% of existing species in the ocean have yet
to be identified (Mora et al. 2011). Although we have much to learn about the marine
environment, we have been, and continue to be, very good at exploiting it. Historically,
human exploitation of marine resources has lead to the extinctions of species such as the
Great auk (Pinguinus impennis) (Bengtson 1984) and the Steller sea cow (Hydrodamalis
gigas) (Turvey and Risley 2006) and the extirpation of species such as the North Atlantic
gray whale (Eschrichtius robustus) (Bryant 1995, Mead and Mitchell 1984). Presently,
the populations of marine top predators are declining at an alarming rate due to factors
such as over-fishing (Myers et al. 2007, Myers and Worm 2003, Schindler et al. 2002).
The effects of climate change are also causing population declines of marine top
predators (Hyrenbach and Veit 2003, Veit 1997). These widespread population declines
of marine top predators can have extensive cascading effects on the ecosystem (Estes et
al. 2011, Myers et al. 2007).
Marine top predators are effective bio-indicators (Furness and Camphuysen 1997) and
studying their distribution provides a better understanding of not only their prey
populations, but also the health and status of marine ecosystems (Ballance 2007, Furness
and Camphuysen 1997, Moore et al. 2008, Piatt et al. 2007, Sydeman et al. 2006). Marine
top predators can be used to monitor changes in the integrity of marine ecosystems (Boyd
et al. 2006) and provide insight into the effects of climate change in our oceans (Hazan et
al. 2012, Wassmann et al. 2011). Studying the habitat use of marine top predators can
inform conservation and management practices through the identification of marine
“hotspots” (Block et al. 2011, Kaschner et al. 2011, Sydeman et al. 2006, Worm et al.
2003) that can ultimately lead to the identification, delineation, and establishment of sites
for marine protected areas (Embling et al. 2010, Hooker et al. 2011, Ronconi et al. in
press). Recently, the need for marine protected areas in pelagic systems has been
1

recognized (Game et al. 2009, Hislop 2007), highlighting the importance of
understanding the spatial and temporal distribution of marine top predators in the open
ocean (Hyrenbach et al. 2000, Louzao et al. 2011).
The spatial and temporal distribution of organisms is non-random and animals select
habitats through a series of hierarchal behavioural processes which maximize their
survival and fitness (Block and Brennan 1993, Hutto 1985). The way in which species
use a set of physical environmental factors to meet life requirements, such as feeding,
reproduction, and rearing of young, is called habitat use (Block and Brennan 1993, Jones
2001). Terrestrial and marine processes operate on different spatial and temporal scales
(Steele 1985, Steele 1991) and studying habitat selection in the marine ecosystem can be
difficult due to its highly dynamic nature. Oceanic processes vary over temporal scales
ranging from seconds to centuries and range spatially from millimetres to thousands of
kilometres (Halley 2005) and the importance of taking spatial scale into account in
studies of marine ecosystems is well documented (Jaquet 1996, Piatt 1990, Pinaud and
Weimerskirch 2007, Schneider 2001).
Habitat-predator associations at large scales (10s to 100s km) can occur over ocean
basins and are influenced by water masses, while habitat-predator associations at mesoscales (1s to 10s km) can occur at distinct physical features like fronts and eddies (Hunt
et al. 1999). Finally, habitat-predator associations at fine scales (m to 10s m) can occur
where prey are concentrated (Hunt et al. 1999). The relationship between temporal and
spatial associations of predators and their prey will depend on whether physical processes
aggregate prey directly, or result in enhanced primary production which, indirectly,
results in higher abundance of prey (Hunt et al. 1999). The former case results in
relationships at small spatial and temporal scales (Hunt et al. 1998, Piatt 1990), while the
latter case results in relationships at larger scales that can span for 100s of kilometres and
over several months (Jaquet and Whitehead 1996, Pirotta et al. 2011). Some physical
processes, such as upwelling events associated with eastern boundary currents and shelf
edges, result in predictable food patches and habitat associations that exist over large
spatial and temporal scales (Weimerskirch 2007).
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1.1 STUDY SPECIES – THE SPERM WHALE
My study species, the sperm whale (Physeter macrocephalus), is an important marine
predator. Using Lockyer (1981)’s consumption rates and a population size of 361 400
animals (Whitehead 2002), Whitehead (2003) estimated that sperm whales consume
about 100 Mt/yr (Whitehead 2003), which is comparable to the total annual catch of
human marine fisheries over the last five years (~90 Mt/yr between 2006-2011; (FAO
2012)). Although global populations are not presently experiencing decline (Taylor et al.
2008), sperm whales were hunted extensively from the 18th to the last part of the 20th
century (Bannister et al. 2008, Smith et al. 2012, Starbuck 1878) and recent population
estimates indicate that their populations are currently only 32% of the pre-whaling level
(Whitehead 2002). Sperm whales feed mainly on meso- and bathy-pelagic cephalopod
species, and some fish (Kawakami 1980), for which they regularly dive to 800m,
although dives to 2000m have been recorded (Whitehead 2003). Deep foraging dives
make up 62% of a sperm whale’s life (Whitehead 2003). Sperm whales are rarely found
in waters above the continental shelves, preferring waters deeper than 1000m (Caldwell
et al. 1966). Thus, the sperm whale is a creature of the deep ocean.
The diversity of cephalopods encompassing sperm whale diet include: the small
chiroteuthids (<100g), the medium-sized and weakly-muscled histioteuthids, the
ferocious Humboldt squid (Dosidicus gigas) and the giant architeuthids (400 kg) (Clarke
et al. 1993, Smith and Whitehead 2000, Whitehead 2003). However, except for a few
species (e.g. Humboldt squid), there is little overlap between sperm whale diet and
human fisheries and very little is known about the cephalopod species upon which they
prey. In fact, some of what we do know about these cephalopod species comes from
sperm whales themselves (Clarke 1980, Clarke 1987). Studying the foraging ecology of
these deep divers can provide insight into the deep water community of their prey and
provide insight into their pelagic, deep-water habitat.
Watwood et al (2006) suggested that the success of sperm whales as predators can be
attributed, in part, to their long-range echolocation. Sperm whales are equipped with one
of the most powerful sonars in the world (Møhl et al. 2000), used predominately for
3

finding prey. Their vocalizations consist of a series of clicks, which are produced in their
nasal complex (Whitehead 2003) with most energy between 5 and 25 khz (Madsen et al.
2002b). These clicks are used primarily in echolocation and communication and are
arranged in various patterns: usual clicks, slow clicks, creaks and codas. Usual clicks are
thought to function primarily in searching echolocation and are a long train of regularly
spaced clicks (0.5s-1.0s) that can last for several minutes (Jaquet et al. 2001, Madsen et
al. 2002a, Whitehead and Weilgart 1990). Creaks made at depth are thought to occur
when whales are homing in on prey (Whitehead 2003). One important component of this
sonar system is the spermaceti organ, which contains spermaceti oil (Møhl 2001),
however, during the 18th century, the value of spermaceti oil for use in candle-making
and lubricant for delicate machinery (Proulx 1986), resulted in an extensive commercial
hunt that lasted for a century (Starbuck 1878).
Sperm whales are one of the most widely distributed cetaceans in the world, found in all
oceans from the equator to the pack ice of both poles (Rice 1989). Females and their
offspring are found in the warmer waters of the tropics and sub-tropics (approximately
between 40oS and 40oN in the Atlantic) while males also use higher latitudes, up to the
polar waters (Rice 1989). Females form long-lasting associations, but males leave their
natal group at about age ten and move to cooler waters, forming labile “bachelor” schools
(Best 1979). Mature males periodically return to tropical waters to mate, though not
much is known about this migration (Best 1979). Much of what we know about the
habitat use of sperm whales comes from partially enclosed bodies of water, such as the
Gulf of Mexico (Biggs et al. 2006, Davis et al. 2002, Scott-Hayward 2006), the Sea of
Cortez (Jaquet and Gendron 2002), and the Mediterranean (Gannier et al. 2002, Gannier
and Praca 2007, Pirotta et al. 2011, Praca et al. 2009), or pelagic island systems such as
the Galapagos (Smith and Whitehead 1993, Whitehead 1996, Whitehead et al. 1989).
Some research in the South Pacific has provided insight into the what drives sperm whale
distribution in the open ocean (Jaquet and Whitehead 1996, Jaquet and Whitehead 1999),
however with the exception of limited work by Waring and colleagues (Waring et al.
1993, Waring et al. 2001), virtually nothing is known about the temporal or spatial
distribution in the pelagic waters of the Atlantic Ocean.
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1.2 THE NORTH ATLANTIC OCEAN AND THE SARGASSO SEA
The Atlantic Ocean derives its name from the Greek god, Atlas. The open-boat sperm
whale hunt began in the North Atlantic Ocean in the early 18th century and lasted until
the end of modern whaling in the first part of the 20th century (Bannister et al. 2008,
Starbuck 1878). Whalers focused their whaling efforts in distinct areas, called “grounds”
and some of these grounds were hunted over a century (Bannister et al. 2008, Starbuck
1878). One part of the North Atlantic where sperm whales were consistently hunted is the
Sargasso Sea (Bannister et al. 2008, Townsend 1935).
The Sargasso Sea (Figure 1.1) lies in the middle of the North Atlantic (between the
parallels 20° and 35° N and the meridians 30° and 70° W) and is an oceanic gyre
bounded by ocean currents of the Gulf Stream to its west, the North Atlantic Current to
its north, the Canary Current to its east and the North Atlantic Equatorial Current to its
south. The warm, clear waters of the Sargasso Sea were described as some of the poorest
on earth (Blackburn 1981) and traditionally regarded as lifeless, save for the presence of
masses of Sargassum seaweed, and their dependent fauna. However, this view is
currently being debated, with researchers demonstrating that primary productivity in the
Sargasso Sea is higher than previously assumed (McGillicuddy and Robinson 1997,
McGillicuddy et al. 1998, Oschlies and Garçon 1998). My study area within the Sargasso
Sea (Figure 1.1) is defined as waters deeper than 1000m and north of 23.50N and west of
500W. This area encompasses prominent bathymetric features such as the New England
Seamount Chain and the island of Bermuda and is also bounded by a western boundary
current: the Gulf Stream.
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Figure 1.1 Map showing the location of the Sargasso Sea with surrounding currents. The study
site is outlined in black.

The North Atlantic Ocean’s bathymetry is characterized by the Mid-Atlantic Ridge, an
underwater mountain range 3000 m from the seafloor, which separates the North
American Plate from the Eurasian Plate in the North Atlantic Ocean. Thousands of
seamounts and knolls, many associated with the Mid-Atlantic Ridge, riddle the ocean
floor (Yesson et al. 2011). Seamounts are undersea mountains that rise steeply from the
sea floor to below sea level and are known to influence oceanographic processes (as
reviewed in Rogers, 1994). Seamounts, like other prominent topographic features, result
in increased turbulence, mixing and mesoscale eddies, which transport nutrients into the
euphotic zone, thereby increasing local production (Oschlies and Garcon 1998, Wolanski
and Hamner 1988). Top ocean predator (e.g. large tuna, billfishes, sharks) diversity
peaked near promiment topographic features, such as the seamounts in Hawaii and South
East Australia (Worm et al. 2003). Worm et al. (2003) stressed the importance of
prominent topographic features in food stressed areas, such as the open ocean.
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The Gulf Stream is characterized by its warm, fast, narrow and deep flow (Loder et al.
1998, Mann and Lazier 1996, Tolmazin 1985). Mesoscale activity associated with the
Gulf Stream, such as cold-core rings, eddies and meanders, increases primary and
productivity in this area (Fuglister 1972, The Ring Group 1981, Orner et al. 1978) and
may also influence the occurrence of marine top predators. For example, Podesta et al.
(1993) found higher swordfish (Xiphius gladius) catch rates in the vicinity of fronts
associated with the Gulf Stream. Seabird densities have also been related to cold-core
filaments of Gulf Stream eddies and rings and Gulf Stream fronts (Haney 1985, Haney
1986a, Haney 1986b, Haney and McGillivary 1985).
Some of the processes and other mechanisms that drive other marine top predator
distribution in this area may explain the paradox of many sperm whales - presently and
historically - in an “unproductive” ocean: the Sargasso Sea. Studying the habitat use of
sperm whales in the Sargasso Sea would provide us with a better understanding of factors
that drive sperm whale distribution in the open ocean.
1.3 THESIS OUTLINE
The goal of this thesis is to examine habitat selection of sperm whales over a broad range
of both temporal and spatial scales, to better understand how this top marine predator
uses the open ocean. At a large scale, I will examine how sperm whales use the
northwestern part of the Sargasso Sea, at a mesoscale, how they use a specific area within
the Sargasso (the New England Seamount Chain) and at a fine scale, I will examine their
diet. This thesis also examines sperm whale habitat use over different temporal scales
including diet and foraging success over hours and days, seasonal use of the Sargasso
Sea, and use of the Sargasso Sea over many years and centuries. The overall objective of
my thesis is to provide an answer to the riddle of how a dense population of large, warmblooded top predators can exist in an apparently “lifeless ocean”.
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Chapter 2: This chapter examines the fine scale habitat use of sperm whales by
investigating the diet of sperm whales in the Sargasso Sea and comparing it to that in the
Caribbean using several approaches.
Chapter 3: In this chapter, I investigate the mesoscale habitat use of sperm whales in the
northwestern part of the Sargasso Sea. I examined the temporal occurrence of sperm
whales over the New England Seamount Chain in relation to oceanographic variables.
Chapter 4: This chapter examines the habitat use of sperm whales over a large spatial
scale: the northwestern part of the Sargasso Sea. The objectives of this chapter are to
identify predictors of sperm whale abundance and examine the relationship between
environmental variables, movement and foraging success.
Chapter 5: In this final data chapter, sperm whale distribution is compared over large
temporal scales: the contemporary distribution that spans decades (1993-2010) and the
historical distribution that spans centuries (1775-1921). I also estimate the current density
of sperm whales in the northwestern part of the Sargasso Sea.
Chapter 6: My thesis concludes with a discussion of the overall findings of my data
chapters in the broad, overall context of what we know about marine top predator
distribution in the open ocean and how my research may contribute to areas where
information is lacking.
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CHAPTER 2

SPATIO-TEMPORAL VARIABILITY OF SPERM
WHALE (PHYSETER MACROCEPHALUS) DIET IN
THE WESTERN NORTH ATLANTIC: EVIDENCE
FROM STABLE ISOTOPES AND HARD-PART
ANALYSIS
The work presented in Chapter 2 was submitted for publication:
Wong, S.N.P., V.L Yaroshewski*, H. Whitehead. Spatio-temporal variability of sperm
whale (Physeter macrocephalus) diet in the western North Atlantic: evidence from stable
isotopes and hard-part analysis. Marine Biology. Manuscript No: MABI-D-12-00487.
* V. Yaroshewski was responsible for the mtDNA barcoding portion of this paper.
2.1 INTRODUCTION
Large marine predators play a vital role as top consumers in marine ecosystems, yet their
numbers have generally declined over the last several decades (Tremblay-Boyer et al.
2011). This has consequences for the lower trophic levels on which they prey (Myers and
Worm 2003). Marine predators can be used as indicator species (Boyd and Murray 2001)
and studying the trophic interactions and movements of marine predators in coastal and
open-ocean ecosystems can identify critical habitat in these areas (Block et al. 2011).
Sperm whales are important mammalian predators in the ocean. The yearly biomass that
the world population of sperm whales consumes is comparable to the total annual catch
of all human marine fisheries (Whitehead 2003). Sperm whales feed mainly on mesoand bathy-pelagic cephalopod species and studying the foraging ecology of these deep
divers can provide insight into the deep water community of their prey.
Studying the diet of sperm whales and other marine organisms is challenging because it is
not generally possible to directly observe prey consumption. Much of what is known
about sperm whale diet comes from analysis of stomach contents of stranded animals
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(Evans and Hindell 2004) or those caught for commercial whaling (Clarke and MacLeod
1976, Clarke et al. 1976, Clarke and Roeleveld 1998). More recently, squid beaks
collected from fecal samples of free-ranging sperm whales have been used to determine
diet (Smith and Whitehead 2000). Analyses of stomach contents or fecal samples both
present biases, which include: differential defecation or vomiting of beaks, failure to
ingest the head, instances where collected beaks are the prey of the sperm whale’s prey
and in the case of fecal sample collection, the fact that large beaks sink faster and may be
missed (Clarke et al. 1980, Clarke et al. 1988, Smith and Whitehead 2000, Clarke and
Paliza 2001). Such biases will affect the overall assessment of sperm whale diets, perhaps
making it difficult to compare across regions.
Molecular methods, such as mitochondrial DNA sequencing of soft cephalopod tissue
found in association with feeding sperm whale groups is another tool that can be used to
study sperm whale diet. However, only a relatively small number of cephalopod species
have been sequenced at the mitochondrial cytochrome c oxidase (COI) locus (about 30%
of known species) (Strugnell and Lindgren 2007), the region used to match samples to
Genebank and BoLD databases. The level of accuracy to which this gene locus can be
used to identify an unknown specimen is under debate and may depend on the family of
cephalopods to which the query specimen belongs. Therefore, some caution must be
taken when attempting to assign an unidentified cephalopod specimen to a sequence
within the GenBank or BoLD search databases. Furthermore, the distribution of
specimens recovered near feeding sperm whales may not well reflect their dietary intake.
The use of stable isotope analysis provides another method to examine the feeding
ecology of sperm whales. Stable isotope signatures of predators reflect the isotopic
composition of their assimilated prey, thus providing dietary information integrated over
longer time scales than stomach contents or fecal samples (Deniro and Epstein 1978,
Deniro and Epstein 1981, Hobson et al. 1994). Based on studies on the epidermal
turnover rate of other odontocetes, Ruiz-Cooley et al. (2004) suggested that the turnover
rate of sperm whale skin is at least 75 days, so the isotopic composition of skin reflects an
average of the prey composition over this time scale. More specifically, δ15N isotopes are
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used to indicate trophic position (Deniro and Epstein 1981) and in marine systems, δC13
reflects the relative primary productivity of an area (Newsome et al. 2010), with higher
δC values in more productive, near-shore regions compared to more oligotrophic, pelagic
systems (Hobson 1999). Baseline isotope signatures also differ among geographic
regions and may enable inference related to movement patterns using ‘isoscapes’
(Graham et al. 2010, Jaeger et al. 2010). Stable isotope analysis has been used to examine
the trophic ecology of sperm whales in the Pacific (Ruiz-Cooley et al. 2004, Marcoux et
al. 2007) and the Gulf of Mexico (Ruiz-Cooley et al. 2010) using sloughed skin of focal
sperm whales, as well as cephalopod beaks and soft tissue (e.g tentacles).
We studied sperm whale diets in two portions of the western North Atlantic: the Sargasso
Sea and the eastern Caribbean Sea. The Sargasso Sea is a sub-tropical gyre which is
bounded by ocean currents. In the past, the waters of the Sargasso Sea have been
described as some of the “poorest on earth” (Blackburn 1981). However, mesoscale
eddies, rings, and meanders associated with the Gulf Stream lead to increased
productivity in the nutrient-poor waters of the Sargasso (Orner et al. 1978; Yoder et al.
1981). Large numbers of sperm whales (groups of adult females and immatures) are
found in the Sargasso Sea, especially in the more energetic northwest portion (Chapter 5).
It is not known which prey species are consumed by sperm whales in the Sargasso Sea,
since beaks are rarely found in fecal samples compared to other areas in the Pacific and
western North Atlantic Oceans. The movement of individuals in this area is also
unknown, with no matches to photo-identification catalogues in other areas of the
Atlantic. Sperm whales are also found in other parts of the western North Atlantic, such
as the Eastern Caribbean Sea (Gero et al. 2007). Islands in the Lesser Antilles, such as
Dominica, experience increased productivity on the Caribbean side as a result of
downstream turbulence (Ingham and Mahnken 1966) and the “island mass” effect (Doty
and Oguri 1956, Sander 1981). Comparing the feeding ecology of sperm whales between
these two areas may shed insight into how two very different ecosystems can support
substantial numbers of sperm whales.
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The objectives of our study was to compare the foraging ecology of sperm whales in the
Sargasso Sea and Dominica using stable isotope analysis, hard-part analysis and
mitochondrial sequence analysis to assess diet. This study will provide a broader
understanding of the feeding ecology of this important predator in the Atlantic Ocean and
also shed insight into the cephalopod community in a remote and poorly studied area, the
Sargasso Sea.
2.2 METHODS
2.2.1 Data Collection
Studies were conducted from a 12m sailing vessel or a 5m motor vessel during May and
June in the Sargasso Sea, 2004-2007, and between January and May off Dominica in
2005, 2007-2009 (Figure 2.1). Research within the Sargasso Sea occurred east and south
of the Gulf Stream in warm waters deeper than 1000m (bounded by latitudes 400N and
300N and longitudes 570W and 710W). Groups of whales (composed of adult females,
immatures and calves) were tracked using a directional hydrophone. The size of each
group was not determined for this study, but average group size in the Sargasso is 12.0 ±
SD 6.6 and in Dominica is 6.6 ± SD 0.5 (Gero et al. 2009).
Individuals were identified using photo identification of flukes at the beginning of deep
dives. After each observed dive, the vessel immediately approached the dive site.
Within one minute from the time the whale dove, a dip net was used to collect squid
beaks from fecal samples (if present). Beak rate (total number of beaks collected divided
by the total number of defecations observed) was also calculated for each study site.
Naturally-sloughed whale skin samples were collected while closely following focal
animals. If skin samples were not from individuals that could be photographically
identified, we used samples from the same group on different days. When that was not
possible, we used samples on the same day from different encounters (to minimize the
chance of re-sampling the same individual). While every pre-caution was taken to
minimize sampling skin from the same individual, all fecal samples were used, regardless
if multiple samples came from the same individual. Since sperm whales are highly
sexually dimorphic (Rice 1989), mature males are easy to identify in the field. Samples
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from mature males (occasionally encountered) were not included since their stable
isotope signatures would reflect the high latitudes where they are found (Rice 1989).
Calves were not included in the analysis because they were assumed to be nursing, which
results in nitrogen enrichment between mother and offspring (Hobson et al. 1987,
Valenzuela et al. 2010). Soft tissue of cephalopods (eg. pieces of tentacle or mantle)
found in proximity to sperm whale groups was also collected opportunistically. Samples
were stored in 70% ethanol except for five whale skin samples that were stored in a
dimethyl sulfoxide (DMSO) solution.
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Figure 2.1 Map of study area showing locations of collected samples in the Sargasso Sea
and off Dominica. ● represents whale skin samples collected. X represents prey samples
collected (beaks from fecal samples and soft tissue from squid).

2.2.2 Hardpart Analysis
The cephalopod beaks collected in the fecal samples were cleaned with ethanol. Only the
lower beaks were used for identification because an appropriate set of keys has not been
developed for the upper beaks. The lower beaks were identified to genus according to the
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keys developed by Clarke (1986), although sometimes beaks could only be identified to
family. Updated photographs and descriptions by Young and Vecchione (2004) were also
used, and a reference collection of beaks identified to genus for a previous study (Smith
and Whitehead 2000) was also used to aid identification. The lower beak rostral length
(LRL) is a standard beak measurement made from the rostral tip to the corner of the jaw
angle and was measured using a Wild Heerbrugg microscope with a reticulated eyepiece
(accurate to the nearest 0.16mm). Where possible, the LRL measurements of the
cephalopod beaks, r, were used to estimate wet weight (g), W, and mantle length (mm), l,
of the squid using regression equations for Histioteuthis spp., Chiroteuthis,
Mastigoteuthis and Brachioteuthis from Clarke (Clarke 1986).

2.2.3 DNA Sequencing
For the cephalopod tissue collected opportunistically, regular identification using keys
was not performed because these tissue samples did not have enough distinguishing
features to identify the genus of cephalopod. However, total DNA was extracted
according to the “Glassmilk” protocol outlined in Elphinstone et al. (2003). A 648 base
pair fragment of the mitochondrial cytochrome c oxidase subunit I (COI) gene was
amplified using Polymerase Chain Reaction (PCR). The forward and reverse primers
used were the universal COI primers listed in Folmer et al. (1994):
LCO1490 HCO2198 -

5’ - GGT CAA CAA ATC ATA AAG ATA TTG G - 3’
5’ - TAA ACT TCA GGG TGA CCA AAA AAT CA - 3’

The purified PCR product was sequenced, after which the raw sequences were verified
and corrected by eye, and aligned with the program BioEdit 7.0.9 (Hall 1999). These
COI sequences from the unidentified specimens (the query sequences) were submitted to
the online search database within Barcode of Life (BoLD) and GenBank, to compare
sequences to attempt to identify the species of the unknown tissue samples. Within
BoLD, the highest search criteria were used first (the unknown sequence was compared
to verified and referenced sequences), and only if a match was not found were the less15

constrained options chosen. A successful species “match” was defined as a sequence
return of 98-100% identity match with a subject sequence based on the percent coverage
or overlap, as well the number of common bases relative to the total sequence length and
number of inserts when the query sequence was aligned with the subject sequence.
Numerous examples in the literature demonstrated that intra-specific divergences were
rarely found to be above 2%, and generally less than 1% (Avise 2000, Hebert et al. 2004,
Roe and Sperling 2007). Indeed, a study examining COI sequence divergence in 13,320
congeneric species pairs from 11 different phyla reported that 98% of the species pairs
showed greater than 2% sequence divergence (Hebert et al. 2003). We assumed that
intra-specific sequence divergences in cephalopods would be similar. Rates of evolution
for mitochondrial DNA tend to be elevated in molluscs, but COI does not behave the
same for all cephalopod sequences (the rates of evolution are not consistent) (Strugnell
and Lindgren 2007 and references therein). For example, mean sequence divergence in
COI was found to be 2.3% in Decapodiformes and 5.9% in Octopodiformes (Carlini and
Graves 1999). Also, Sinclair et al. (2007) observed 2.96% COI sequence divergence
across geographically isolated populations of Nautilus in the Great Barrier Reef and
Coral Sea, while as much as 10% COI sequence divergence was reported in populations
of the same species of Euprymna (Strugnell and Lindgren 2007). However, it was
indicated that molluscs showed a mean sequence divergence value of 11.1% (over all
species pairs), and about 80% of the congeneric species pairs showed greater than 8%
COI sequences divergence (Hebert et al. 2003). Therefore, we also assumed that a query
sequence return of 90% or greater in terms of identity match/sequence overlap to a
subject sequence within the two databases signified a positive identification within family
or genera. Caution must be taken, however, given that in BoLD, only about 30% of
known cephalopod species have been sequenced at the COI gene, and of these only 8
species have sequences from at least 5 individuals (Strugnell and Lindgren 2007).
2.2.4 Stable Isotope Analysis
Samples were prepared following techniques used in other studies of marine mammals
(Marcoux et al. 2007) and cephalopods (Cherel and Hobson 2005). The lower wing from
the beaks was used for isotope analysis. The lower wing encompasses the most recent
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growth and thus reflects the most recent diet of the individual (Cherel and Hobson 2005,
Cherel et al. 2009a). All samples were dried at 600F for 24 hours. The five skin samples
stored in DMSO solution were soaked and rinsed twice in distilled water before being
dried; this technique results in no significant difference in carbon and nitrogen signatures
between samples stored in DMSO solution and ethanol after lipids are extracted (Hobson
et al. 1997, Todd et al. 1997, Marcoux et al. 2007). Lipids were extracted from skin and
cephalopod tissue by soaking samples in a 2:1 solution of chloroform and methanol.
Samples were re-dried and then ground into a homogenous mixture. It was not possible to
grind the beak samples. Instead these were cut into very small pieces. Subsamples (~0.25
mg) of each were analyzed for stable isotope signatures of carbon (δ13C) and nitrogen
(δ15N). Isotope ratios were measured using a Delta Plus continuous flow stable isotope
ratio mass spectrometer (Thermo Finnigan / Bremen-Germany) coupled to a Carlo Erba
elemental analyzer (CHNS-O EA1108).
Stable isotope ratios are expressed in δ notation as parts per thousand (‰) deviation from
standard material (Peedee Belemnite rock for 13C and atmospheric air for 15N), according
to the following equation:
δX = [(Rsample / Rstandard) -1] x 1000
where X is 13C or 15N and R is the corresponding ratio 13C/12C or 15N/14N. Samples were
run with standards interspersed every 8 samples and results were corrected to these
standards. Ammonium sulphate (IAEA-N1 and IAEA-N2) were used as standards for
nitrogen and carbon standards were IAEA-CH6 (sugar), EIL-72 (cellulose) and EIL-32
(graphite). The error for standard material is ± 0.2 ‰ for carbon and ± 0.3‰ for nitrogen.

2.2.5 Data Analysis
To examine the variability in stable isotope signatures of sperm whale skin in the
Sargasso Sea and Dominica, a generalized linear model with an identity link function was
used to examine the relationship between δ15N and δ13C signatures and the following
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variables: location (Sargasso versus Dominica), year (nested within location) and group
(nested within location). We did not determine the sex of skin samples and thus all
samples (adult females and immature males and females) were grouped together in the
analysis. Ruiz-Cooley (2004) found no difference in isotope signatures between adult
females and immature males. Statistical analysis was performed on the two different
types of prey tissue (beaks and soft tissue) separately. A generalized linear model with an
identity link function was again used to examine the relationship between δ15N and δ13C
signatures of beaks and the following variables: location (Sargasso versus Dominica),
genus/family, and size (LRL). t-tests were used to compare mean δ15N and δ13C values
for sperm whale and squid soft tissues between the Sargasso Sea and Dominica.

2.3 RESULTS
2.3.1 Hardpart Analysis
A total of 71 lower beaks (6 from Sargasso Sea, 65 from Dominica) were collected over
four field seasons in both study sites, of which all but 2 could be identified to genus. Over
four field seasons, the total number of beaks collected per observed defecation (beak rate)
was lower in the Sargasso Sea (mean = 0.09 ± 0.08, total number of defecations = 91)
compared to Dominica (mean = 0.26 ± 0.26, total number of defecations = 295), but this
difference was not significant (t-test, t6 = 1.205, p = 0.273). The beaks collected from
sperm whales off Dominica comprised 7 genera, where Histioteuthis spp. were most
frequent (percent occurrence = 80.0%) followed by Discoteuthis (10.1%) (Table 2.1).
Two genera were identified from the Sargasso Sea samples, with Histioteuthis spp. being
most common (66.7%) (Table 2.1). The smallest cephalopods in the diet of sperm whales
in the Sargasso Sea and off Dominica were of the genus Chiroteuthis (LRL = 3.4mm
from Sargasso Sea, 4.1 ± 1.3mm from Dominica). There was no significant difference in
Histioteuthis beak size for samples collected in the Sargasso Sea (LRL = 5.2 ± 0.4mm)
and Dominica (LRL = 5.1 ± 0.7mm; t-test, t54 = -0.324, p = 0.747). Beaks from the genus
Discoteuthis (LRL = 5.4 ± 0.8mm), Mastigoteuthis (LRL = 6.6 ±0.5mm) and
Octopoteuthis (LRL = 9.1mm) were only collected from Dominica (Table 2.1).
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Overall, there were no significant or obvious differences in the species composition or
sizes of the beaks collected from sperm whale faeces in the two locations, though sample
size for the Sargasso is very small, thus reducing power.
Table 2.1 Summary of beaks collected from fecal samples of free ranging sperm whales in the
Sargasso Sea and off Dominica Island in the Caribbean. Lower rostral length (mm) (LRL) was
used to estimate mantle length (mm) and wet weight (g) according to Clarke (1986).
Sargasso Sea
Mantle length

Wet weight

LRL (mm)

LRL Range

(mm)

(g)

Genus/Family

n

%

mean ± SD

(mm)

mean ± SD

mean ± SD

Histioteuthis

4

66.7

5.2 ± 0.4

4.8 - 5.7

101.1 ± 8.5

219.8 ± 38.1

Chiroteuthis

1

16.7

3.4

--

95.6

22.1

Unknown

1

16.7

4.8

--

--

--

Mantle length

Wet weight

(mm)

(g)

mean ± SD

mean ± SD

Dominica
Genus/Family

n

%

LRL (mm)

LRL Range

mean ± SD

(mm)

Histioteuthis

52

80.0

5.1 ± 0.7

2.8 - 6.6

98.6 ± 14.8

213.1 ± 64.3

Discoteuthis

7

10.8

5.4 ± 0.8

4.6 - 6.9

--

--

Chiroteuthis

2

3.1

4.1 ± 1.3

3.2 - 5.0

111.7 ± 31.2

39.4 ± 20.1

Mastigoteuthis

2

3.1

6.6 ± 0.5

6.3 - 7.0

191.3 ± 13.5

282.2 ± 56.4

Octopoteuthis

1

1.5

9.1

--

157.3

193.8

Unknown

1

1.5

--

--

--

--

2.3.2 DNA Sequencing
A total of 20 cephalopod tissue samples (6 from the Sargasso Sea and 14 from Dominica)
were sequenced at the mitochondrial COI gene. Of these, only three of the unknown
specimen sequences had confident taxonomic identification to species when compared to
known sequences within the search databases of GenBank and BoLD (Table 2.2). Two of
these samples, which were collected in the Sargasso Sea, were matched to Architeuthis
dux (100% in BoLD and GenBank) and Cycloteuthis sirventi (99.85% in BoLD and 99%
in GenBank). The third sample, collected from Dominica, was identified as Histioteuthis
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hoylei (98.62% match in BoLD and 98% match in GenBank). However, this species is
restricted to the Pacific and Indian oceans. Recently, H. hoylei was reclassified and the
Atlantic form is now called H. arcturi (Integrated Taxonomic Information System, 2011).
Therefore, it is believed that this third specimen was likely H. arcturi.
From the other attempts to match the query sequences within the search databases, three
further samples were identified to family with relative confidence (Table 2.2). Two of
these tissue samples were from the Sargasso Sea and were likely from the family
Lepidoteuthidae (92.51% in BoLD and 92% in GenBank for Lepidoteuthis grimaldii).
These two samples were likely Lepidoteuthis gramaldii as this is the only species
belonging to the Lepidoteuthidae family. The third sample, from Dominica, was likely
from the family Onychoteuthidae (89.61% in BoLD and 89% in GenBank for
Onychoteuthis borealijaponica). Thus, there were no overlaps in species or family
between the soft cephalopod tissues collected in the Sargasso Sea or Dominica. Finally,
while most of the other query sequences could not be identified, twelve of these had very
similar sequences (those most closely matched to Ancistrocheirus spp. and Gonatopsis
spp. with about 84%) (Table 2.2). Furthermore, there was a mean sequence divergence of
0.76% (with a range of 1 to 12 base positions differing) between all pairs of individuals,
suggesting that these individuals were the same species, likely one which has not yet
been described in GenBank or BoLD.
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Table 2.2 The top taxonomic identification matches of the unknown diet tissue samples to known
species from within the BoLD and GenBank search databases. The top match species name and
percent similarity of the query sequence to the database specimen sequence is presented. The
sequence accession number is also given for the specimen sequences from GenBank.
Query Sample
Name
BSH3
DHS24
DSH23
DSH35A
DSH48
Sarg07_01
Sarg07_02
Sarg07_03
Sarg07_04
Sarg07-Squid02
DSH08-02
DSH08-13A
DSH08-17
DSH08-18
DSH08-21A
DSH08-27A
DSH08-31A
D09-SH02
D09-SH04
D09-SH07A

Search
Database
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank
BoLD
GenBank

Top Identification Match
Lepidoteuthis grimaldii
Lepidoteuthis grimaldii
Gonatopsis japonicus
Ancistrocheirus lesueuri
Gonatopsis japonicus
Ancistrocheirus lesueuri
Gonatopsis japonicus
Notonykia sp.
Gonatopsis japonicus
Ancistrocheirus lesueuri
Architeuthis dux
Architeuthis dux
Cycloteuthis sirventi
Cycloteuthis sirventi
Gonatopsis japonicus
Ancistrocheirus lesueuri
Gonatopsis japonicus
Ancistrocheirus lesueuri
Lepidoteuthis grimaldii
Lepidoteuthis grimaldii
Histioteuthis hoylei
Histioteuthis hoylei
Onychoteuthis borealijaponica
Onychoteuthis borealijaponica
Gonatopsis japonicus
Ancistrocheirus lesueuri
Gonatopsis japonicus
Ancistrocheirus lesueuri
Gonatopsis japonicus
Ancistrocheirus lesueuri
Gonatopsis japonicus
Ancistrocheirus lesueuri
Gonatopsis japonicus
Ancistrocheirus lesueuri
Moroteuthis lonnbergii
Moroteuthis robusta
Gonatopsis japonicus
Ancistrocheirus lesueuri
Gonatopsis japonicus
Gonatus pyros
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%
Similarity
92.66
92
84.62
84
84.76
84
87.91
88
84.41
84
100
100
99.85
99
84.37
83
84.21
84
92.51
92
98.62
98
89.61
89
84.28
83
84.25
84
84.25
84
84.62
84
84.62
84
88.33
88
84.47
83
84.5
83

GenBank
Accession
No.
AF000049
GU220397
GU220397
EU735378
GU220397
JF710644
AF000036
GU220397
GU220397
AF000049
AF000045
AB264120
GU220397
GU220397
GU220397
GU220397
GU220397
GU112107
GU220397
GU072735

2.3.3 Stable Isotopes
2.3.3.1 Sperm whales
A total of 73 skin samples (47 Sargasso Sea, 26 Dominica) were analyzed, representing a
total of 36 groups (22 Sargasso Sea, 14 Dominica). The model examining the relationship
between δ15N values and location, year and group was significantly better than the
intercept-only model (Likelihood-ratio test: X237 = 141.71, p < 0.001). The δ15N
signatures were significantly affected by location (X21 = 36.74, p < 0.001) and group
(X231 = 166.52, p < 0.001) but not year (X23 = 5.51, p = 0.138). Further investigation into
the effect of location on δ15N signatures showed Sargasso Sea animals had significantly
higher δ15N signatures (13.2 ± SD 1.0‰) than Dominica animals (11.3 ± SD 0.5‰; t-test,
t71 = 8.72, p < 0.001; Figure 2.2). This represents a difference of 1.9‰. There was no
relationship found between δ15N signatures and longitude (r2 = 0.032, N = 46, p = 0.231).
There was a significant positive relationship between δ15N signatures and latitude within
the Sargasso Sea (r2 = 0.226, N = 46, p = 0.001); however, this relationship was driven by
five individuals in the same group, which had the five lowest δ15N of the Sargasso Sea
animals. When these individuals were excluded from the analysis, no relationship was
found between δ15N signatures and latitude (r2 = 0.030, N = 41, p = 0.276).
The model examining the relationship between δ13C values and location, year and group
was significantly better than the intercept-only model (Likelihood-ratio test: X237 =
233.93, p < 0.001). The δ13C signatures were significantly affected by location (X21 =
75.04, p < 0.001), group (X231 = 440.44, p < 0.001) and year (X23 = 30.13, p < 0.001).
Sargasso Sea animals had significantly lower δ13C signatures (-16.5 ± SD 0.43‰) than
Dominica animals (-15.3 ± SD 0.34‰; t-test, t71 = -12.63, p < 0.001; Figure 2.2). To
further investigate the effects of year on δ13C signatures, we examined the relationship
between δ13C signatures and year for each study site using an ANOVA. Despite a year
effect in our model, there was no significant difference in δ13C among years for the
Sargasso Sea (F3,43 = 1.453, p = 0.241) or Dominica (F3,22 = 2.024, p = 0.140).
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Figure 2.2 Individual δ15N and δ13C signatures for sperm whales (skin), their prey (cephalopod
soft tissue and lower beaks) and undigested lower beaks (beaks attached to the cephalopod soft
tissue) in the Sargasso Sea (2004-2007) and off Dominica Island (2005, 2007-2009). The
undigested beaks are joined to their respective cephalopod soft tissue with a line.

2.3.3.2 Prey
Stable isotope analyses were performed on beaks collected from fecal samples (Table 2.3,
Figure 2.2). There was no significant effect of location (F1,41 = 0.215, p = 0.645) or size
(F1,41 = 1.615, p = 0.211) on δ15N values of squid beaks, but there was a significant effect
of genus (F1,41 = 4.946, p = 0.001). Size did not have a significant effect on δ13C values
of squid beaks (F1,41 = 0.615, p = 0.437), but there was a significant effect of location
(F1,41 = 126.681, p < 0.001) and genus (F5,41 = 8.111, p < 0.001). The δ15N values for
beaks collected from fecal samples ranged from 5.6‰ to 10.4‰, with beaks from the
genus Chiroteuthis being the most enriched (δ15N = 9.5 ± SD 1.0‰) and Octopoteuthis
being the least (δ15N = 5.6‰) (Table 2.3). However, stable isotope analysis was
performed on the lateral wall of the Octopoteuthis sample because analysis on the wing
resulted in error and that sample was lost. Signatures of the lateral wall reflect dietary
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components earlier in life while the wing reflects the most recent diet (Cherel and
Hobson 2005). Thus, this signature did not reflect the diet of the specimen when it was
consumed by the sperm whale. The δ13C values for beaks ranged from -17.9‰ to -14.9‰
with Chiroteuthis having the lowest δ13C signatures (δ13C = -16.8 ± SD 1.1‰) (Table
2.3). There was no significant difference between δ15N values of Histioteuthis beaks
collected in the Sargasso (6.8 ± SD 0.8‰) or Dominica (6.7 ± SD 0.8‰; t-test: t32 =
0.195, p = 0.846), but δ13C values of beaks were significantly lower in the Sargasso (17.5 ± SD 0.3‰) compared to Dominica (-16.1 ± SD 0.2‰; t-test: t32 = -11.090, p <
0.001). The difference in δ15N between sperm whale signatures and signatures of beaks
collected from fecal samples was 6.4‰ for Sargasso sperm whales and 4.6‰ for
Dominica whales.
Table 2.3 Summary of isotope signatures of δ15N and δ13C of cephalopod beaks collected from
the fecal samples of free-ranging sperm whales in the Sargasso Sea and Dominica.
Genus/family
Histioteuthis
Chiroteuthis
Discoteuthis
Mastigoteuthis
Octopoteuthis
¥
Onychoteuthidae
¥
Onykia
¥
Brachioteuthis

15

Location

n

δ N mean
± SD (‰)

Range of
15
δ N (‰)

δ C mean
± SD (‰)

13

Range of
13
δ C (‰)

Sargasso
Dominica
Sargasso
Dominica
Dominica
Dominica
Dominica
Sargasso
Dominica
Dominica

30
4
1
2
7
2
1
1
1
1

6.8 ± 0.8
6.7 ± 0.8
10.4
9.1 ± 0.8
6.8 ± 1.4
7.8 ± 1.8
5.6*
6.3
8.9
5.1

5.7 to 7.4
5.2 to 8.5
-8.5 to 9.7
5.7 to 9.7
6.6 to 9.0
-----

-17.5 ± 0.3
-16.1 ± 0.2
-17.9
-16.2 ± 0.5
-15.3 ± 0.2
-15.3 ± 0.4
-15.0*
-17.0
-16.4
-15.3

-17.9 to -17.3
-16.6 to -15.7
--16.5 to -15.8
-15.6 to -14.9
-15.6 to -15.0
----

* stable isotope analysis was performed on the lateral wall because analysis on the wing resulted
in error and that sample was lost. Signatures of the lateral wall reflects dietary components earlier
in life (Cherel and Hobson 2005) while the wing reflects the most recent diet. Thus, this signature
does not reflect the diet of the specimen when it was consumed by the sperm whale.
¥
Undigested beaks that were collected from the soft tissue of squid pieces found near groups of
sperm whales

Cephalopod tentacles collected in the Sargasso Sea had significantly higher δ15N values
(11.3 ± SD 0.6‰) than samples collected in Dominica (9.6‰ ± SD 1.5‰; t-test: t20 =
2.814, p = 0.11) and Sargasso Sea cephalopod tentacle samples were significantly lower
in δ13C values (-17.1 ± SD 0.3‰) than Dominica (-15.8 ± SD 0.4‰; t-test: t20 = -7.815, p
>0.001). Comparisons between isotopic signatures of tentacles and beaks from both
locations showed a greater difference of δ15N in the Sargasso (4.5‰) compared to
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Dominica (2.9‰) (Figure 2.2). The trophic enrichment between sperm whales and
tentacles was 1.9‰ for Sargasso whales and 1.7‰ for Dominica whales. The isotopic
signatures of the tentacles with matches to species from the DNA sequencing were as
follows: Architeuthis dux (Sargasso): δ15N = 10.8‰, δ13C = -16.8‰, Cycloteuthis sirventi
(Sargasso): δ15N = 11.5‰, δ13C = -16.8‰ and Histioteuthis arcturi (Dominica): δ15N =
9.6‰, δ13C= -16.9‰. The isotopic signatures of the tentacles with likely matches to
family from the DNA sequencing were as follows: Lepidoteuthidae (both Sargasso): δ15N
= 11.9 ± 0.0‰, δ13C = -17.2 ± 0.1‰, and Onychoteuthidae (Dominica): δ15N = 9.7‰,
δ13C = -16.2‰.
Five tentacle samples still had a lower beak attached. Comparisons between isotopic
signatures showed that tentacles were enriched in δ15N from 1.0 to 6.9‰ compared to
beaks, but the difference in δ13C between tentacles and beaks varied (-0.88 to 0.58‰)
(Table 2.4).
Table 2.4 Comparison of isotopic signatures δ15N and δ13C between the tentacle and beak of the
five individual cephalopods.
Genus/Family
Onychoteuthidae
Histioteuthis
Brachioteuthis
Onykia
Unknown

Tissue type
tentacle
beak
tentacle
beak
tentacle
beak
tentacle
beak
tentacle
beak

Difference in
15
δ N (‰)

15

δ N (‰)
10.6
6.3
11.0
7.1
9.7
5.2
9.9
8.9
12.5
5.6

4.3
3.9
4.5
1.0
6.9*

Mean
4.1
Difference
*stable isotope analysis was performed on the lateral wall
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13

δ C (‰)
-17.0
-17.0
-16.2
-15.8
-16.2
-15.3
-15.8
-16.4
-14.8
-15.3

Difference in
13
δ C (‰)
0
-0.4
-0.9
0.6
0.5

0.0

2.4 DISCUSSION
2.4.1 Global comparisons of sperm whale diet

We used hard-part analysis and stable isotope analysis, complemented by mtDNA
barcoding of cephalopod tissue to examine the diet of sperm whales in the western North
Atlantic. Hard-part analysis indicated that Histioteuthis was the most frequently observed
cephalopod genus in the fecal samples of sperm whales in the Sargasso Sea and
Dominica, although very few beaks were collected from whales in the Sargasso Sea. The
mtDNA barcoding of cephalopod tissue also suggests that Histioteuthis spp. form part of
the diet of sperm whales off Dominica. These results are consistent with a study by Smith
and Whitehead (2000), who found that the sperm whale diet in the Pacific, near the
Galapagos Islands, primarily consisted of Histioteuthis spp. using hard-part analysis of
fecal samples. Other sperm whale dietary studies using hard-part analysis from stranded
animals or from commercially harvested animals found that Histioteuthis spp. were the
most common cephalopod species by frequency of occurrence in both the Pacific (Clarke
et al. 1976, Clarke and Roper 1998, Evans and Hindell 2004) and the Atlantic oceans
(Clarke and MacLeod 1976, Clarke et al. 1993, Clarke and Pascoe 1997). However,
mtDNA sequencing suggests that whales in the Sargasso Sea might be feeding, in part, on
larger, higher trophic level squid such as Architeuthis. This is further supported by the
lack of beaks collected: either beaks of these larger species aren’t ingested or chances of
collecting them are lower since far fewer large squid would need to consumed compared
to the numerous numbers of smaller (ie Histioteuthis) squid. It has been suggested the
prominence of Histioteuthis beaks is a result of ‘prey of prey’, when undigested beaks of
smaller Histioteuthis squid may be found in the stomachs of other larger squid (Clarke et
al. 1988, Clarke and Paliza 2001). The fact that the cephalopod species collected near
groups of whales in the Sargasso Sea, as identified through mtDNA barcoding of soft
tissues, were not represented in the hard-part analysis supports this “prey of prey” theory.
Beak size range (LRL) and mean estimated wet weight of the Histioteuthis collected in
the Sargasso (LRL = 4.8-5.7mm, wet weight = 219.8g) and Dominica (LRL = 2.86.6mm, wet weight = 213.1g) are smaller than samples of Histioteuthis hoylei collected
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from fecal samples of sperm whales off the Galapagos (LRL = 5.0-8.0mm, mean wet
weight = 351g) (Smith and Whitehead 2000) and from the stomach contents of whales
harvested off Peru and Chile (LRL = 5.0-13.0mm, wet weight = 1145g) (Clarke et al.
1976). The smaller size could be explained by differences in species. The hard-part
analysis of the fecal samples would suggest that sperm whales in the Sargasso Sea and
Dominica feed mainly on small squid (mantle lengths around 10cm) (Table 2.1).
However, it is likely that these small squid make up only a small part of the diet of
whales in the Sargasso Sea, as stable isotope and mtDNA sequencing results suggest, or
are ‘prey of prey’ (as suggested above). By contrast, all evidence suggests that whales in
Dominica are feeding predominantly on these small squid, which are likely schooling,
and large numbers would need to be consumed. These differences highlight the biases
associated with sample collection and method of analysis.
Comparisons of stable isotope analysis of sperm whale skin between this study and other
regions (Table 2.5), show similarities in isotope signatures within but not between ocean
basins. δ15N signatures from the two locations in the western North Atlantic (this study)
were similar to those found in the Gulf of Mexico (12.3‰; Ruiz-Cooley and Engelhaupt
2010). However, δ15N signatures of sperm whales in the Pacific Ocean were generally
much higher, such as in Chile (21.1‰; Marcoux et al. 2007) and the Gulf of California
(19.6‰; Ruiz-Cooley et al. 2004) (Table 2.5). The differences in δ15N values between the
Atlantic and Pacific oceans are a reflection of differences in the predominant nitrogen
cycling regime, which influences baseline δ15N signatures in the marine food web (Wada
and Hattori 1991, Wallace et al. 2006) and ultimately different species compositions (e.g.
the occurrence of D. gigas in the Pacific but not the Atlantic).
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Table 2.5 Isotopic signatures (δ15N and δ13C) of sperm whales (Physeter macrocephalus) in the
literature compared to this study.
15

Location
Sargasso
Dominica
Sea
Gulf of
Mexico
Chile
Galapagos
Gulf of
a

Tissue type
Sloughed skin
Sloughed skin
Skin (sloughed &
biopsy)
Sloughed skin
Sloughed skin
Sloughed skin

13

δ N mean
(‰)
13.2
11.3
12.3

δ C mean
(‰)
-16.5
-15.3
-16.6

21.1
13.9
19.6

-16.0
a
-16.0
-13.8

a

Study
This study
This study
(Ruiz-Cooley and Engelhaupt
2010)
(Marcoux et al. 2007)
(Marcoux et al. 2007)
(Ruiz-Cooley et al. 2004)

mean δ13C (‰) for all Pacific (Galapagos and Chile)

California

2.4.2 Comparisons of sperm whale diet in the Sargasso and Caribbean

While the hard-part analysis suggested that the diet of sperm whales in the Sargasso Sea
was similar to those found off Dominica, the stable isotope analysis suggested that sperm
whales in the Sargasso Sea may have a somewhat different trophic ecology than
Dominica whales. The difference in mean δ15N values of sperm whale skin between
Sargasso Sea and Dominica was 1.9‰ higher for sperm whales in the Sargasso Sea.
Mean enrichment of δ 15N for one trophic level is between 2.3-3.4‰ (Deniro and Epstein
1981, McCutchan et al. 2003), which is higher than the difference we observed between
whales in the Sargasso Sea and Dominica. However, Cherel and Hobson (2005)
considered 1.9‰ to be representative of about half a trophic level in cephalopod species,
suggesting some of the diet of sperm whales in the Sargasso Sea may include higher
trophic level squid. This theory is supported by the fact that δ15N values for cephalopod
tentacles collected from the Sargasso Sea were 1.7‰ higher than tentacles from
Dominica, although our stable isotope results on the tentacles should be interpreted with
caution given the low sample size. The identification of Architeuthis dux, the large giant
squid, as potential prey of sperm whales in the Sargasso Sea is also an indication that
higher trophic level cephalopods contribute to the diet of whales in this region.
Another explanation for the higher δ15N values in the Sargasso Sea is inherent differences
in habitat. Broadly, δ15N in the ocean tends to decrease with increasing latitude (Wada
and Hattori 1991). Takai et al. (2000) found that δ15N and δ13C values were lower in
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squid muscle from higher latitudes than lower latitudes. However, within the western
North Atlantic, the pattern may be more complex. δ15N values of zooplankton is very low
in the southern Sargasso Sea and Caribbean (0-2‰), but the waters of the northwest
Sargasso are likely influenced by the more enriched δ15N values of the Gulf Stream (5.5
– 6‰) (Graham et al. 2010). This pattern may explain why δ15N values of sperm whales
off Dominica were significantly lower than sperm whales in the Sargasso Sea. Our data
within the Sargasso Sea found no relationship between δ15N and latitude once the group
with overlapping isotopic signatures to Dominica was removed. However, we know very
little about the movement patterns of sperm whales in the Sargasso Sea. If individuals in
this area are wide-ranging and feeding across habitats of varying δ15N values, their diet
may not reflect the above pattern.
In contrast, sperm whales in the Sargasso Sea had lower δ13C values than Dominica
whales, although the difference was small (~1.2‰). This difference in δ13C values was
also reflected in the δ13C signatures of the prey samples. δ13C signatures are typically
found to be higher in coastal marine ecosystems, such as off Dominica, in comparison
with offshore pelagic ecosystems such as the Sargasso Sea (Deniro and Epstein 1978,
Goericke and Fry 1994, Hobson et al. 1994). Although the waters off Dominica where
sperm whales were sampled cannot be strictly classified as coastal, these waters
experience increased productivity due to downstream turbulence (Ingham and Mahnken
1966) and the ‘island mass’ effect (Doty and Oguri 1956, Sander 1981). Areas of high
productivity have higher δ13C values than less productive regions (Graham et al. 2010).
The difference in δ13C between consumer and diet is generally very low, no more than
1‰ (Deniro and Epstein 1978; McCutchan et al. 2003). There was only a 0.5‰
difference in mean δ13C values between sperm whales in Dominica and the tentacles and
beaks collected there. Sperm whales in the Sargasso Sea had mean δ13C values 0.6‰
higher than mean tentacle values and 1.1‰ higher than mean beak values.
Interpretation of δ15N signatures of predators (whales) relative to signatures of their prey
(squid) requires information on δ15N enrichment between predator and prey tissues.
Although δ15N enrichment between trophic levels is typically ~3.0‰, fractionation values
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(difference in δ15N between predator and specific prey items consumed) observed in
nature can differ among predators (e.g. birds vs. mammals) and tissue types (e.g. muscle
vs. chitin) (Kelly 2000). Fractionation values between sperm whale skin and prey
(muscle and beaks) are sparse. δ15N enrichment values between whale skin and
cephalopod muscle tissue range from 2.7‰ for large D. gigas, 4.3‰ for Histioteuthids
and Ommastrephidae, and 5.0‰ for small D. gigas (Ruiz-Cooley et al. 2004, RuizCooley and Engelhaupt 2010). Comparisons between whale skin and Histioteuthis beaks
showed δ15N enrichment of 3.3‰ off Chile and 4.3‰ in the Galapagos (Marcoux et al.
2007). These fractionation values can act as a guide for the interpretation of δ15N
differences observed between whales and their prey in the Sargasso (6.4‰ and 1.9‰
relative to sampled beaks and tentacles, respectively) and Dominica (4.6‰ and 1.7‰
relative to sampled beaks and tentacles, respectively). It is likely that the beaks collected
from the fecal samples of Dominica sperm whales represent the majority of their diet
quite well. However, the larger difference in δ15N in the Sargasso between sperm whales
and beaks (6.4‰) suggests that these whales were feeding mainly on different species
than the species of beaks collected. This theory is supported by the mtDNA barcoding
results of the cephalopod tissue, whereby the species of cephalopod tissue in the Sargasso
Sea did not match the identified beaks. The beaks collected could be the prey of their
prey (a bias suggested by (Clarke and Paliza 2001)), or may have only constituted a small
portion of their diet. If Sargasso Sperm whales were indeed feeding at higher trophic
levels (i.e. larger squid) than Dominica animals, this would explain the lower rates of
beak collection in the Sargasso due to faster sinking rates of large sized beaks, as well as
differential digestion rates, differences in rates of discarding the heads of the squids and
selective vomiting of tissue or beak types/sizes.
As mentioned previously, the proportion of lower beaks collected per observed
defecation in the Sargasso Sea was lower (mean 0.09) than off Dominica (0.26), although
the difference was not significant. However, both rates were much lower than those
recorded in other regions, such as off the Galapagos, in the South Pacific Ocean (five
field seasons, mean = 1.10 ± 0.60, total number of defecations = 172). The high
variability in defecation rate might be a reflection in the variability amongst individuals.
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However, hard-part analysis alone may miss larger, higher trophic level cephalopods.
Simply relying on hard-part analysis of fecal samples to examine diet of sperm whales
here would result in a biased, incomplete picture of the foraging ecology for sperm
whales in the Sargasso Sea. Stable isotope analysis provides integrated dietary
information over a longer period of time, at least up to 75 days (Ruiz-Cooley et al. 2004).
However, it is not possible to elucidate dietary composition from stable isotope analysis
with a limited and incomplete prey dataset, as is the case for the Sargasso Sea.
Mitochondrial DNA barcoding of cephalopod tissues can improve our understanding of
the prey base in this and other regions. Our study demonstrates the importance of
integrating multiple techniques, such as stable isotope analysis, hard-part analysis and
mtDNA barcoding to examine the diet of sperm whales. This multi-tool approach has
been proven valuable by researchers studying other marine predators such as seabirds
(Bearhop et al. 2001) and seals (Burns et al. 1998).
Finally, the overlapping isotope signatures of one group sampled in the Sargasso Sea and
the sperm whales off Dominica suggests that their diets, and by extension their ranges,
were likely overlapping during some portions of the year (Figure 2.2). Isotopic signatures
have proven useful in understanding movement patterns and ecological niches of marine
organisms because different areas of the ocean have unique isotopic signatures (Wallace
et al. 2006, Graham et al. 2010). Little is known about the movement patterns of sperm
whales in the Sargasso Sea and whether they remain there year-round. To date, there have
been no matches (using photo identification of flukes) between sperm whales
photographed in the Sargasso Sea and sperm whales found in other areas of the Atlantic
Ocean, such as the Gulf of Mexico, off Dominica or off the Azores. However, our data
suggest that this one group sampled in the Sargasso Sea likely spends a significant
amount of time in habitats similar to Dominica.
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2.4.3 Insights into the cephalopod community in the western North
Atlantic
Cephalopods are important prey items for cetaceans (Clarke 1996) and many other top
predators (Croxall and Prince 1996, Klages 1996). Our capacity to study the feeding
ecology of these predators relies on our ability to properly identify hard-parts to species
or genus and to interpret the stable isotope data, and ultimately requires an understanding
of the cephalopod community in the study area. Very limited information exists on the
cephalopod community in the Sargasso Sea, thus, our results contribute to the overall
understanding of cephalopods in this region.
The limited number of cephalopod soft tissue samples from our study that could be
identified to species or family provides some insight into the possible species consumed
by sperm whales in this region. Architeuthis dux is a large, wide ranging cephalopod
(Guerra et al. 2011) that occupies the upper trophic level in cephalopod communities
(Cherel et al. 2009b, Guerra et al. 2010). Of our 23 soft tissue samples, Architeuthis dux
had the seventh highest δ15N value (10.8‰). The highest incidences of Architeuthis
records occur where the abyssal depth plains meet shallower continental shelves and
include areas of deep canyons and channels (Guerra et al. 2011). These are areas of high
productivity. Our sample was collected in the northern part of the Sargasso Sea (38.940N,
- 61.930W), where eddies associated with the Gulf Stream would lead to increased
productivity. The family Lepidoteuthidae also seems to be an upper trophic level
predator: two collected tissue samples had the second and third highest δ15N values (both
11.9‰) of all the soft tissue samples. One of these samples was collected in the northern
part of the Sargasso Sea (37.250N, -57.900W), while the other was collected further
southwest (35.330N, -64.320W). Lepidoteuthidae is described as a large squid with a
mantle length reaching nearly 100cm (Young and Vecchione 2009). Very little is known
about Cycloteuthis sirventi, however it has the fifth highest δ15N value (11.5‰)
suggesting it is also a top predator within the cephalopod community. Of the cephalopods
from the Sargasso Sea that could be identified through DNA sequencing, it was collected
the furthest south (33.120N, -67.460W).
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The trophic ecology of Architeuthis and Cycloteuthis contrasts greatly with that of
Histioteuthis spp., beaks of which were most frequently observed in the fecal samples
from both regions. Histioteuthis spp. are weakly muscled and moderately sized (Voss et
al. 1992) and occupy lower trophic levels within cephalopod communities (Cherel et al.
2009b). In contrast, a small number of beaks from Chiroteuthis spp. were also found in
the fecal samples of sperm whales from both regions. These beaks had the highest δ15N
values of all beaks, despite being the smallest. Chiroteuthis spp. occupied the highest
trophic level of deep-sea cephalopods in the Southern Ocean, with the second highest
δ15N value (Cherel et al. 2009b). Due to their small size, Chiroteuthis sp. beaks might be
missed when collecting fecal samples (Smith and Whitehead 2000) and might contribute
to a larger portion of the diet in both regions than the hard-part analysis suggests.
Since our prey samples consisted of both cephalopod beaks and soft tissue, an
understanding of how isotopic signatures differ between the two tissue types is important
in the interpretation of our data. Different metabolic pathways exist between protein and
chitin structures, and chitin is depleted in nitrogen relative to diet (Schimmelmann and
DeNiro 1988). Since cephalopod beaks are composed of structural molecules like chitin
(Hunt and Nixon 1981, Miserez et al. 2008) we would expect to see lower δ15N values in
cephalopod beaks compared to muscle. Studies comparing δ15N signatures of
cephalopod muscle and respective lower beaks found an enrichment in the muscle of 3 4 ‰ (Cherel and Hobson 2005) and 3.9 – 6.1‰ (Hobson and Cherel 2006). Furthermore,
Ruiz-Cooley et al. (2006) found a 4.0‰ enrichment for Dosidicus gigas while Cherel et
al. (2009a) found a 2.5 to 3.5‰ enrichment, suggesting a correction factor should be
applied before comparing δ15N values of hard tissue to those from other tissue. Cherel et
al. (2009b) added a value of 3.0‰ to their δ15N values of lower beaks. The low end of
our range of enrichment between soft tissue and beaks (1.0 to 6.9‰), is lower than the
above values. The limited sample sizes from this study precluded confident usage of
correction factors for beak signatures from the Sargasso Sea or Dominica.
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2.5 SUMMARY
Hard-part analysis of fecal samples from free-ranging sperm whales in the Sargasso Sea
and off Dominica Island suggests that Histioteuthis species dominate the diet of sperm
whales in both locations. However, stable isotope analysis revealed that sperm whales in
the Sargasso Sea may be feeding, in part, on higher trophic level cephalopods compared
to sperm whales off Dominica. mtDNA sequencing also suggested the sperm whales in
the Sargasso Sea are feeding on larger, higher trophic level squid. Given the low number
of lower beaks collected from whales in the Sargasso Sea and biases associated with
hard-part analysis, this study demonstrates the value of using a multi-tool approach to
study the diet of large whales. Results of the stable isotope analysis also identified dietary
overlap between some individuals of the Sargasso with all individuals of Dominica,
suggesting connectivity between these populations. Given the time-lag in epidermal
turnover rates, stable isotope analysis of skin tissues could prove useful in determining
movement patterns and connectivity among populations of sperm whales throughout the
North Atlantic Ocean. Our study provides the only information on the feeding ecology of
sperm whales in an infrequently studied area, the Sargasso Sea, and also provides insight
into the cephalopod community of this region.
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CHAPTER 3

SEASONAL OCCURRENCE OF SPERM WHALES
(PHYSETER MACROCEPHALUS) AROUND
KELVIN SEAMOUNT IN THE SARGASSO SEA IN
RELATION TO OCEANOGRAPHIC PROCESSES
3.1 INTRODUCTION
Top predators can be used as indicators of not only the health and status of marine
ecosystems but also changes in the integrity of that ecosystem (Boyd et al. 2006, Furness
and Camphuysen 1997, Piatt et al. 2007). Studies on the spatial and temporal distribution
of marine predators can be used to identify biologically diverse “hotspots” and inform
management and conservation (Sydeman et al. 2006, Worm et al. 2003). Identifying the
oceanographic processes driving the distribution and abundance of marine predators leads
to a better understanding of this fluid and dynamic habitat. Species richness and
abundance can be explained by sea surface temperature (Worm et al. 2005), primary
productivity (Whitehead et al. 2010) and prominent bathymetric features such as
seamounts, islands and slope (Morato et al. 2010, Morato et al. 2008, Worm et al. 2003).
The distribution and abundance of top marine predators are also associated with areas of
increased productivity due to mesoscale activity, such as fronts (Haney 1986, Podesta et
al. 1993), which aggregate prey (Olson et al. 1994, Schneider 1990), and cyclonic eddies,
as indicated by negative sea surface height anomalies (SSHA) (Teo and Block 2010),
which can lead to increased primary and secondary productivity (Yoder 1985). Oceanic
processes associated with major currents, such as upwellings, also aggregate top
predators (Block et al. 2011).
Sperm whales (Physeter macrocephalus) are one of the most widely distributed cetaceans
in the world, found in all oceans from the equator to the pack ice of both poles (Rice
1989). They are an important oceanic predator (Whitehead 2003), feeding mainly on
meso- and bathypelagic cephalopods, especially those in the Octopoteuthidae and
Histioteuthidae families (Kawakami 1980). Despite their wide distribution, sperm whales
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are clumped geographically. Previous research has found that sperm whale distribution is
associated with areas of high primary or secondary productivity (Gulland 1974, Jaquet
and Whitehead 1996, Jaquet et al. 1996) and topographic features, such as depth and
slope (Pirotta et al. 2011). Sperm whales were associated with warm-core rings off the
Gulf Stream (Griffin 1999, Waring et al. 1993), cyclonic eddies in the Gulf of Mexico
(Ortega-Ortiz and Mate 2006), frontal zones (Gannier and Praca 2007) and negative
SSHA (Biggs et al. 2006) in the Mediterranean Sea.
Recent surveys (Chapter 5) have found large numbers of sperm whales in the Sargasso
Sea and historically, this area supported a lucrative whaling industry for sperm whales
(Smith et al. 2012, Townsend 1935). The Sargasso Sea lies in the middle of the North
Atlantic and is bordered by ocean currents, such as the Gulf Stream to its west. The
warm, clear waters of the Sargasso Sea were described as some of the poorest on earth
(Blackburn et al. 1970), however, the northern part of the Sargasso Sea experiences
increased productivity due to the presence of eddies, rings and meanders associated with
the Gulf Stream (McGillicuddy et al. 1998, Ortner et al. 1978). Oceanic fronts, currents
and bathymetry are some factors influencing the distribution and abundance of squid
(Bakun and Csirke 1998, O'Dor 1992). Thus, eddies, fronts, meanders, and cold-core
rings associated with the Gulf Stream may influence the occurrence of sperm whales in
this area.
Prominent bathymetric features are also found in the Sargasso Sea, such as the New
England Seamount Chain, whose major peaks rise as much as 4,000m above the abyssal
plain (Fig. 1). Nutrients are transported into the euphotic zone, thereby increasing local
production as a result of increased turbulence, mixing and mesoscale eddies associated
with seamounts (Oschlies and Garcon 1998, Wolanski and Hamner 1988). Several
studies have shown an association of marine predators with seamounts, such as large
tuna, billfishes and sharks (Morato et al. 2008, Worm et al. 2003), common dolphins
(Delphinus delphis), Cory’s shearwaters (Calonectris diomedea) (Morato et al. 2008) and
beaked whales (Johnston et al. 2008), but examination of sperm whale association with
seamounts found no such association (Morato et al. 2008).
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Much of what is known about factors driving sperm whale distribution is the result of
research conducted in water bodies partially enclosed by land, such as gulfs or seas
(Gannier and Praca 2007, Jaquet and Gendron 2002, Pirotta et al. 2011, Praca et al. 2009)
or in pelagic systems near islands (Morato et al. 2008). With the exception of sperm
whale research conducted in the Pacific Ocean (Jaquet and Whitehead 1996, Jaquet and
Whitehead 1999), and some offshore work in the Atlantic Ocean (Waring et al. 1993),
very little is known about how oceanographic variables influence the distribution of
sperm whales in the open ocean and whether their distribution varies seasonally.
As a result of extreme weather conditions (hurricanes in the summer, followed by winter
storms), it is difficult to conduct small vessel-based surveys in the Sargasso Sea outside
of the spring season and ship-based marine mammal surveys for this region does not
exist. Thus seasonal variability of sperm whale occurrence in this area is unknown.
Autonomous recording devices can overcome the difficulties of weather and remoteness
and provide the opportunity to examine the prevalence of sperm whales in this littlestudied area throughout the year. These devices have been used successfully to monitor
the abundance and habitat use of other marine mammals elsewhere (Soldevilla et al.
2011). Although the depth of this area (over 5,000m) makes it difficult to survey using
submersible recording devices, Kelvin Seamount, part of the New England Seamount
Chain, provides a perfect platform on which to deploy an autonomous recording unit.
Since the New England Seamount chain strongly influences the trajectory of the Gulf
Stream (Richardson 1981), deployment on Kelvin Seamount provides an opportunity to
examine whether this interaction plays an important role in the distribution and
abundance of sperm whales in the Sargasso Sea. My objective was to examine the
seasonal occurrence of sperm whales over Kelvin Seamount and relate their prevalence to
oceanographic conditions.
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3.2 METHODS
3.2.1 Data Collection and Preparation
An autonomous acoustic recording device (Cornell Bioacoustics Research Program,
Ithaca, NY) hereafter referred to as a “pop-up”, was deployed on Kelvin Seamount
(approx: 380 48’N; 640 05’W; Figure 3.1) four times between May 2006 and June 2007
(1st deployment: May 11-June 2 2006, 2nd: June 2-21, 2006, 3rd: November 2 2006-May
5 2007, 4th: May 5-June 20 2007). Due to logistical constraints and severe weather, it
was not possible to deploy the pop-up for a second winter deployment (November to
May) or from July to November therefore, temporal variability could only be examined
from November to June. The pop-ups recorded for two minutes every hour at frequencies
up to 5khz (first and second deployment), 10khz (third deployment) or 25khz (fourth
deployment). All recordings covered the range of sperm whale vocalizations (Madsen et
al. 2002).
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Figure 3.1 Study area location showing the New England Seamount Chain and Kelvin seamount
in the western North Atlantic Ocean, where an autonomous acoustic recording device (pop-up)
was deployed to examine seasonal sperm whale prevalence in this area.

Weekly composite chlorophyll-a concentration (as a proxy for primary productivity) and
sea surface temperature (SST) data were downloaded from Aqua-MODIS satellite images
(http://oceancolor.gsfc.nasa.gov/) for the period of study. Aqua-MODIS images provide
chlorophyll-a concentrations in mg·m-3 and SST in degrees Celsius at a resolution of 4 x
4 km pixels. Chlorophyll-a and SST images were imported into a Geographic
Information System (Idrisi Andes Edition). Sea surface height anomaly (SSHA) and
geostrophic velocity anomaly data were downloaded from Aviso’s global sea surface
height products (http://www.aviso.oceanobs.com/en/data/products/sea-surface-heightproducts/global/index.html) at a resolution of 28.7 x 28.7km. These data were derived
from merged satellite altimetry measurements of four altimeters (Jason-1,
ENVISAT/ERS, GEosat Follow-On and Topex/Poseidon interlased). Eddy kinetic
energy (EKE) is a measure of turbulence and flow of a region and can be used to identify
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where mesocale eddies and meanders are common and also identify the presence of
major currents, such as the Gulf Stream (Teo and Block 2010). EKE was calculated using
the following formula:
EKE=1/2 X (u’²+v’²)
where u and v are zonal and meridian geostrophic currents components, respectively and
EKE is a deviation from the mean.
The location of the pop-up was digitized and a “real time” value for chlorophyll-a
concentration, SST, SSHA and EKE was calculated for that pixel. SST slope (as an
indicator the presence of fronts) was also calculated for that pixel using the Idrisi
SURFACE function which determines the slope of a cell based on the cell value and the
values of the immediate neighbouring cells (Rook’s case procedure) (Eastman 2006). To
investigate regional oceanographic conditions at multiple scales and to reduce the amount
of missing chlorophyll-a and SST data due to cloud cover, the following values were
calculated for quadrants 12x12 km, 20x20 km, 36x36 km, 68x68 km, 132x132 km and
260x260 km centered around the pop-up: mean chlorophyll-a concentration, mean SST,
mean SST slope and standard deviation of SST (as a measure of ocean temperature
variability). A temporal lag between sperm whale occurrence and SST and chlorophyll-a
concentration is expected, given the time needed for primary productivity to transfer to
top predators (Croll et al. 2005, Jaquet 1996). Thus, the values of chlorophyll-a
concentration and SST were also calculated for one to eight weeks previously.
3.2.2 Analysis
Pop-up recordings were converted to AIFF files and analyzed using Raven Pro 1.3
(Bioacoustics Research Program, Cornell Lab of Ornithology). Each two-minute
recording was examined acoustically and visually (using the spectrogram) for the
presence of sperm whale clicks. These clicks are used primarily in echolocation and
communication and are arranged in various patterns: usual clicks, slow clicks, creaks and
codas. The majority of clicks detected were usual clicks, which are thought to function
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primarily in searching echolocation and are a long train of regularly spaced clicks (0.5s1.0s) that can last for several minutes (Jaquet et al. 2001, Madsen et al. 2002, Whitehead
and Weilgart 1990).
To examine the seasonal occurrence of sperm whales around Kelvin Seamount, I
calculated a weekly proportion of sperm whales detected (number of two-minute hourly
recordings where clicks were detected) for each month. I used Kruskal-Wallis test to
compare the proportion of sperm whales detected among months using weekly proportion
of sperm whales detected as the unit of analysis. Months were grouped into two seasons:
spring (April-June) and winter (November-March) and the mean proportion of sperm
detected for winter and spring were compared using a Mann-Whitney U Test.
I modeled the response variable (weekly proportion of sperm whales detected) using a
Generalized Linear Model (McCullagh and Nelder 1989) in R. Proportional data was
modeled with a binomial distribution and logit link function (Lewis 2004). The model
included the following variables: month (treated as a factor), chlorophyll-a concentration,
SST, SST slope, SST standard deviation, SSHA and EKE. Including all the chlorophylla and SST-related covariates at the different spatial scales (quadrant size) and temporal
scales (lags) would have resulted in instability due to the collinearity between the
variables. Therefore, an ad hoc procedure was performed to select the most appropriate
spatial and temporal (lag) scales to use in the final model. First, I ran correlations tests
on the different spatial scales for chlorophyll-a and SST, to identify whether they were
correlated and if it was appropriate to use the scale at which contained the least missing
data. Due to the small sample size, second-order Akaike’s Information Criterion (AICc)
approach was used to evaluate the covariates at different temporal lags (Burnham and
Anderson 2002). To determine which temporal lag to use in the final model, I ran models
(GLM) containing the covariate at each temporal lag and used the lag with the lowest
AICc score in the final model. Once the appropriate spatial and temporal scales were
selected, a full model was fitted. I used a manual backward stepwise approach. At each
step, a series of reduced models (containing all variables but one) were fitted and the
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model with the lowest AICc score was used in the following step. This procedure was
continued until removal of any variable caused the AICc score to increase.

3.3 RESULTS
A total of 6,505 hourly, 2-minute recordings from May 11 to June 21, 2006 and
November 2, 2006 to June 20, 2007 were examined. Mean weekly proportion of sperm
whales heard was significantly higher in spring (mean ± SD = 0.51 ± 0.21) compared to
winter (mean ± SD = 0.16 ± 0.08) (Mann-Whitney U Test: n1 = 17, n2 = 20, U = 20.000 z
= -4.572, p <0.001) (Figure 3.2). There were strong differences in proportion of sperm
whales heard among months (Figure 3.3; Kruskal-Wallis H(7) = 23.407, p = 0.001). The
proportion of sperm whales heard in May and June appear to be significantly higher than
the winter months of November to March (Figure 3.3).
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Figure 3.2 Seasonal proportion of sperm whales heard (mean ± SE) during 2-minute recordings
from an autonomous recording device deployed on Kelvin Seamount (approx: 380 48’N; 640
05’W) from May-June 2006 and November 2006 to June 2007. Weekly proportion of sperm
whales heard was the unit of analysis, spring = April to June, winter = November to March.
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Figure 3.3 Monthly proportion of sperm whales heard (mean ± SE) from an autonomous
recording device deployed on Kelvin Seamount (approx: 380 48’N; 640 05’W) from May-June
2006 and November 2006 to June 2007. Proportion of sperm whales detected is the weekly
proportion of two-minute hourly recordings where sperm whale clicks were detected.

Pop-up recordings produced 36 weeks of data, which were linked to satellite derived
oceanographic data. Due to poor satellite coverage, chlorophyll-a data could not be
obtained for four weeks (May 17-23, 2006, January 25-February 1, 2007, March 6-13,
2007, March 14-21, 2007). These weeks were excluded from the analysis, resulting in a
sample size of 33 weeks. The chlorophyll-a concentration in the cell where the pop-up
was located and averaged over 12x12 km, 20x20 km, 36x36 km and 68x68 km, was not
always possible due to poor satellite coverage. However, mean chlorophyll-a
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concentration at these scales were strongly correlated with values at 132x132 km (in cell:
r2 = 0.782, n = 23, p < 0.001; mean at 12 km: r2 = 0.804, n = 23, p <0.001; mean at 20
km: r2 = 0.841, n = 23, p <0.001; mean at 36 km: r2 = 0.896, n = 23, p <0.001; mean at
68 km: r2 = 0.967, n = 23, p < 0.001). This was also true for mean SST (in cell: r2 = 0.938,
n = 34, p < 0.001; mean at 12 km: r2 = 0.945, n = 34, p <0.001; mean at 20 km: r2 =
0.963, n = 34, p <0.001; mean at 36 km: r2 = 0.968, n = 34, p <0.001; mean at 68 km: r2 =
0.990, n = 34, p < 0.001). Thus, values for chlorophyll-a concentration, SST, SST
standard deviation and SST slope at the 132x132 km scale were included in the model to
retain the maximum sample size of 33 weeks. This scale is roughly 66 km away from the
pop-up location and is about the distance a sperm whale could cover in a day (Whitehead
2003).
The ad hoc procedure evaluating the different temporal lags for chlorophyll-a and the
SST covariates resulted in the following temporal lags with the lowest AICc score:
chlorophyll-a concentration at a 4 week lag, SST at an 8 week lag, SST slope at a 2 week
lag and SST SD in real time. Therefore, the final Generalized Linear model included
month (as a factor) and the following covariates: mean chlorophyll-a concentration 4
week lag, SST 8 week lag, SST slope 2 week lag, SST standard deviation in real-time,
SSHA and EKE. The final model, after variable selection using AICc scores, retained
month, chlorophyll-a at a 4 week lag and EKE as the best predictors to explain the
weekly proportion of sperm whales heard. There was a significant positive relationship
between proportion of sperm whales heard and chlorophyll-a concentration 4 week lag
(Spearmans correlation: rs = 0.682, n = 17, p = 0.003) (Figure 3.4) and proportion of
sperm whales heard and EKE (Spearmans correlation: rs = 0.578, n = 17, p = 0.015)
(Figure 3.5).
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Figure 3.4 Relationship between mean proportion of sperm whales detected and mean
chlorophyll-a concentration (mg·m-3) in an area 66 km from pop-up (deployed on Kelvin
Seamount). Proportion of sperm whales detected is the weekly proportion of two-minute hourly
recordings where sperm whale clicks were detected.
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Figure 3.5 Relationship between mean proportion of sperm whales detected and eddy kinetic
energy (cm2 · s-2) around the pop-up (deployed on Kelvin seamount). Proportion of sperm whales
detected is the weekly proportion of two-minute hourly recordings where sperm whale clicks
were detected.
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3.4 DISCUSSION
This is the first study to examine the contemporary temporal variability of sperm whale
occurrence in the western North Atlantic Ocean. The occurrence of sperm whales around
Kelvin Seamount is variable from November to April, with greater numbers occurring in
the spring (April to June: 51%) compared to the winter months (November to March:
16%) (Figure 3.2). Similarly, from 1780 to 1920, commercial whaling ships sighted
sperm whales in the northwest portion of the Sargasso Sea more frequently in the spring
and summer months than the winter months, with very low sightings from December to
February (see figures in Smith et al. (2012)). I was not able to examine summer
occurrence of sperm whales in this area since pop-ups were not deployed between July
and October.
Few studies have examined the seasonal variability of sperm whale distribution and what
factors might be driving seasonal occurrence. In the Gulf of California, sperm whales
remain in the same areas throughout the season, but change their aggregative behaviour,
reflecting changes in prey availability (Jaquet and Gendron 2002). However, seasonal
variability in the distribution of male sperm whales off South Island, New Zealand,
exists: whales are more limited to deep canyons in the summer, but more evenly
distributed in the winter, possibly due to changes in prey (Jaquet et al. 2000). That sperm
whales were heard so frequently during the spring around Kelvin Seamount suggests that
food availability in this area is quite high during this time.
Since it was not possible to measure the relationship between sperm whales and their
prey directly, we used environmental parameters as proxies for prey availability to
provide insight into the large difference in temporal distribution between spring and
winter months. In this study, month, chlorophyll-a concentration four weeks previously
and eddy kinetic energy best explained the variation in sperm whale occurrence, using an
AICc approach. Previous studies examining the relationship between odontocetes and
chlorophyll-a concentration have also found temporal lags of 4 weeks (Soldevilla et al.
2011). Our finding that primary production is a predictor variable for sperm whale
occurrence is consistent with other studies in the Pacific (Jaquet and Whitehead 1996)
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and the Mediterranean Sea (Praca et al. 2009). Although, it’s been demonstrated the
correlations between physical gradients such as chl-a concentration is higher at midtrophic level communities than high-trophic level communities (Renner et al. 2012).
There was a significant, positive relationship between the proportion of sperm whales
heard and chlorophyll-a concentration four weeks previously (Figure 3.4) and EKE
(Figure 3.5). Areas with high EKE indicate high variability and are defined by increased
turbulence associated with eddies, fronts and Gulf Stream meanders Stammer and
Wunsch 1999; Venaille et al. 2011). These turbulent and/or boundary areas may attract
and concentrate a wide range of prey and associated predators. Mesoscale activity can
lead to important hotspots for enhanced phytoplankton activity (Falkowski et al. 1991,
McGillicuddy et al. 1998) and fronts are important oceanographic features that aggregate
prey and marine megafauna (Bost et al. 2009, Olson et al. 1994, Raymond et al. 2010,
Schneider 1990). Indeed, the distribution of some squid species is influenced by EKE
(Chen et al. 2011). Consequently, sperm whales may also be attracted to these
productive habitats as a result of the increased probability of finding prey. For example,
aggregations of sperm whales in the northwestern Mediterranean Sea coincide with the
presence of SST fronts (Gannier and Praca 2007). Gulf Stream mesoscale eddies also
influence the distribution of other top predators. For example, higher swordfish (Xiphius
gladius) catch rates are found in the vicinity of thermal fronts (Podesta et al. 1993), tuna
species aggregate in frontal systems (Laurs et al. 1984), seabird densities at eddies are
much higher at thermal fronts than in adjacent shelf and Gulf Stream waters (Haney
1986a) and black-capped petrels (Pterodrom hasitata) appear to have an affinity for the
inshore frontal boundary of the Gulf Stream (Haney 1987b).
Although the diet of sperm whales in the Sargasso Sea is not known, some research
indicates that it includes the giant squid (Architeuthis dux), Cycloteuthis sirventi and
Histioteuthis spp. (Chapter 2). Very little is known about the deep-water squid species in
this area, however, the Gulf Stream plays an important role in some other well-known
squid species. For example, short-finned squid (Illex illecebrosus) use the Gulf Stream to
facilitate their migration (Bakun and Csirke 1998, Mann and Lazier 2006, O'Dor and
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Coelho 1993). Bakun and Csirke (1998) proposed that adults spawn at the northern edge
of the Gulf Stream and egg masses, hatchlings and paralarvae drift north in the warm
waters of the Gulf Stream (O'Dor and Coelho 1993). The increased productivity as a
result of Gulf Stream meanders and eddies, combined with the seasonal life cycles of
cephalopods likely plays an important role in the prey of sperm whales in this area.
There is evidence that a seasonal cycle exists for the Gulf Stream position, with more
northerly locations in the summer/fall and more southerly locations in the winter/spring
(Tracey and Watts 1986). This corresponds to transport, which is lower in the
summer/fall and higher in the winter/spring (Tracey and Watts 1986). Examining the
relationship between sea surface temperature in real time and month suggests that the
Gulf Stream is further south in parts of the winter, since temperatures over the seamount
are cool (~160C) (Figure 3.6). If mesoscale eddies are driving sperm whale distribution,
then the fact that mesoscale variability is less in the winter might explain the
corresponding lower sperm whale occurrence at this time of year. Winter movements of
sperm whales in the Sargasso Sea are not known, and these pop-up recordings provide
the first and only available data on sperm whale occurrence in the Sargasso Sea during
this time of year.
While it is clear that the Gulf Stream influence contributes to the large proportion of
sperm whales in this area during the spring, the seamount chain itself may also play an
important role in sperm whale distribution in the region. Worm et al. (2003) stressed the
importance of prominent topographic features in food stressed areas, such as the open
ocean. Skov et al. (2008) found that sperm whales had higher affinities to cross-seamount
or cross-frontal structures along the mid-Atlantic Ridge. Although Morato et al. (2008)
found common dolphins were sighted significantly higher in the vicinity of the Azores
seamounts, they found no association between sperm whales and seamounts. The lack of
a difference in sperm whale abundance with proximity to seamounts may be due to the
spatial scale examined in their study, which was 0 to 100 km from the nearest seamount.
The distance at which seamounts-associated processes drive sperm whale abundance may
be greater than 100 km. Sperm whales were one of the most frequently encountered
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marine mammal during their surveys of the Azores archipelago, suggesting this area is
important sperm whale habitat. Finally, Richardson (1981) examined how the New
England Seamounts influenced the Gulf Stream trajectory. He found large-amplitude
meanders beginning at the New England Seamount Chain and small, localized eddies at
individual seamounts. Thus, the interaction between the Gulf Stream and the New
England Seamount Chain may also influence sperm whales in this region.

Figure 3.6 Mean weekly sea surface temperature (in real time) (mean ± SE) over Kelvin
Seamount (approx: 380 48’N; 640 05’W) from May-June 2006 and November 2006 to June 2007.
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3.5 SUMMARY
Overall, I found strong seasonal variability in sperm whale occurrence around Kelvin
Seamount in the Sargasso Sea between November and June, with sperm whale
occurrence being significantly higher in the spring (51%) than the winter (16%). Month,
chlorophyll-a concentration with a four week temporal lag and eddy kinetic energy can
best explain this pattern. Regional oceanographic conditions around the New England
Seamount Chain and seasonal changes in mesoscale variability are likely driving the
temporal distribution of sperm whales in this region. It appears that the effects of the Gulf
Stream are important to sperm whale distribution in this region.
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CHAPTER 4

DISTRIBUTION OF SPERM WHALES (PHYSETER
MACROCEPHALUS) IN THE SARGASSO SEA.
4.1 INTRODUCTION
Habitat is an important concept in ecology. Habitat use is influenced by a number
of factors such as food, shelter, and breeding habitat, and may be constrained by
morphology and physiology (Hilden 1965). Identifying the habitats of top predators in
pelagic systems can lead to the identification of “hotspots” that can ultimately inform
conservation and management practices (Sydeman et al. 2006, Worm et al. 2003).
Identifying the metrics leading to increased foraging success of top predators can result in
a better understanding of the biological and physical oceanographic processes that drive
ecosystem productivity and their prey (Robinson et al. 2012). The distribution of top
predators is best explained by the distribution and abundance of their prey (Ainley et al.
2009; Friedlaender et al. 2006; Piatt et al. 1989; Renner et al. 2012). However, it is often
difficult, if not impossible to measure prey abundance and thus, environmental factors are
often used as proxies for prey distribution (Ainley et al 2005). Species richness and
abundance of marine top predators can sometimes be explained by sea surface
temperature (Whitehead et al. 2010, Worm et al. 2005), primary productivity (Praca et al.
2009) and prominent bathymetric features such as seamounts, islands and slope (Morato
et al. 2010, Worm et al. 2003). The distribution and abundance of marine top predators is
also associated with mesoscale activity such as fronts (Haney 1986a, Podesta et al. 1993)
and cyclonic eddies, (as indicated by negative sea surface height anomalies) (Teo and
Block 2010), which lead to areas of increased productivity.
Sperm whales (Physeter macrocephalus) are a top oceanic predator (Whitehead 2003),
feeding mainly on meso- and bathy-pelagic cephalopod species (Kawakami 1980). They
are widely distributed in all oceans (Rice 1989), yet they are clumped geographically.
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Early whalers recognized their uneven distribution and focused their activity in areas
colloquially referred to as “whaling grounds” (Bannister et al. 2008, Maury 1852,
Townsend 1935). These “grounds” are generally associated with areas of high primary or
secondary productivity (Gulland 1974, Jaquet and Whitehead 1996, Jaquet et al. 1996).
Measure the abundance and distribution of the cephalopod prey is difficult, if not
impossible. However, previous research has found that sperm whale distribution or
density is associated with topographic features, such as depth and slope (Pirotta et al.
2011), areas of upwelling (Caldwell et al. 1966, Drury and Smith 1968, Gulland 1974),
areas of downwelling (Berzin 1971, Best 1979, Gaskin 1973, Ivanshin 1978), thermal
fronts (Gannier et al. 2002, Gannier and Praca 2007), warm-core rings (Griffin 1999,
Waring et al. 1993), cyclonic eddies (Ortega-Ortiz & Mate 2006), higher than average
chlorophyll concentration (Biggs et al. 2006), negative sea surface height anamolies
(Biggs et al. 2006) and low sea surface temperature (Ramirez and Urquizo 1985,
Whitehead et al. 1989). Foraging success of sperm whales has been related to low sea
surface temperatures (Smith and Whitehead 1993, Whitehead et al. 1989) and areas of
upwelling (Rendell et al. 2004).
Historically, the Sargasso Sea, an oceanic gyre bounded by currents in the North Atlantic
Ocean, supported a lucrative whaling industry for sperm whales (Bannister et al. 2008,
Smith et al. 2012) and recent surveys have found large numbers of sperm whales in the
northern part (Chapter 5). However, in comparison to other regions where sperm whales
were found in great numbers, such as the equatorial current (Townsend 1935), the
Sargasso Sea is low in productivity (Blackburn 1981). How this area is able to support
such large numbers of sperm whales presently and historically is unclear.
The northern part of the Sargasso Sea experiences enhanced primary productivity as a
result of the mesoscale activity associated with the Stream influence and winter mixing
(McGillicuddy and Robinson 1997, McGillicuddy et al. 1998, Ortner et al. 1978). Recent
evidence suggests that this mesoscale activity associated and its interaction with
seamounts may play a role in this area’s ability to support high densities of sperm whales
(Chapter 3). Sperm whales in the Sargasso Sea are likely feeding on large cephalopods,
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such as the giant squid (Architeuthis dux), and their diet appears to differ from that in
some others areas of the Atlantic, such as the Caribbean, in both species composition and
trophic ecology (Chapter 2). Knowledge of the physical and biological oceanographic
variables that influence sperm whale foraging success in this area would provide insight
into the basis of sperm whale distribution in the Sargasso Sea.
With the exception of limited offshore work in the Atlantic Ocean (Waring et al. 1993)
and sperm whale research conducted in the Pacific Ocean (Jaquet and Whitehead 1996,
1999), very little is known about how oceanographic variables influence the distribution
of sperm whales in the open ocean. The objective of my study was to examine the spatial
distribution, foraging success and movement patterns of sperm whales in the
northwestern Sargasso Sea in relation to oceanographic and bathymetric variables. The
Gulf Stream is a dominant feature in this area and in light of the evidence described
above, that mesoscale activity associated with the Gulf Stream leads to enhanced
productivity, I predicted that the Gulf Stream would influence sperm whale distribution
in this area. Specifically, I predicted that sperm whale presence would be associated with
areas with increased mesoscale activity (eg. eddies (Biggs et al. 2006)), higher levels of
primary productivity (Jaquet 1996, Jaquet et al. 1996) and that the probability of sperm
whale presence would increase with proximity to the Gulf Stream (i.e. higher latitudes
and more westerly longitudes).

4.2 METHODS
4.2.1 Data Collection
Acoustic surveys of sperm whales were conducted in the western North Atlantic
Ocean from 2004-2007 and 2010 (Figure 4.1, Table 4.1) from a 12 m auxiliary sailing
vessel, and in 2008 (June 25-July 5) from a 32 m auxiliary sailing vessel, using a towed
omni-directional hydrophone array. The study area was defined as waters deeper than
1000 m, west of 500W and north of 23.50N and hereby referred to as the Sargasso Sea.
Every 30 minutes, we listened to the hydrophone for the presence of sperm whale clicks
(hereby referred to as ‘listens’), used primarily in echolocation and communication
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(Whitehead 2003). The majority of clicks detected were usual clicks, which are a long
train of regularly spaced clicks (0.5s-1.0s) that can last for several minutes and are
thought to function primarily in searching echolocation (Jaquet et al. 2001, Madsen et al.
2002a, Whitehead and Weilgart 1990). These acoustic surveys provided presence and
absence data used in habitat modeling below.

Figure 4.1 Distribution of sperm whale acoustic surveys from 2004 – 2008, 2010 during spring
(April – July) and winter (November, February – March) in the Sargasso Sea. Points are plotted
over a bathymetry map and each point represents a location where hydrophones were used to
listen for the presence/absence of sperm whale clicks. Listens occurred every 30 minutes while
vessels were in transit.
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Table 4.1 Details of the acoustic surveys.

Year
2004
2004
2005
2005
2006
2006
2007
2007
2008
2008
2010

Start date

End date

Season

May 5
May 21
Spring
June 4
June 14
Spring
April 23
May 20
Spring
May 31
June 22
Spring
May 31
June 23
Spring
October 31
November 4
Winter
May 4
May 25
Spring
June 7
June 25
Spring
February 24
March 5
Winter
June 25
July 5
Spring
April 26
May 3
Spring
Total distance surveyed all surveys combined

Total distance
surveyed (km)
784
624
2,884
1,853
3,642
932
3,126
2,753
2,444
3,013
1,809
23,864

Weather permitting (wind force < 4 on the Beaufort scale), when sperm whale groups
were detected, the survey was stopped and the groups (composed of adult females,
immatures and calves) were followed acoustically (using a directional hydrophone) and
visually for several hours or several days. We followed groups to collect information on
fine-scale movement patterns of sperm whale groups and for indices of foraging success
(defecation rate, explained below). The vessel’s position was recorded every 10 minutes
using a Global Positioning System (GPS). During daylight hours, individuals were
followed closely (< 50m behind) and photographs of their flukes were taken.
Immediately after each observed dive, the vessel approached the dive site (slick) and
recorded whether the whale defecated (as indicated by a brown patch in the water). The
vessel usually reached the slick within one minute of the dive, however researchers only
recorded the presence or absence of defecation if they were confident defecation could be
determined. Since deep-diving mammals usually shut down non-essential physiological
systems at depth (Kooyman et al. 1981), it is believed that sperm whales almost always
defecate at the surface (Jaquet and Whitehead 1999, Whitehead 2003).

4.2.2 Environmental Covariates
The variables used to examine habitat associations with sperm whale distribution were:
depth, slope gradient, distance to seamount, chlorophyll-a concentration (chl-a) (as a
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proxy for primary productivity), sea surface temperature (SST), sea surface height
anomaly (SSHA) and eddy kinetic energy (EKE) (Table 4.2). SSHA can be used to
identify the presence of eddies, with negative values indicating the presence of cyclonic
eddies (Teo and Block 2010). EKE is a measure of turbulence and flow of a region and
can be used to identify where mesoscale eddies and meanders are common and also to
mark the presence of major currents, such as the Gulf Stream (Teo and Block 2010).
Table 4.2 Environmental covariates used in the analysis and their spatial and temporal scale

Covariate

Unit

Latitude

Decimal
degrees
Decimal
degrees
m
Degrees
km (log)

Longitude
Depth
Slope
Distance to
seamount
SST
EKE
SSHA
*Chl-a

0

C

cm2• s-2
cm
mg•m–3

Spatial scale

Temporal
scale
--

Temporal lag

--

--

1 arc-minute
1 arc-minute

----

----

4 x 4 km

weekly

1/30 by 1/30
1/30 by 1/30
4 x 4 km

weekly
weekly
weekly

Real time (0wk) lagged up to 8
weeks previous
Real time (0wk)
Real time (0wk)
Real time (0wk) lagged up to 8
weeks previous

--

* only used in final analysis.

Depth was acquired from the National Geophysical Data Center (NGDC)’s 1-arc minute
Gridded Global Relief Data (ETOPO1) dataset (Amante and Eakins 2009)
(http://www.ngdc.noaa.gov/mgg/gdas/gd_designagrid.html) and expressed as a negative
value in metres. Slope gradient (hereafter referred to as ‘slope’), defined as the maximum
rate of change in depth within a given grid cell to that of its neighbouring cells and
expressed as degrees of slope, was calculated using Geographic Information System
(GIS) software (ArcMap). Distance to seamount (defined as underwater mountains that
were no more than 2500 m below the surface, in an area where average depth was
roughly 5000m) was expressed in degrees and calculated using GIS software (Idrisi).
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Eight-day composite chl-a and SST data were downloaded from Aqua-MODIS satellite
images (http://oceancolor.gsfc.nasa.gov/) for the period of study. Aqua-MODIS images
provide chl-a in mg·m-3 and SST in degrees Celsius at a resolution of 4km x 4km. Chl-a
and SST images were imported into Idrisi (Andes Edition). Cloud cover resulted in
missing values for SST data and especially chl-a within the study area. Excluding weeks
where data was missing would have significantly reduced my sample size and since I was
interested in overall patterns, I decided to use interpolation techniques to estimate
missing values. Following similar criteria used by Teo et al. (2010), I excluded all 8-day
composites that had more than 50% missing values. For the remaining missing values,
missing pixels were interpolated using nearest neighbour inverse distance weighted
(IDW) interpolation in GIS (ArcMap) (Arnould and Kirkwood 2008). A temporal lag
between sperm whale occurrence and SST and chl-a concentration is expected, given the
time needed for primary productivity to transfer up to higher trophic levels (Croll et al.
2005, Jaquet and Whitehead 1996). Thus, in addition to real-time values (0wk), the
lagged values for chl-a concentration and SST were also calculated for one (1wk) to eight
weeks (8wk) previously.
SSHA and geostrophic velocity anomaly data were downloaded from Aviso’s global sea
surface height products (http://www.aviso.oceanobs.com/en/data/products/sea-surfaceheight-products/global/index.html) at a resolution of 1/30 by 1/30 on a Mercator grid.
These data were derived from merged satellite altimetry measurements of four altimeters
(Jason-1, ENVISAT/ERS, GEosat Follow-On and Topex/Poseidon interlased). EKE was
calculated using the following formula:
EKE=1/2 X (u’²+v’²)
where u and v are zonal and meridian geostrophic currents components, respectively and
EKE is a deviation from the mean.
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4.2.3 Analysis
4.2.3.1 Foraging success and movement
Data collected during while following sperm whale group was used to examine foraging
success and movement. Foraging success of sperm whales was evaluated using
defecation rate (the proportion of fluke-ups made by whales within 50m of the boat that
were accompanied by defecations), which has been used as an indicator of sperm whale
feeding success in previous research (Smith and Whitehead 1993, Whitehead et al. 1989,
Whitehead and Rendell 2004). For groups that were followed at least 12 consecutive
hours, mean defecation rate over the entire encounter was calculated when 1) at least 15
slicks were checked (Jaquet et al. 1999) and 2) when at least 8 slicks were checked (to
increase sample size). Daily defecation rate was also calculated for groups when at least
8 slicks were checked. To examine fine-scale movement of sperm whale groups, I also
calculated the total distance travelled over 12 hours of daylight (7:00-19:00 local time,
UTC-3), hereby referred to as the 12-hour displacement.
To examine the relationship between foraging success and group movement, Spearman
coefficient of correlations were calculated between defecation rate (index of foraging
success) and 12-hour displacement (daily and mean). Very little is known about the time
lag between ingestion and excretion in sperm whales, but Smith and Whitehead (1993)
suggest defecation rate likely reflects foraging success of the past 12 hours. Therefore,
Spearman coefficient of correlations was calculated between daily 12-hour displacement
and daily defecation rate 1 day later. To examine whether certain habitat variables might
explain foraging success or movement, I also used Spearman coefficient of correlations
to examine the relationship between foraging success and movement (defecation rate and
12-hour displacement) and the following variables (mean during the encounter): distance
to seamount, depth, chl-a, SST, EKE and SSHA.

60

4.2.3.2 Habitat use
To examine the relationships between sperm whale distribution (presence/absence) and
the environmental covariates described above, I used a binomial-based Generalized
Additive Model (GAM) framework with a logit link function (Hastie and Tibshirani
1990, Wood 2006). My survey data suffers from spatial autocorrelation: the
presence/absence of a sperm whale at one listen will be similar to the presence/absence of
a sperm whale at the previous or following listen. GAM inference assumes independence
between model residuals; an assumption that would be violated if all listens were used.
Spatial autocorrelation in the data leads to the underestimation of standard errors of the
model estimates, and can lead to predictors being identified as significant, when they are
not (Lennon, 2000). One approach to reducing spatial autocorrelation is to subset data,
however this approach results in discarding much of the data collected and reduces
sample size. Instead, I used an approach recently introduced by Pirotta et al. (2011) that
relaxes the independence assumption and models the correlation between residuals using
Generalized Estimating Equations (GEEs) (Liang and Zeger 1986).
To account for autocorrelation, the listens from the acoustic surveys were grouped into
blocks: independence of listens is assumed between blocks, but within blocks listens are
allowed to be correlated. For the survey data, two types of blocks were assigned:
“present” was defined as consecutive listens when sperm whale clicks were heard (this
could be as few as one listen) and “absent” was defined as consecutive listens when
sperm whale clicks were not heard (between “present” blocks). Since there could be long
stretches (longer than 20 hours) when no sperm whale clicks were heard, I chose to
divide the “absent” blocks (Scott-Hayward 2006). To determine how many listens (or
hours) should constitute a block, I ran an autocorrelation function (acf) on legs that lasted
longer than 24 hours. The acf on the residuals were found to be autocorrelated at 10
listens. Therefore, if blocks were greater than 10 listens apart, a new “absent” block was
assigned.
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To examine the relationship between sperm whale presence/absence and our covariates, I
fit a bionomial-based GEE-GLM with a logit link function as in Pirotta et al. (2011) using
the geepack library (Yan et al. 2010) in R (Team 2009). Following Pirotta et al. (2011), I
used a working independence model since the underlying structure of dependence
between residuals was not known (Pan 2001) and the correlation structure was defined by
blocks. All covariates were considered as linear terms or as 1-dimensional smooth terms
using the splines library in R (Team 2009) which builds cubic B-splines within the GEEGLM, resulting in a GEE-GAM. Smooth terms had four degrees of freedom with one
internal knot at the mean value of each variable (Pirotta et al. 2011). This is explained
further below.
Including chl-a in the model would reduce the sample size considerably (by ~75%) due
to the extent of missing data. I decided, for my initial model, to exclude chl-a and only
included the following covariates: latitude, longitude, year, depth, slope, distance to
seamount, SST, EKE and SSHA. I used a modified version of the Akaike Information
Criterion (AIC) (Burnham and Anderson 2002) to select the best set of variables to retain
in the final model: the quasi-likelihood under the independence model criterion (QIC;
(Pan 2001)). QIC accounts for the fact GEEs are based on quasi-likelihood. To select the
variables, I used a backward stepwise approach using QICu (Hardin and Hilbe 2003)
using the yags library (Carey 2004) in R. However, before full model backward-stepwise
could be preformed, a series of steps were required to reduce the number of candidate
variables and simplify the data set. These steps are described below and in a flow chart
(Figure 4.2).
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Figure 4.2 Flow chart illustrating the steps of the analysis examining the relationship between
sperm whale presence and environmental covariates. Step 1: selection of the best form (linear or
smooth) and lag (for SST) and transformation (SD). Step 2: selection of the best form (linear or
smooth) for all remaining covariates. Step 3: selection of the best variables to explain sperm
whale presence. Step 4: rerunning the models with a reduced data set to evaluate whether
inclusion of chl-a improved the models. Chl-a = chlorophyll-a concentration, SST = sea surface
temperature (0wk = real time, 1wk = 1 week previous, 8 wk = 8 weeks previous etc), SD =
seamount distance, EKE = eddy kinetic energy, SSHA = sea surface height anomaly.
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Including all the SST covariates at the different temporal scales would have resulted in
instability due to the collinearity between the variables. Therefore, an ad hoc procedure
was performed to select the most appropriate temporal scale (lag) and best form (linear or
smooth) to use in the final model by comparing the QICu score of a null model
(containing latitude and longitude) and a series of models containing SST at each
temporal lag in both forms (linear or smooth) (Step 1 in Figure 4.2). I used the temporal
lag (and form) with the lowest QICu score in the next step. I also used the same ad hoc
procedure to select whether seamount distance should be included in the final model as
log-transformed (or not), and the best form (linear or smooth) (Step 1 in Figure 4.2). At
the end of Step 1, I had selected a) SST at best temporal lag and form, and b) SD in best
transformation and form. I then considered all of the other covariates (including latitude
and longitude) as linear or smooth form. This was done by creating a null model which
contained: 1) SST in the best temporal lag and form, 2) SD in best transformation and
form and finally 3) the remaining covariates as smooth form. This null model was then
compared to a series of models in which each covariate was replaced in its linear form
(Step 2, Figure 2.2). The QICu approach was used to select which form was best for each
variable. Once the most appropriate temporal lag and form for each variable was selected
(Step 1-2, Figure 4.2), a series of reduced models (containing all variables but one) were
fitted and the model with the lowest QICu score was used in the following step. This
procedure was continued until removal of any variable caused the QICu score to increase
resulting in our final model (Step 3 in Figure 4.2). Since I was still interested in the effect
of primary productivity (chl-a) on sperm whale distribution, I then reduced the dataset
such that there were no missing chl-a values and compared the null model (which
contained the final variables selected above, end of Step 3) to models which contained
chl-a at different temporal scales (lag) and form (linear or smooth) using QICu to see if
the addition of chl-a improved the model (Step 4 in Figure 4.2).
Partial residual plots were used to examine the relationship between the response variable
and sperm whale presence (ggplot 2: Wickham 2009). Confusion matrices, which
compare predicted and actual values, were used to evaluate the model performance.
Confusion matrices require a cut-off probability value which identifies at what threshold
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a prediction is considered a presence or absence. To avoid biases resulting from an
inappropriate cut-off value (Boyce et al. 2002), I followed the approach taken by Pirotta
et al. (2011) and used a Receiver Operating Characteristic (ROC) curve (ROCR library in
R; Sing et al. 2009). ROC curves plot the proportion of correctly classified presences
(sensitivity) to the proportion of incorrectly classified presences (specificity) (Zweig and
Campbell 1993). Each point on the ROC curve represents a sensitivity/specificity pair
corresponding to the cut-off value. The best cut-off probability is the one that maximizes
the balance between sensitivity and specificity. The area under the ROC curve (auc) is a
measure of how well the model performed. A value of 0.5 indicates a model with no
predictive power, a value of 1 indicates a perfect model and a value of 0.7 is considered
“useful” (Boyce et al. 2002).
I also wanted to explore whether different parameters were influencing sperm whale
distribution in the northern part of the Sargasso Sea compared to the southern part,
especially as survey effort and detection rates were higher in the northern part of the
Sargasso Sea (Figure 4.3). Maps of EKE suggest that north of about 350N, EKE is higher
than south of this boundary (Ducet et al. 2000, Fratantoni 2001, Oschlies and Garçon
1998) and the density of sperm whales north of 350N (5.30 sperm whales per 1000 km2) I
nearly twice the density south of 350N (2.89 sperm whales per 1000 km2) (Chapter 5).
Therefore, I divided the study area into the northern section and southern section
(delineated by the 350N latitudinal line) and ran the models on each section.
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Figure 4.3 The detections of sperm whales per unit effort (DPUE) in 1 degree grid cells. Effort
was defined as the number of listens per grid cell and detections were the number of listens when
sperm whale clicks were heard.

4.3 RESULTS
A total distance of 23,864 km (4,374 listens) was surveyed across 6 years of study (Table
4.1) and sperm whales were heard 820 times (18.7% of listens). Most survey effort was
during spring surveys (20,488 km and 3,771 listens) with a higher proportion of sperm
whale detections (728 times heard, or 19.3% of listens) compared to winter surveys
(3,376 km and 603 listens of which 92 were detections, or 15.3% of listens) (Figure 4.3).
A total of 46 groups were tracked for periods of time ranging from 2 hours to 241 hours
(mean = 30 hours) in duration.
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4.3.1 Foraging Success and Movement
There was no significant correlation between defecation rate and 12-hour displacement
when a minimum of 15 slicks were checked for a group (n = 9, rs = -0.200, p = 0.606) or
when at least 8 slicks were checked (n = 18, rs = -0.131, p = 0.604). In addition, there was
no significant correlation between daily defecation rate (with at least 8 slicks checked)
and daily 12-hour displacement (n = 26, rs = -0.007, p = 0.975) or between daily 12-hour
displacement and the defecation rate one day following (n = 26, rs = -0.007, p = 0.975).
There was no significant correlation between either defecation rate or 12-hour
displacement and any of the oceanographic and bathymetric variables except for a
significant positive relationship between 12-hour displacement and EKE (n = 22, rs =
0.486, p = 0.022) (Table 4.3).
Table 4.3 Spearman correlation coefficients between the index of foraging success (defecation
rate: n = 22) and 12-hour displacement (n =22) and oceanographic and bathymetric variables.
[chl-a] = chlorophyll-a concentration, SST = sea surface temperature, EKE = eddy kinetic energy,
SSHA = sea surface height anomaly.

Depth
(m)

Slope
(deg)

Seamount
distance
(deg)

[chl-a]
(mg·m-3)

SST
(0C)

EKE
(cm·s-2)

SSHA
(cm)

0.251

-0.411

0.234

-0.376

-0.102

-0.144

0.131

12-hour
-0.099
displacement

0.241

-0.181

0.326

-0.111

0.486*

-0.330

Defecation
rate

* = p < 0.05

4.3.2 Habitat Use
For the entire study area in the Sargasso Sea, SST at 0wk (smooth form) and nontransformed seamount distance (linear form) were the variables selected during the ad
hoc procedure (Step 1, Figure 4.2). The remaining covariates in the model were linear
form except depth (Step 2, Figure 4.2). The final model, after variable selection using
QICu scores, retained latitude, longitude and SST at 0wk to explain the probability of
detecting sperm whales (Table 4.4). The confusion matrix suggested the model correctly
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predicted 69% of the presences and 57% of the absences. The AUC was 0.66, which falls
below the threshold of 0.7 that Boyce et al (2002) consider to be “useful”. The
probability of detecting sperm whales increased with latitude (Figure 4.4a), longitude
west (Figure 4.4b) and SST at 0wk up to about 23-240C (Figure 4.4c). I ran the same
analysis using only surveys that were conducted during the spring (April – July) and the
final model retained the same variables as above, but also included seamount distance
(smooth form) with the probability of detecting sperm whales decreasing with seamount
distance (Figure 4.4d). The AUC was 0.69 (Table 4.4).
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69
0.160

latitude,
longitude,
year,
seamount
distance,
EKE,
SST 0wk

Southern
Sargasso
(< 350N)

Entire
Sargasso
Spring
only

0.288

0.204

latitude,
longitude,
SST 0wk,
seamount
distance

Entire
Sargasso

latitude,
longitude,
SST 0wk
SSHA

0.188

latitude,
longitude,
SST 0wk

Model

Northern
Sargasso
(> 350N)

Cut-off
probabilility
value

Variables
selected
(ignoring
chl-a)

70

44

67

69

%
correctly
predicted
presences

74

76

63

57

%
correctly
predicted
absences

0.78

0.64

0.69

0.66

AUC

0.279

latitude,
longitude,
SST 0wk,
seamount
distance,
chl-a 6wk

--

--

0.282

0.213

latitude,
longitude,
SST 0wk,
chl-a 2wk

latitude,
longitude,
SST 0wk,
SSHA,
chl-a 6wk

Cut-off
probability
value

Variables
selected
using chla data

--

81

70

83

%
correctly
predicted
presences

--

59

75

69

%
correctly
predicted
absences

--

0.77

0.81

0.81

AUC

Table 4.4 Model results examining the relationship between sperm whale occurrence and environmental parameters. AUC = area under the curve,
Chl-a = chlorophyll-a concentration, SST = sea surface temperature, EKE = eddy kinetic energy, SSHA = sea surface height anomaly.

Figure 4.4 The relationship between sperm whale presence and the following predictors in the
entire study area during all seasons: a) latitude, b), longitude and c) SST at 0wk. The relationship
between sperm whale presence and seamount distance using spring data only is shown in d*.
Shaded areas represent the 95% confidence intervals. A rug plot (vertical pars along the top edge
of the horizontal axis) shows the actual distribution of the data.
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The correlation matrix showed that SST at all temporal lags were significantly correlated
(rs ranging from 0.92 to 0.81), so I used SST at 0wk for the remaining models (north and
south). For the northern Sargasso Sea (> 350N) the non-transformed seamount distance
(linear form) was selected. The remaining covariates selected in the model were linear
form except SST at 0wk and SSHA. The final model, after variable selection using QICu
scores, retained latitude, longitude, SSHA and SST at 0wk (Table 4.4). The confusion
matrix suggested the model correctly predicted only 44%% of the presences and 76% of
the absences. The AUC was 0.64. In the northern Sargasso Sea, the probability of
detecting sperm whales increased with latitude (Figure 4.5a) and decreased with
longitude (Figure 4.5b). Probability of detecting sperm whales was highest when SSHA
was negative (around -75 to -25cm) (Figure 4.5c) and increased with SST up to about
240C (Figure 4.5d).
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Figure 4.5 The relationship between sperm whale presence and the following predictors in the
Northern part of the Sargasso Sea, (>350N) in all seasons: a) latitude, b) longitude, c) SSHA, and
d) SST in real time. Shaded areas represent the 95% confidence intervals. A rug plot shows the
actual distribution of the data.

For the Southern Sargasso Sea (>350N), the non-transformed seamount distance (smooth
form) was selected. All remaining variables were selected as linear form except latitude,
longitude, and SST at 0wk. The final model, after variable selection using QICu scores,
retained latitude, longitude, year, distance to seamount, EKE and SST at 0wk (Table 4.4,
Figure 4.6). The confusion matrix suggested the model correctly predicted 70% of the
presences and 74% of the absences. The AUC was 0.78, considered “useful” (Boyce et al.
2002).
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Figure 4.6 The relationship between sperm whale presence and the following predictors in the
Southern part of the Sargasso Sea, (<350N) in all seasons: a) latitude, b), longitude and c) SST in
real time. Shaded areas represent the 95% confidence intervals. A rug plot shows the actual
distribution of the data.

To examine whether the addition of chlorophyll improved the models (selected above), I
excluded data where chlorophyll was missing. For the entire study area, the dataset was
reduced by over 75% to 1015 observations, of which 193 (19%) were detections. The
addition of chl-a at a 2 wk lag (smooth form) improved the model (according to QICu
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scores) (Table 4.4). The confusion matrix suggested the model correctly predicted 83% of
the presences and 69% of the absences. The AUC was 0.81. The probably of detecting
sperm whales increased with chl-a 2wk lag (Figure 4.7a) The relationship between sperm
whale presence and our original variables (latitude, longitude and SST at 0wk) stayed the
same, except the parameter estimate for latitude was much closer to zero (0.002)
compared to prior to adding chlorophyll (0.136). For the spring Sargasso, the dataset was
reduced to 887 observations (24% of original) of which 185 were detections (21%) and
the addition of chl-a 6 week lag (smooth form) improved the model (Table 4.4, Figure
4.7b).
For the northern Sargasso, the dataset was reduced to 467 observations (20% of original
data) of which 153 (33%) were detections. We compared the model using the variables
selected by QIC (latitude, longitude, SSHA and SST at 0wk) and found the addition of
chl-a 6 at a week lag (smooth form) improved the model (Table 4.4). The confusion
matrix suggested the model correctly predicted 81% of the presences and 59% of the
absences. The AUC was 0.77. Probability of detecting sperm whales increased with chl-a
6 wk lag (Figure 4.7c). We were not able to test whether adding chl-a improved our
model for the southern Sargasso Sea, as reducing the data to exclude all missing
chlorophyll values resulted in 547 observations (28% of original) but of those there were
only 37 detections (less than 7%). Running the model on this dataset resulted in quasicomplete separation, which occurs when an outcome variable separates a predictor
variable to a certain degree and is likely due to the low number of detections in this
dataset. In this case, a maximum likelihood estimate does not exist, so the models could
not be run.
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Figure 4.7 The relationship between sperm whale presence and chlorophyll a concentration for a)
the Sargasso Sea during all seasons, b) the northern part of the Sargasso Sea (> 350N), and c) the
Sargasso Sea during the spring only (April – July). A rug plot shows the actual distribution of
the data.
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4.4 DISCUSSION
4.4.1 Foraging Success and Movement
I used defecation rate as a proxy for foraging success and 12-hour displacement as a
measure of movement, expecting that higher defecation rates and lower 12-hour
displacements would suggest higher foraging success. Previous research in the Pacific
Ocean found a significant, negative relationship between defecation rate and 12-hour
displacement (Whitehead 1996). I found no significant relationship between defecation
rate and 12-hour displacement, however, given the sample size (n = 9 and 18), I have no
power to say whether there is a difference in trends between the Pacific and Atlantic.
No significant relationships between the index of foraging success or movement and
environmental variables were found, except for a significant, positive relationship
between 12-hour displacement and EKE (n = 22, rs = 0.486, p = 0.022). EKE is a measure
of mesoscale variability and higher values indicate where eddies and meanders are
common (Teo and Block 2010). This may result in faster movement of the sperm whales
(or more movement), so I would expect a higher 12-hour displacement with higher EKE.
My inability to find a relationship between feeding success and environmental variables
may be the result of spatial and/or temporal lags, as suggested by Jacket and Whitehead
(1999) who found no significant relationships between foraging success and
environmental variables. More likely, it is due to the small sample size.
4.4.2 Habitat Use
I examined the habitat use of sperm whale presence and different environmental
covariates for our study area in the Sargasso Sea. The probability of detecting sperm
whales increased with latitude in all the models (Figure 4.4a, Figure 4.5a, Figure 4.6a),
and when using only the spring (April-July) survey data suggesting that sperm whales are
more prevalent in the northern part of the Sargasso Sea. This is not surprising given that
one of the highest density estimates of sperm whales globally is found in the northern (>
350N) Sargasso Sea (Chapter 5). The probability of detecting sperm whales in these
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models also increased with westerly longitude (Figure 4.4b, Figure 4.5b, Figure 4.6b),
suggesting sperm whales occur more in the western part of the Sargasso Sea. Indeed the
highest densities of sperm whales measured thus far are found off the US east coast, off
the continental shelf (Whitehead 2002) and this area was whaled extensively during the
open-boat whaling era (Bannister et al. 2008). Although previous research has found that
sperm whale occurrence is inversely related to SST (Jaquet 1996, Pirotta et al. 2011,
Ramirez and Urquizo 1985, Whitehead et al. 1989), my models for the entire Sargasso
Sea (Figure 4.4c) and the northern Sargasso Sea (Figure 4.5c) found that higher
temperatures (around 23-240C) have the highest probability of detection. The addition of
chl-a (as a proxy for primary productivity) at varying time lags improved the models
(albeit, with a much reduced dataset), suggesting that the probability of sperm whale
detections was highest in areas with high primary productivity (Figure 4.7). Indeed, the
parameter estimate for latitude in the model for the entire Sargasso Sea was nearly zero
(0.002) when chl-a was added to the model, suggesting that chl-a was a more important
predictor of sperm whale presence than latitude, and that the increased abundance of
sperm whales in the northern Sargasso Sea may be linked to greater productivity.
Mechanisms creating greater food availability for sperm whales in the northern Sargasso
are not known but are likely linked to the presence of the Gulf Stream, the dominant
physical oceanographic feature in this area.
4.4.3 The Importance of the Gulf Stream to Sperm Whale Distribution
The northwestern part of the Sargasso Sea, where the probability of detecting sperm
whales is highest, is where mesoscale activity of the Gulf Stream increases primary
productivity. Maximum Gulf Stream transport occurs around 650W and it is at this
longitude where the current becomes unstable and develops large north-south oscillations
(meanders) (Mann and Lazier 1996). Cold-core rings, which result in increased primary
(The Ring Group 1981) and secondary (Ortner et al. 1978) productivity, are most
frequently observed in the western Sargasso Sea, along a “corridor” 200 miles offshore of
the Gulf Stream axis, between 280N and 360N and tend to drift south-westward (Parker
1971; Lai and Richardson 1977; Richardson 1983), which might explain why sperm
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whales are found in more westerly latitudes. That sperm whales are more likely to be
present at higher temperatures may be a result of their proximity to the Gulf Stream,
which has temperatures ranging from 250C – 280C (Mann and Lazier 1996) or rings and
meanders associated with the Gulf Stream. Temperatures within the range of 22.524.50C, where probability of detecting sperm whales is highest, are found along the Gulf
Stream (a width of roughly 100-150km) and in areas of eddies and meanders associated
with the Gulf Stream in the northern part of the study area (Figure 4.8) and might explain
why. Although these temperatures are also in lower latitudes where the models suggest
that sperm whales are less likely to be detected (Figure 4.8), these temperatures occur in
the uniformly warm waters expected in the tropics, where mesocale activity is less.
Furthermore, any SST effects in the southern Sargasso Sea may be confounded by the
many other variables interacting with sperm whale distribution here (Figure 4.5).

Figure 4.8 Distribution of sea surface temperatures (SST) from June 10-17, 2007, highlighting the
range from 22.5-24.50C, which is the peak temperature range influencing sperm whale presence
in the habitat models.

78

In the model for the northern Sargasso Sea, SSHA was also a predictor for sperm whale
presence, with a greater probability of detection in areas of negative (-75 to -25cm)
SSHA, an indication of cyclonic eddies (Teo and Block 2010). These cyclonic eddies are
also associated with the Gulf Stream (Watts 1983) (Figure 4.9). Sperm whales in the Gulf
of Mexico were most frequently encountered in areas with negative SSHA, likely
because increased primary productivity associated with the cyclonic eddies resulted in
richer feeding grounds (Biggs et al. 2006a) and other deep-diving predators forage near
the edge of cyclonic eddies (Bailleul et al. 2010).

Figure 4.9 Sea surface height anomaly (SSHA) on May 16, 2006, highlighting the SSHA range
from -75 to -25cm, which is the peak SSHA range influencing sperm whale presence in the
habitat models for the northern Sargasso Sea (> 350N).

Finally, in the model that used only data collected in the spring, distance to seamount was
also a predictor for sperm whale detection, with the probability of detection decreasing
after about 4.5 degrees. Seamounts appear to be responsible for large meanders and
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semi-permanent rings of the Gulf Stream, and meanders often overlie the New England
Seamount Chain (Richardson 1983), which is found in the northern part of our study area
(running southeast from roughly 400 - 350N). The largest frequency of warm-core ring
formation is seen near the New England Seamount Chain (Auer 1987). It thus appears
that the Gulf Stream and its associated processes are likely influencing sperm whale
presence in the northern part of the Sargasso Sea, possibly as a result of the Gulf
Stream’s influence on cephalopod distribution.
Deep-water cephalopods readily escape trawls and nets (Clarke 1977), and are difficult to
study acoustically (Starr and Thorne 1998), so very little is known about cephalopods in
this area. However, currents and eddies play an important role in the migration and life
cycle of cephalopod species, especially the Gulf Stream (Bakun and Csirke 1998, Mann
and Lazier 1996, O'Dor 1992) and Kuroshio current, a western boundary current in the
North Pacific (Mann and Lazier 1996). Higher abundance and diversity of the early
stages of cephalopods are found in the northern part of the Sargasso Sea (> 270N)
(Diekmann and Piatkowski 2002) and the highest abundance of planktonic cephalopods
is found in the vicinity of the Gulf Stream (Vecchione et al. 2001). Thus, while we know
little about the distribution of sperm whale cephalopod prey in the Sargasso Sea, it
appears that the Gulf Stream and associated mesoscale activity might influence
cephalopod distribution in this area and thus, sperm whale distribution.
4.4.4 Model Evaluation
The AUC scores of the models that excluded chl-a data were all below the “useful”
threshold of 0.7 (Boyce et al. 2002), however the consistency of latitude, longitude and
SST being selected as variables in the final models suggests that these are indeed good
predictors for sperm whale presence in the northwestern Sargasso Sea. The spring model
(AUC = 0.69) performed a little better than the overall model (AUC = 0.66), suggesting
that the limited winter data may be confusing the results of the overall model and that
perhaps sperm whales are selecting slightly different habitats in the spring compared to
the winter. There is evidence of seasonal variability of sperm whale occurrence around
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Kelvin Seamount, part of the New England Seamount Chain (Chapter 3). When chl-a
was considered in the models, AUC scores were higher (0.77 to 0.81). While these scores
can’t be directly compared because only a subset of data was used in the models that
considered chl-a, the good model performance with the addition of chl-a suggests that
primary productivity is an important predictor of sperm whale occurrence in this region.
The southern Sargasso Sea (< 350N) model performed well (AUC = 0.72) despite the
exclusion of chl-a data. However, the number of the selected variables (latitude,
longitude, year, EKE, distance to seamount and SST), the wide confidence intervals and
the inability to clearly evaluate whether chl-a improved the model suggests that sperm
whale presence in the southern Sargasso Sea might be driven by variables that were not
include in the model. Sperm whales regularly dive up to 1000m for their prey (Whitehead
2003), so measures that better describe the deep water habitat which sperm whales
inhabit might improve our ability to understand what drives sperm whale distribution in
this area. For example, Jaquet and Whitehead (1996) found a positive correlation between
sperm whale density and the intensity and thickness of the middle (50-300m) and deep
(300-600m) scattering layers and there is evidence that sperm whales often dive through
the deep scattering layer (Sarvas and Flemmin 1999, Wahlberg 2002). Furthermore,
although I examined some variables on different temporal scales (lags: chl-a and SST), I
used the smallest resolution for our environmental covariates and did not increase spatial
scale. Other studies have shown that the relationship between sperm whale distribution
and environmental covariates can only be seen at large spatial scales (Jaquet and
Whitehead 1996) and that spatial scale should be taken into consideration (Jaquet 1996,
Pirotta et al. 2011).

4.5 SUMMARY
The close association found between sperm whale presence and variables such as primary
productivity (Praca et al. 2009), cool sea surface temperatures (Rendell et al. 2004) and
bathymetry (Pirotta et al. 2011, Praca et al. 2009) were found in semi-enclosed waters
such as the Gulf of Mexico or the Mediterranean, around islands (Galapagos, Azores) in
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the open ocean or in systems dominated by the highly productive eastern boundary
currents (off Chile). Despite some limitations to the models and limitations in the data
(e.g. the missing chl-a values due to cloud cover), this study is one of the few that have
examined sperm whale distribution in the open ocean. The models found that the
probability of sperm whale detections is highest in the northwestern part of the Sargasso
Sea in areas with SST of 23-240C and high primary productivity. These results suggest
that the Gulf Stream and its associated mesoscale activity is driving sperm whale
distribution in this area.
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CHAPTER 5

SPERM WHALE (PHYSETER MACROCEPHALUS)
DISTRIBUTION AND DENSITY IN THE
SARGASSO SEA: 1775-1921 AND 1993-2010
The work presented in Chapter 5 was done in collaboration with two other co-authors:
1) Julie Horrocks developed the Bayesian method for estimating densities and ran
the analysis (after I had prepared the data).
2) Tim Smith provided the whaling data, which he also prepared for the analysis.
5.1 INTRODUCTION
Over-exploitation by humans dates back to prehistoric times and has not only resulted in
depletion of resources, but has caused the extinction of some species, including: the moa
(Dinornithiformes), the great auk (Pinguinus impennis), the passenger pigeon (Ectopistes
migratorius) and the Steller’s sea cow (Hydrodamalis gigas) (Bengtson 1984, Blockstein
2002, Greenway 1958, 2000, Turvey and Risley 2006). Marine ecosystems and
biodiversity are being severely impacted by both modern and historic over-fishing
(Jackson et al. 2001, Worm et al. 2006). Whaling is perhaps one of the most significant
and spatially extensive examples of marine exploitation (Reeves and Smith 2006) and not
only lead to major reductions of baleen whale populations, but was also responsible for
the extirpation of the North Atlantic population of gray whales (Eschrichtius robustus)
(Bryant 1995, Mead and Mitchell 1984).The full extent of the effects of whaling is not
fully understood, however there have been attempts to estimate pre-whaling populations
of some species to provide information on the recovery of populations (Roman and
Palumbi 2003, Whitehead 2002).
Sperm whales (Physeter macrocephalus) are one of the most widely distributed marine
mammals (Rice 1998), diving to great depths for their cephalopod prey (Whitehead
2003). The spermaceti organ is an important component of their sophisticated sonar
system used to find prey (Møhl 2001), but the spermaceti was also coveted in the early
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18th century for use in candle making and as the finest lubricant for delicate machinery
(Proulx 1986), resulting in an extensive hunt from the 18th century to the first part of the
20th century. ‘Open-boat’ whaling for sperm whales, characterized by mother ship
operations with whaleboats being hand- and sail-powered, began in 1712, peaked in
1840-1850 and continued into the early 20th century (Bannister et al. 2008, Proulx 1986,
Reeves and Smith 2006). Modern whaling, characterized by cannon-fired harpoons and
steam-powered ships, began at the end of the 19th century for sperm whales, but peaked
in 1960-1970 (Bannister et al. 2008, Best 1983, Reeves and Smith 2006). ‘Open-boat’
whaling for sperm whales began in the North Atlantic, but activity moved to the Pacific
and Indian Ocean just prior to the beginning of the 19th century. By the last half of the
19th century, much of the whaling in the Pacific and Indian Oceans was abandoned,
although it continued throughout the Atlantic (Bannister et al. 2008, Reeves and Smith
2006). Modern whaling was extensive through almost all oceans except in the western
North Atlantic where there was very little. Sperm whale catches were largely restricted
to the 454 males taken by eastern Canadian whaling stations between 1904 and 1970
(Mitchell 1974).
The sustained ‘Open-boat’ sperm whale hunt in the North Atlantic suggests that sperm
whales were abundant in this ocean basin. Whitehead (2002) estimated the density of
whales to be 17.04 whales per 1000km2 off the US east coast in 2000; globally the
highest estimated sperm whale density of areas surveyed. Recent surveys in the northwest
part of the Sargasso Sea, an oceanic gyre in the North Atlantic Ocean, have found large
numbers of sperm whales, but density estimates have not been made and so it is not
known how these compare to other areas where sperm whales are prevalent. Historically,
whalers hunted in “whaling grounds”, a colloquial name for well-recognized whaling
areas (Maury 1852, Townsend 1935). In the North Atlantic, 11 grounds have been
identified (Bannister et al. 2008) and their use through the decades suggests that sperm
whales were plentiful in these areas and might represent sperm whale “hotspots” during
the whaling era. It is not known whether current sperm whale “hotspots” concur with
historic whaling grounds, but an examination of contemporary and historic distributions
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should provide insight into the recovery of sperm whale populations (e.g. Hope and
Whitehead 1991).
The objectives of our study were to estimate current sperm whale density in the Sargasso
Sea and compare contemporary patterns of distribution with those from the whaling era.
We also examined how use of whaling grounds in the North Atlantic changed seasonally
and throughout the open-boat whaling era.

5.2 METHODS
5.2.1 Data Collection
Contemporary sperm whale density in the northwest Atlantic Ocean (west of 500W and
north of 23.50N and hereby referred to as the Sargasso Sea) was estimated using acoustic
surveys from 2004-2008 and 2010 during the spring and summer months (April to June)
(Figure 5.1). Acoustic surveys were conducted from a 12 m auxiliary sailing vessel using
a towed hydrophone array. In 2008 (June 25-July 5), a 32 m auxiliary sailing vessel was
used. Every 30 minutes, we listened to the hydrophone for the presence of sperm whale
clicks (hereby referred to as ‘listens’). Sperm whale clicks are used primarily in
echolocation and communication (Whitehead 2003). The majority of clicks detected were
usual clicks, which are thought to function primarily in searching echolocation and are a
long train of regularly spaced clicks (0.5s-1.0s) that can last for several minutes (Jaquet et
al. 2001, Madsen et al. 2002, Whitehead and Weilgart 1990). The distance traveled
between 30 minute listens was significantly larger in 2008 (7.99 km ± 2.73SD) than the
years 2004-2007, 2010 (4.82 km ± 1.17 SD; t-test: t4123 = 41.506, p <0.001), so survey
data from 2008 was not used in any of the combined density estimates.
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Figure 5.1 Map showing contemporary and historic sperm whale distribution of the study area
and effort. Contemporary data is from acoustic surveys (1993, 1995, 2001, 2004-2008, 2010)
where listens were conducted every 30 minutes for the presence of sperm whale clicks. Historic
distribution is from the whaling logbooks (1775-1921) where the vessels position was plotted
daily and if sperm whales were seen or struck. Transits not included in historic data.

Contemporary patterns of sperm whale distribution were determined from the surveys
described above but also included surveys conducted in the winter (Table 5.1). To
increase coverage, surveys conducted in 1993, 1995 (from the same 12 m auxiliary
sailing vessel) and 2001 (from a 17-m auxiliary sailing vessel) were also included (Figure
5.1, Table 5.1). These surveys were conducted using the same methods described above,
although listens were made every 20 minutes in 2001. The vessel used in 2001 was faster
than the vessels used in other years, however, it should be noted that total distance
traveled in 20 minutes (4.23 km ± 1.82) was significantly different from the distance
between listens in all other years (5.15 km ± 1.55; t-test: t5251 = 6.212, p <0.001).
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Table 5.1 Details of contemporary surveys used in the analysis.

Year

Start date

1993
1995
2001
2001
2004
2004
2005
2005
2006
2006
2007
2007
2008
2008
2010

May 25
May 17
May 17
June 2
May 5
June 4
April 23
May 31
May 31
October 31
May 4
June 7
February 24*
June 25
April 26

Used in
Used for
abundance
distribution
estimate?
pattern?
June 2
No
Yes
May 22
No
Yes
May 22
No
Yes
June 8
No
Yes
May 21
Yes
Yes
June 14
Yes
Yes
May 20
Yes
Yes
June 22
Yes
Yes
June 23
Yes
Yes
November 4
No
Yes
May 25
Yes
Yes
June 25
Yes
Yes
March 5
No
Yes
July 5
No
Yes
May 3
Yes
Yes
Total distance surveyed (km)
End date

Total distance
surveyed (km)
1,849
1,172
929
1,699
784
624
2,884
1,853
3,642
932
3,126
2,753
2,444
3,013
1,809
29,513

* used to compare the maximum likelihood method (Horrocks et al. 2011) and the Bayesian
method (Horrocks et al. in prep)

Historical distribution patterns of sperm whales were examined using data extracted from
American whaling vessel logbooks (1775-1921) as described by Smith et al. (2012).
These logbooks contain periodic entries (usually daily) of vessel location and encounters
with whales (sighted and/or struck). To compare historical distribution to contemporary
distribution, we limited the historic data to the study area, defined as north of 23.50N and
west of 500W (Figure 5.1). However, to investigate how use of whaling grounds in the
North Atlantic might have changed by season or through the decades, we used all data
available north of 00 for the entire North Atlantic (Figure 5.2). The logbooks used were
from vessels that were outbound from home ports in New England for whaling in the
North Atlantic and other areas and vessels inbound at the end of voyages. Of these
vessels, some were actively whaling in the study area or the North Atlantic in general,
while others were primarily transiting the North Atlantic. To avoid including data from
vessels that were primarily transiting, only segments of voyages that reported whales in
the North Atlantic and those that spent more than three days in the study area were used.
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Segments were defined by the origin of the voyage, when the vessel crossed or re-crossed
the equator, and when there was a gap in whaling activity or uncertainty about vessel
location.

Figure 5.2 Map showing contemporary and historic sperm whale distribution of the entire North
Atlantic and effort. Contemporary data is from acoustic surveys (1993, 1995, 2001, 2004-2008,
2010) where listens were conducted every 30 minutes for the presence of sperm whale clicks.
Historic distribution is from the whaling logbooks (1774-1921) where the vessels position was
plotted daily and if sperm whales were seen or struck. Transits are not included in historic data.
The names of the whaling grounds are labelled.

5.2.2 Data Analysis

To estimate density of sperm whale groups, we used a Bayesian model (Horrocks et al, in
prep) which combines an approximate likelihood for the data with a prior distribution for
the parameters, in order to generate a posterior distribution for the parameters. Here the
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parameters are density, probability of detection and range of detection. The data consists
of a binary time series, summarized into counts of triplets of the form 000, 001, etc.,
representing triplets of consecutive listens, where a 1 indicates that whales were heard
and a 0 indicates that no whales were heard. The approximate likelihood is similar to that
developed in Horrocks et al. (2011) for estimating density from a single binary
passive acoustic transect when the probability of detection and range of detection are
unknown. It differs in that it conditions on the values of the first two
listens (whether 0 or 1). Vague priors were used in the Bayesian model, all with
precisions (1/variance) of 0.00001. For alpha (group density), we used a truncated
normal prior restricted to be greater than 0, with mean 0.00035, while for mu (probability
of detection) we used a truncated normal prior restricted to the interval (0,1), with mean
0.9. For r (radius of detection in km), we used a truncated normal prior with mean 9.5,
restricted to be greater than a typical distance between listens (5.88 km). We compared
the maximum likelihood method (Horrocks et al. 2011) and the Bayesian method
(Horrocks et al., in prep) on the single winter transect (February 24-March 5, 2008: Table
5.1) analyzed in Horrocks et al. (2011), and found results to be similar (Table 5.2).
Sensitivity analysis showed that these results were not sensitive to the chosen priors. For
all further analyses, we used a modified version of the Bayesian model which combined
data from multiple transects. Only transects that consisted of at least 10 consecutive
listens that were at most 0.655 hours apart were included in the analysis. Data was from
2008 was omitted from the combined-years estimate as it was deemed unreliable due to
the presence of many short transects.
Table 5.2 Comparison of density estimates of sperm whale groups per 1000 km2 during one
winter survey (February 24-March 5, 2008) using two different methods: maximum likelihood
(ML) and Bayesian.

Density of sperm whale groups/1000km2
(95% interval)*
Probably of detection
(95% interval)*
Radius of detection (km)
(95% interval)*

ML Method

Bayesian Method

0.36 (0.16, 0.74)

0.37 (0.13, 0.73)

0.90 (0.64, 1.00)

0.82 (0.53, 0.98)

9.29 (6.95, 15.14)

10.7 (7.2, 18.7)

* For ML Method, 95% interval = 95% confidence interval, for Bayesian method, 95% interval =
95% credible interval
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To compare contemporary and historical distribution of sperm whales, all contemporary
surveys available were used (1993, 1995, 2001, 2004-2008, 2010). Despite evidence that
sperm whale occurrence varies seasonally in the northern part of the Sargasso Sea
(Chapter 3), we included all transects and logbook data regardless of season because we
were most interested in broad, overall patterns of distribution. For the contemporary
surveys, we calculated the total number of listens in each 10 by 10 grid cell as a measure
of effort (Figure 5.3a) and the total number of listens where sperm whale clicks were
heard (detections). For the historical data, we calculated the total number of days that
whaling vessels were whaling in each 10 by 10 grid cell as a measure of effort (Figure
5.3b) and the total number of days when sperm whales were sighted and/or struck
(detections). Detections per unit effort (DPUE) was calculated for each dataset for each
grid cell.
For both datasets, effort across the study area was variable, ranging from 1 to 156 listens
in a 10 by 10 grid cell for contemporary data, and 1 to 306 days in a 10 by 10 grid cell for
historical data (Figure 5.3). Furthermore, the magnitude of effort between the two
datasets did not overlap: where effort for the contemporary data was highest, it was the
lowest for the historical data and vice versa. Since we were interested in comparing
broad, overall distribution of sperm whales historically and currently, we decided to make
the comparisons at decreasing grid cell size (increasing resolution) to investigate whether
a consistent pattern emerged.
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Figure 5.3 Comparisons of effort for contemporary data (A) and historical data (B). For contemporary surveys, effort was defined as the total
number of listens per 10 by 10 grid cell. For historical data, effort was defined as the total number of days whaling boats were whaling in each 10
by 10 grid cell.

First, we divided the study area into north and south (using 350N as the boundary), and
then divided the study area into four quadrants (northwest, northeast, southwest,
southeast) using 350N and 640W as the boundaries. We chose the following grid cell
sizes: 100 by 100, 60 by 60, 50 by 50, 40 by 40, 30 by 30, 20 by 20, and 10 by 10. For each
grid cell (or quadrant) at each resolution, the total effort (listens for contemporary data,
whaling days for historic data) and the total number of detections were calculated. To
make the datasets more comparable, we calculated the following ratio for each grid cell:
DPUE divided by the overall mean DPUE for that resolution. For each resolution, we
calculated the “change” between historical and contemporary distribution defined as the
the ratio of the historical data substracted from the ratio of the contemporary data. More
negative values would suggest that DPUE was higher historically and more positive
values would suggest DPUE is higher at present. Contemporary surveys were only
conducted between November and June and previous work has shown that sperm whale
occurrence can vary seasonally (Chapter 3). To determine whether it was appropriate to
use the entire dataset for the logbooks (which covered the entire year) we also calculated
DPUE and the ratios for the 100 by 100 grid cell resolution using only logbook data from
November to June. We found that DPUE was nearly the same as using the entire dataset
and the overall patterns were the same, so we included the entire logbook dataset,
regardless of month.
To examine seasonal or decadal changes in use of whaling grounds in the North Atlantic,
we plotted daily vessel location and whether sperm whales were seen and/or struck by
season (spring =March to May, summer =June to August, autumn =September to
November, winter = December to February) and by decade (beginning with 1775-1779
and ending with 1920-1921).

5.3 RESULTS
From 1993 to 2010, a total of 29,513 km (207 days) were surveyed in the Sargasso Sea
(Figure 5.1, Table 5.1). Density estimates were made from 17,475 km (152 days) of these
surveys. Based on the criteria for extracting data from the whaling logbooks, the historic
dataset in our study area (north of 350N and west of 500W) used data from 287 segments
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in 231 voyage tracks. A total of 8,585 days of observation were included in our analysis,
of which 538 included reports of one or more sperm whales sighted and/or struck. The
historic dataset used to examine seasonal and decadal changes in whaling ground use for
the entire North Atlantic used data from 311 segments in 231 voyage tracks. A total of
27,022 days of observation were used, of which 1,309 included reports of one or more
sperm whales sighted and/or struck (Figure 5.2).
5.3.1 Density Estimates
The density of sperm whale groups per 1000 km2 in the Sargasso Sea from April to July
was estimated to be 0.36 (95% Bayesian credible interval (BCI): 0.27, 0.47) (Table 5.3).
Using mean group size of 12.05 (SD = 6.56) animals in the Sargasso Sea (Gero et al.
2009), results in a density of 4.34 (95% CI: 2.54, 6.14) sperm whales per 1000 km2. The
probability of detection was 0.74 (95% BCI: 0.67, 0.80) and radius of detection was 17.5
(95% BCI 14.6, 21.2). Density of sperm whale groups per 1000 km2 in the Sargasso Sea
varied yearly, ranging from 0.50 (95% BCI: 0.33, 0.71) in 2007 to 0.11 (95% BCI: 0.02,
0.28) in 2008 (Table 5.3). The years with the highest radius of detection (2006 = 25.6 km
(95% BCI: 14.6, 39.2), 2008 = 26.3 km (95% BCI: 13.4, 52.5)) also had the lowest
probability of detection (2006 = 0.54 (95% BCI: 0.42, 0.67), 2008 = 0.53 (95% BCI:
0.30, 0.77)) (Table 5.3).
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Table 5.3 Density estimates of sperm whale groups per 1000 km2 by year using the Bayesian
method. The estimates for combined transects includes spring (April – July) transects in 20052008 and 2010. BCI = 95% Bayesian credible interval. Total effort = total number of listens.
Density of
Detection
Radius of
Total
Total
sperm whale
Year
probability
detection
(km)
Effort
Detections groups/1000km2
(95% BCI)
(95% BCI)
(95% BCI)
0.40
0.74
18.8
2004
272
55
(0.12, 0.87)
(0.52, 0.90)
(10.8, 34.6)
0.30
0.64
15.3
2005
928
89
(0.13, 0.51)
(0.45, 0.80)
(10.2, 4.9)
0.23
0.54
25.6
2006
655
128
(0.08, 0.51)
(0.42, 0.67)
(14.6, 39.2)
0.50
0.84
15.4
2007
1114
268
(0.33, 0.71)
(0.76, 0.91)
(12.6, 19.5)
0.11
0.53
26.3
2008*
317
25
(0.02, 0.28)
(0.30, 0.77)
(13.4, 52.5)
0.41
0.76
11.8
2010
328
29
(0.22, 0.99)
(0.59, 0.98)
(6.0, 13.4)
Combined
(20040.36
0.74
17.5
3297
569
2007,
(0.27, 0.47)
(0.67, 0.80)
(14.6, 21.2)
2010)
* Distance between listens used was 8 km in 2008 because a fast boat was used for the surveys.

Density of sperm whale groups per 1000 km2 was higher north of 350N (0.44, 95% BCI:
0.31, 0.58) than south (0.24, 95% BCI: 0.11, 0.42), although this was not significant (ttest: t3138 = 1.826, p = 0.067) (Table 5.4). Using the same mean group size of 12.05
animals results in a density of 5.30 (95% CI: 3.00, 7.61) sperm whales per 1000 km2
north of 350N and 2.89 (95% CI: 0.82, 4.96) sperm whales per 1000km2 south of 350N.
Density of sperm whale groups was higher west (0.42, 95% CI: 0.30, 0.56) of 640W than
east (0.32, 95% CI: 0.19, 0.47), although this difference was not significant (t-test: t3144 =
1.027, p = 0.305) (Table 5.4). This results in 5.06 (95% CI: 2.85, 7.27) sperm whales per
1000 km2 west of 640W and 3.86 (95% CI: 1.79, 5.92) sperm whales per 1000 km2 east
of 640W.
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Table 5.4 Density estimates of sperm whale groups by region using the Bayesian method and
spring (April-July) transects in 2005-2008 and 2010. In the study area, 350N separates ‘North’
and ‘South’. ‘East’ and ‘West’ are separated by 640W. Total effort = total number of listens.

Density of sperm
whale
Region
groups/1000km2
(95% BCI)
0.72
North
(0.46, 1.07)
0.22
South
(0.02, 0.71)
0.32
East
(0.11, 0.60)
0.84
West
(0.46, 1.34)

Detection
probability
(95% BCI)

Radius of
detection (km)
(95% BCI)

0.80
(0.68, 0.90)
0.55
(0.10, 0.95)
0.82
(0.61, 0.96)
0.77
(0.60, 0.91)

11.5
(9.15, 14.6)
13.6
(6.23, 40.5)
13.0
(8.62, 23.4)
10.5
(7.90, 14.5)

Total
Effort

Total
detections

828

163

320

7

404

42

518
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5.3.2 Distribution
The DPUE for the northern section of the Sargasso Sea (north of 350N) was nearly 1.5
times higher than the mean DPUE for the contemporary data, and the southern section
was nearly half the mean DPUE (Table 5.5). By contrast, the northern and southern
sections of the Sargasso Sea had similar DPUE historically (Table 5.5). The same trend
was observed for the contemporary distribution when divided into four quadrants: both
the northwest and northeast quadrant were higher than the mean (1.61 and 1.24
respectively), while the southern quadrants were lower (southwest: 0.63, southeast: 0.52)
(Table 5.6). The northwest quadrant was also higher than the overall mean (1.25) for the
historic distribution (Table 5.6). However, in contrast to the contemporary distribution,
the southeast quadrant was 1.29 times greater than the overall mean and the northeast
quadrant was less than half the mean (Table 5.6). These were the quadrants with the
largest difference (NE: 0.76, SE: -0.77), suggesting sperm whales are more prevalent in
the northeast section at present, but they were more prevalent in the southeast historically
(Table 5.6).
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Table 5.5 Comparison between contemporary (1993-2010) and historic (1775-1921) sperm whale
distribution in the northern and southern part of the western North Atlantic. The boundary
between north and south was defined as 350N. For contemporary data, total effort = total number
of listens and total detections = total number of listens when whales were heard. For historic data,
total effort = number of days whaled and total detections = total number of days when a sperm
whale was sighted and/or struck. DPUE = Detection per unit effort. Change is the ratio for
contemporary distribution minus the ratio for historical distribution. More negative values
indicates DPUE was higher historically, more positive values indicates DPUE is higher presently.

Location

Total
Total
DPUE
effort detections

Contemporary
North
2935
South
2587
Historical
North
3721
South
4862

Mean DPUE

Ratio of DPUE:
mean

Change

582
230

0.20
0.09

0.14 ± 0.077

1.38
0.62

0.42
- 0.42

223
315

0.06
0.06

0.06 ± 0.003

0.96
1.04

---

Table 5.6 Comparison between contemporary (1993-2010) and historic (1775-1921) sperm whale
distribution in four quadrants of the western North Atlantic. The boundary between north and
south was defined as 350N, the boundary between east and west was defined as -640W. For
contemporary data, total effort = total number of listens and total detections = total number of
listens when whales were heard. For historic data, total effort = number of days whaled and total
detections = total number of days when a sperm whale was sighted and/or struck. DPUE =
Detection per unit effort. Change is the ratio for contemporary distribution minus the ratio for
historical distribution. More negative values indicates DPUE was higher historically, more
positive values indicates DPUE is higher presently.

Quadrant

Total
Total
effort detections

Contemporary
Northwest 818
Northeast 2117
Southwest 1932
Southeast
655
Historical
Northwest 2655
Northeast 1066
Southwest 2763
Southeast 2099

DPUE

194
388
180
50

0.24
0.18
0.09
0.08

193
30
157
158

0.07
0.03
0.06
0.08

Mean DPUE
± SD

Ratio of
DPUE: mean

Change

0.15 ± 0.076

1.61
1.24
0.63
0.52

0.36
0.76
- 0.35
- 0.77

0.06 ± 0.022

1.25
0.48
0.98
1.29

-----

Increasing the resolution to 100 by 100 grid cell size provides more detail to the
contemporary and historic distribution differences in the southern and northern sections
of the Sargasso Sea. Currently, the greatest DPUE is found in the mid northern section
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(midpoints 380N and 650W) (Table 5.7). This grid cell has the lowest DPUE historically
and this is where the greatest difference occurs (1.40) (Table 5.7). Historically the eastern
and western grids in the south were highest (Table 5.7).
Table 5.7 Comparison between contemporary (1993-2010) and historic (1775-1921) sperm whale
distribution in the western North Atlantic as defined by 100 by 100 grid cells. For contemporary
data, total effort = total number of listens and total detections = total number of listens when
whales were heard. For historic data, total effort = number of days whaled and total detections =
total number of days when a sperm whale was sighted and/or struck. DPUE = Detection per unit
effort. Change is the ratio for contemporary distribution minus the ratio for historical distribution.
More negative values indicates DPUE was higher historically, more positive values indicates
DPUE is higher presently.

Lat
Long
midpt midpt
of cell of cell
(0N)
(0W)
Contemporary
38
-75
38
-65
38
-55
28
-75
28
-65
28
-55
Historical
38
-75
38
-65
38
-55
28
-75
28
-65
28
-55

Total
effort

Total
detections

DPUE

245
2444
897
479
1244
186

35
494
132
37
98
16

0.14
0.20
0.15
0.08
0.08
0.09

2194
1274
1265
1860
735
1173

196
18
83
133
18
90

0.09
0.01
0.07
0.07
0.02
0.09

Mean
DPUE ±
SD

Ratio of
DPUE:
mean

Change

0.12
± 0.050

1.17
1.65
1.20
0.63
0.64
0.70

-0.40
1.40
0.05
-0.62
0.21
-0.64

0.06
± 0.030

1.57
0.25
1.15
1.26
0.43
1.35

-------

Decreasing the cell size further demonstrated that currently, sperm whale distribution is
highest in the northern part of the Sargasso Sea, especially in the mid-northern section,
while sperm whale distribution was highest in the far western and eastern sections of the
Sargasso Sea historically. The greatest differences between contemporary and historical
distribution also occurred in these areas: where DPUE is highest currently, is where it
was lowest historically and vice versa (Figure 5.4).
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(A)

(B)

(C)

(D)

(E)

(F)

Figure 5.4 The change in the ratio of detection per unit effort (DPUE) per grid cell divided by the
overall mean DPUE between contemporary and historical distribution. The change was calculated
by subtracting the historical layer from the contemporary layer. The more negative values suggest
a larger DPUE historically and more positive values suggest a larger DPUE currently. (A) 60 by
60 grid cell, (B) 50 by 50 grid cell, (C) 40 by 40 grid cell, (D) 30 by 30 grid cell, (E) 20 by 20 grid
cell, (F) 10 by 10 grid cell.
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Open-boat whaling in the North Atlantic used whaling grounds (as defined by Bannister
et al. 2008) differently by season (Figure 5.5). In the spring (n = 6,470 whaling days),
whaling was concentrated along the US east coast, in what has been defined as the
Southern Ground (340N-410N, 600W-740W), the Hatteras Ground (290N-370N, 680W760W), and the Charleston Grounds (a: 280N-330N, 670W-760W and b: 290N-320N,
740W-790W). Some whaling occurred in the Western Ground (270N-410N, 340W-580W),
the Western Island Ground (= Azores: 350N-410N, 230W-340W), the San Antonio
Ground ( = Cape Verde: 140N-220N, 190W-290W) and the Twelve-Forty Ground (100N170N, 350W-460W). Whaling in the summer (n = 10,222 whaling days) included the
Southern, Charleston and Hatteras Grounds, but was also concentrated in the Western
Ground and extended into the Western Island Ground (Azores). Autumn whaling (n =
6,929 whaling days) was similar to the summer, although less time was spent off the US
east coast and more time was spent off the coast of West Africa: the San Antonio Ground
and parts of the Cornell Ground (10N-90N, 180W-280W). Much less whaling occurred in
the North Atlantic in the winter (n = 3,401 whaling days), when the weather would have
been unfavourable, and was concentrated in small pockets in the Charleston, San Antonio
and Cornell Grounds.
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Figure 5.5 Seasonal use of whaling grounds from 1775-1921. (A) spring: March – May, (B) summer:
June – August, (C) autumn: September – November, (D) winter: December - February

Figure 5.6 shows the decadal changes of whaling ground use from 1775 to 1921. From
1775 to 1809, whaling occurred off the US east coast, in the Caribbean and off West
Africa, although data from the logbooks is thin for this time period (total number of
whaling days in 1770-1779 = 259). By 1810, whalers began to cross the Atlantic using
the Gulf Stream (total number of whaling days = 1,659). Open-boat whaling in the North
Atlantic was most extensive from 1830 to 1870, which is reflected the amount of data in
the logbooks for this time period (total number of whaling = 18,373). Southern,
Charleston, Hatteras, Western and Western Island (Azores) Grounds were used
extensively, as well as the San Antonio and Cornell Grounds off the coast of West Africa.
Open-boat whaling began to decline after 1870 (total number of whaling days = 5,621),
but the same grounds continued to be used. By 1900 (total number of whaling = 1,110),
some whaling occurred in small pockets on established grounds such as the Southern,
Western and San Antonio Grounds.

101

102
Figure 5.6 Decadal use of whaling grounds from 1775 to 1921

5.4 DISCUSSION
Using a Bayesian method for estimating the density of groups and a mean group size of
12 animals in the Sargasso Sea, we estimated the density of sperm whales per 1000 km2
in this area to be 4.34. The density of sperm whales per 1000 km2 in the northern section
of the Sargasso Sea (north of 350N) was even higher (5.30). These density estimates are
some of the highest for sperm whales globally (Table 5.8). It should be noted that data
collection methods for estimating sperm whale density in Table 5.8 differed between
regions (some were ship-based and visual and/or acoustic, others were aerial), as did the
estimation method. However, our estimates and those estimated previously suggest that
the density of sperm whales in the temperate North Atlantic is generally higher than other
regions around the globe (North Pacific, Antarctic).
Both the North Atlantic and North Pacific were heavily whaled, although open boat
whaling began in the North Atlantic in the early 18th century and didn’t move into the
Pacific until the late 18th/early 19th century (Best 1983, Starbuck 1878). Similar numbers
of sperm whales are estimated to have been killed in the North Atlantic and Pacific
during the open-boat whaling era, with the North Pacific making up 23.8% of sperm
whales killed and the North Atlantic 19.3% (Table 6 in Best 1983). However, many more
sperm whales were killed in the North Pacific (283,000) than the North Atlantic (39,000)
during the 20th century (see Table 9.5 in Smith et al. 2008), and most of these were taken
in the eastern North Atlantic. It is therefore possible that sperm whales in the North
Atlantic, and especially in the western North Atlantic, have had more time to recover
from past whaling and might explain why densities are higher.
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Table 5.8 Estimates of sperm whale density from visual ship-board (VS), acoustic ship-board
(AS), passive acoustic (PA) and aerial (A) surveys.

Survey
type

Density (whales/
1000km2)

US east coast

VS

17.04

Northern Gulf of Mexico

VS

7.42

AS

5.30

This study

VS

4.90

Christensen et al. (1992)*

AS

4.34

This study

VS-AS

3.0-4.2

AS

3.60

(Swift et al. 2009)

VS

2.82

(Barlow 2006)

US west coast

VS

1.70

(Barlow and Forney 2007)

Faroe-Shetland Channel

AS

1.44

Eastern tropical Pacific

VS

1.36

Western North Pacific

VS

1.16

Iceland-Faeroes

VS

0.77

(Hastie et al. 2003)
Wade and Gerrodette
(1993)*
Kato and Miyashita
(2000)*
Gunlaugsson and
Sigurjónsson (1990)*

East Antarctica (62 S660S, 800E-1250E)

AS

0.50-0.73

Antarctica (S of 600S)

VS

0.65

International Whaling
Commission (2001)*

AS

0.23

(Lewis et al. 2007)

AS

0.19

(Leaper et al. 2000)

Bahamas

PA

0.16

(Ward et al. 2012)

South Georgia (400S-600S,
300W-600W)

AS

0.13

(Leaper et al. 2000)

Area

Northern Sargasso Sea
(N of 350N, W of 500W)
Northeast Atlantic
Sargasso Sea (N of
23.50N, W of 500W)
Eastern temperate North
Pacific
France and Spain (off
continental shelf)
Hawaii

0

Ionian Sea
(Mediterranean)
Scotia Sea, West Antarctic
(500S-700S, 200W-700W

* density estimates were corrected by Whitehead (2002).
** density estimates were corrected as in Whitehead (2002)
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Source
National Marine Fisheries
Service (2000)*
National Marine Fisheries
Service (2010)**

(Barlow and Taylor 2005)

(Gillespie 1997)

There is some evidence that the current distribution of some whale species is similar to
the historical distribution. Hope and Whitehead (1991) found that sperm whale
distribution off the Galápagos Islands was similar between 1830-1850 and 1985-1989.
Recent surveys have found that the distribution of North Pacific right whales (Eubalaena
japonica) coincides with some of their historic distribution, although their historic
distribution was more expansive and included deeper water than recent surveys have
found (although survey effort may partly explain this pattern) (Shelden et al. 2005).
However, other studies have shown that contemporary distribution differs from historical
distribution. Humpback whales (Megaptera novaeangliae) are at present, much more
abundant off the Greater Antilles than the Lesser Antilles during the winter months,
which was the opposite distribution pattern found during the whaling era (Swartz et al.
2003). In our study, although effort varied spatially within each dataset and differently in
the two datasets (where contemporary data effort was highest, effort was lowest for
historical data and vice versa), a clear pattern did emerge at all resolutions: where we
currently detect the most sperm whales (north of 350N, roughly between 660 and 600W
and hereby called the Northern Sargasso Hotspot), is not where the whaling grounds were
located during the open-boat whaling.
Our contemporary dataset is insufficient to examine whether sperm whales currently
occur at high densities in established whaling grounds, such as the Western, Southern,
Hatteras, and Charleston Grounds, because our acoustic surveys did not traverse those
areas substantially. However, sperm whale density estimates from surveys conducted off
the US east coast (Service 2000), which include the area known as the Hatteras and
Southern Grounds, are the highest globally (Whitehead 2002), suggesting this area
remains a sperm whale “hotspot”. That whaling effort was low in an area where current
sperm whale densities are high is an unexpected puzzle. We suggest several possible
explanations: 1) sperm whales in that area were exploited in the early decades of openboat whaling, but were decimated to such an extent that this area was no longer being
used by the time we have data from the logbooks, 2) whales were not found in the current
hotspot historically, 3) whales did occur in large numbers in this area historically, but
whalers missed them or did not exploit them.
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Whaling in the North Atlantic began in the early 18th century (about 1715) and expanded
after 1750 when the demand for sperm oil for candles increased and peaked from 17711775 (Best 1983, Starbuck 1878). Data used in our analysis from the whaling logbooks
did not begin until 1775, so if sperm whales were being exploited in the Northern
Sargasso Hotspot, there is no record of it. On-board processing of oil did not begin until
about 1760 (Proulx 1986), which may have restricted New England whalers to nearby
waters (such as the Southern, Charleston and Hatteras Grounds) and would not have
included the Northern Sargasso Hotspot. From the start of the American War of
Independence in 1775 until 1783, whaling suffered a setback due to loss of vessels and
restricted movement, but post war, whaling activity expanded (Best 1983). One would
assume that if whales were being exploited in the Northern Sargasso Hotspot before the
war that whalers would return to that area following the war. Although data from the
logbooks is limited from 1780-1820 (total number of whaling days = 441) there is no
evidence that whalers frequented that area then, or in later decades. Furthermore, sperm
whale ranges in this region and elsewhere in the North Atlantic span up to the order of
500 km (Whitehead et al. 2012). Thus, we would not expect decimation over scales less
than or comparable to this to have any permanent effects. This means the relative value of
the Northern Sargasso Hotspot may not have changed much over the course of whaling
even though the population was being reduced, and the whales were largely being killed
elsewhere. Finally, other grounds such as the Southern, Charleston, Hatteras and Western
Grounds were used for over a century (Bannister et al. 2008) and were heavily exploited
when open-boat whaling was at its peak production from 1830 to 1850 (Bannister et al.
2008), yet these grounds continued to be used until the end of the open-boat whaling era.
Finally, even if this area had previously been heavily exploited, there is no reason that
sperm whales would have moved back into those areas given their wide ranges. Thus, it
seems unlikely that in the early decades of open-boat whaling, when there was much less
effort and smaller vessels, that the Northern Sargasso Hotspot would have been
decimated.
It is impossible to say for certain whether whales frequented the current Northern
Sargasso Hotspot two centuries past. However, by examining what makes this area good
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habitat for sperm whales currently, we can consider whether this was also true
historically. Sperm whale distribution has been associated with areas of high primary and
secondary productivity (Gulland 1974, Jaquet 1996, Jaquet and Whitehead 1996), areas
of upwelling (Caldwell et al. 1966, Gulland 1974, Smith and Whitehead 1993) and
downwelling (Best 1979, Gaskin 1973, Ivanshin 1978). Sperm whales have also been
associated with thermal fronts, such as warm-core rings (Griffin 1999, Waring et al.
1993). The Gulf Stream is a prominent feature influencing the productivity and
distribution of marine predators in the northern part of the Sargasso Sea. Primary and
secondary productivity in the Sargasso Sea is increased by mesoscale features associated
with the Gulf Stream, such as cold-core rings (The Ring Group 1981, Ortner et al. 1978,
Wiebe et al. 1976) and meanders and cyclonic fronts that result in upwelling of cooler,
more productive water (Lee and Brooks 1979, Yoder et al. 1981). Recent research
suggests that sperm whale occurrence in this area can at least partially be explained by
the processes associated with the Gulf Stream (Chapter 3 and 4). The Gulf Stream’s
existence has first discovered in 1513 and by 1519 it was so well known, that Spanish
ships were using it to cross the Atlantic on their homeward bound sail to Spain (Stommel
1965). Although the Gulf Stream track can vary seasonally (Fuglister 1951, Stommel
1965, Tracey and Watts 1986), it is a permanent fixture and there is no evidence that
processes associated with the Gulf Stream have changed drastically over the last two
hundred year.
While processes associated with the Gulf Stream may influence the distribution of sperm
whales, SST is also an important predictor of sperm whale occurrence in this area
(Chapter 4). There is much evidence that ocean temperatures are warming as a result of
climate change (Meehl et al. 2005; Wigley 2005) and this is also true in the Atlantic
Ocean (Parilla et al. 2005). Increased SST can cause changes in the abundance,
distribution and recruitment of cephalopods (Rodhouse 2010; Zeidberg and Robison
2007). Environmental change, such as ocean warming, is one factor contributing to the
northern range expansion of Humboldt squid (Dosidicus gigas) in the North Pacific
(Zeiberg and Robison 2007). Thus, there is a possibility that as a result of changes in
SST, that cephalopod prey in the Northern Hotspot is more abundant than two hundred
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years ago. However, this would not explain why the Western Ground and Western Island
Ground, at the same northern latitudes were hunted extensively during the historic
whaling era.
If we assume that sperm whales were always found in the Northern Sargasso Hotspot,
then did whalers miss seeing them because they did not spend much time in that area?
Examining the transit data from the logbooks might provide some insight into whether
whalers even traversed that area. A total of 5694 days of transit, from 176 segments of
136 voyages were plotted by heading for each season (spring = March to May, summer =
June to August, autumn = September to November, winter = December to February)
(Figure 5.7). Spring transits (n = 1990 whaling days) were dominated by ships returning
to New England (mainly northwest heading). In the summer (n = 1285 whaling days),
ships were returning to New England but also using the Gulf Stream (presumably) to
cross the Atlantic. Ships were not returning to New England in autumn (n = 1309
whaling days), likely because this would be the time of year where hurricanes would
have occurred, but most transits involved ships using the Gulf Stream to cross the
Atlantic. In the winter (n = 1110 whaling days), some ships were crossing the Atlantic
with the Gulf Stream and others were returning to New England.
Figure 5.7 illustrates that whalers were passing through the Northern Sargasso Hotspot.
The development of the whaling fishery shows that one whaling ground was discovered
after another (Best 1983) and that it was likely an exploratory process of discovery (T.
Smith, pers comm.). Although they were in transit and perhaps not focused on finding
whales, it is difficult to believe that none were sighted in this area. Furthermore, whalers
would have passed through this area enroute to the Western Ground, which was whaled
extensively. Indeed, there is evidence that the whalers were aware that sperm whales
were found in this area. In a letter to Alphonsus le Roy regarding the Gulf Stream,
Benjamin Franklin mentioned a Nantucket sea-captain that he knew who explained to
him that Rhode-Island captains were well acquainted with the Gulf stream because “…in
our pursuit of whales, which keep near the sides of it, but are not to be met with in it, we
run down along the sides, and frequently cross it to change our side…” (Franklin 1786).

108

There is no reason to believe that sea and weather conditions in the Northern Sargasso
Hotspot would be greatly different than in the Western Ground. If they were sighted,
why did whalers not return to the area to further investigate, especially as yields on
established grounds began to decrease?
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Figure 5.7 Transit headings of whaling vessels 1775-1921. (A) spring: March – May, (B) summer: June –
August, (C) autumn: September – November, (D) winter: December - February

Except for the period between 1830-1835, American whalers on the Galápagos and
western North Pacific grounds generally followed a pattern of leaving if yields appeared
to be less than that obtained elsewhere, exploiting grounds so that yields were equal on
all grounds (Whitehead and Hope 1991), thus is it puzzling why whalers in this area
would not be interested in capitalizing on a newly discovered ground. If sperm whales
existed in high numbers in the Northern Sargasso Hotspot, perhaps the reason they
weren’t exploited was because whalers (or the ship’s owners) were stubbornly stuck in a
pattern of what “they knew”. It is well documented that American whalers exchanged
information about catches and sightings (Tillman and Breiwick 1983), but perhaps the
information was not always accurate. If it had already been established that in the North
Atlantic, the Southern, Charleston, Hatteras and Western Grounds were areas to hunt
whales, perhaps the whalers stubbornly returned to these grounds, or were told to return
to them by the owners based on catch reports from other whalers just recently returned.

5.5 SUMMARY
The density of sperm whales occur in the northern Sargasso Sea is among the
highest globally. Indeed, currently the area between 600 and 660W, north of 350N has the
highest proportion of detections per unit effort compared to other areas in the Sargasso
Sea. Yet, this area does not overlap with the historical whaling grounds and whalers spent
little time whaling there, although they transited through the area enroute to other
whaling grounds, such as the nearby Western Ground, especially in the summer and
autumn. It could be that sperm whales did not frequent this area in the past and moved
there more recently. Or perhaps they were always found in this area in high numbers, but
for some reason, either because they were missed or due to stubborn whaling patterns,
they were never exploited.
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CHAPTER 6

CONCLUSION
I first set out on this research because I wanted to resolve the paradox of why there were
so many sperm whales in the Sargasso Sea. Beginning at the end of the 18th century,
sperm whales were hunted extensively in the Sargasso Sea for over a century (Bannister
et al. 2008). Recent sperm whale density estimates off the US east coast are the highest
globally (Whitehead 2002) and early fieldwork in the Sargasso Sea (beginning 2004)
suggested that large number of sperm whales were found there (H. Whitehead, pers.
comm). However, all previous studies of sperm whale habitat would point to the contrary.
Sperm whale distribution is typically associated with high primary and secondary
productivity (Gannier et al. 2002, Jaquet and Whitehead 1996, Praca et al. 2009). Yet the
common belief was that the warm, clear waters of the Sargasso Sea were an oceanic
desert (Blackburn 1981). Indeed, sailing around the Sargasso Sea, we encountered very
limited marine life at the surface, save for Sargassum and its associated fauna,
Portuguese Man O’ War (Physalia physalis), a few Cory’s shearwaters (Calonectris
diomedea) and the occasional tropicbird (Phaethon spp.) or group of dolphins. However,
in the midst of these blue waters, sperm whales were frequently encountered. The sperm
whale is a very large, top-predator, raising suspicions that this was not the vast oceanic
desert it was believed to be.
Our suspicions that sperm whale abundance was high in the Sargasso Sea were confirmed
by density estimates from our acoustic survey data. The current sperm whale density in
the Sargasso Sea is estimated to be 4.34 sperm whales/1000 km2; one of the highest
densities found globally (Chapter 5). In fact, the estimated density in the northern
Sargasso Sea (5.30 sperm whales/1000 km2) is the third-highest density of all estimates
globally (Chapter 5). This high abundance of sperm whales in the Sargasso Sea is not just
a recent phenomenon: the sperm whales in the Sargasso Sea supported an important
whaling industry for much of a century (the 19th) during the open-boat whaling era
(Bannister et al. 2008, Townsend 1935). So, despite not being an area known for its high
productivity, the Sargasso Sea supports a high density, and biomass, of sperm whales.
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My work has begun to unravel this pelagic paradox by demonstrating that physical
processes associated with the Gulf Stream, which have been shown to increase
productivity to this region (McGillicuddy and Robinson 1997, McGillicuddy et al. 1998,
Ortner et al. 1978), influence the distribution of sperm whales in the northern part of the
Sargasso Sea and can, in part, explain the large numbers found there currently, and in the
past. However, large numbers of sperm whales were hunted extensively much further east
than my study area (Bannister et al. 2008). This area would likely not be as influenced by
mesoscale activity associated with the Gulf Stream and would thus likely be much lower
in productivity. Why large numbers of sperm whales were, and may continue to be, found
in this region, remains a paradox to be solved. This highlights how little we know about
this deep-sea environment.
6.1 DEEP-WATER CEPHALOPOD COMMUNITIES
The deep-sea, which can be defined as open ocean and deep waters beyond the 200-mile
Exclusive Economic Zones, makes up 50% of the Earth’s surface and 64% of the world’s
oceans (Laffoley et al. 2011, WWF/IUCN 2001), yet we know very little about it (Gage
and Tyler 1991). We are just beginning to understand the great diversity of this
ecosystem, especially around seamounts and hydrothermic vents (Pitcher et al. 2007, Van
Dover 2000). With the increased pressure from deep-sea fisheries, whose sustainability is
questioned (Norse et al. 2012), efforts directed towards understanding and conserving
this fragile ecosystem have gained momentum (Roberts 2002). Recently, there has been a
push for the protection of the Sargasso Sea and the global recognition of its ecological
significance and the threats it faces (Sargasso Sea Alliance: (Laffoley et al. 2011)).
However, the Sargasso Sea encompasses a huge area and protection of its entirety is not
feasible, therefore research is needed to identify habitat and hotspots most critical for
protection.
One gap in our knowledge about the deep-sea concerns the cephalopod communities
found there. Deep-water cephalopods easily escape trawls and nets (Clarke 1977) and
they are difficult to study acoustically (Starr and Thorne 1998), thus very little is known
about cephalopods in the Sargasso Sea. Sperm whales, however, are very good at
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capturing cephalopods so that a substantial part of what we know about these deep-sea
species comes from sperm whales themselves (Clarke 1977, Clarke 1980). Examination
of sperm whale diet in the Sargasso Sea, through the use of fecal samples, stable isotopes
and mtDNA barcoding provided some insight into the deep-water cephalopod community
in this region (Chapter 2). Stable isotope analysis suggested that there is a difference in
the trophic ecology of sperm whales in the Sargasso Sea compared to sperm whales off
Dominica, in the Caribbean: sperm whales in the Sargasso Sea had significantly higher
δ15N values (mean = 13.2‰) than Dominica (11.3‰). Hard part analysis suggested that
Histioteuthis, a weakly muscled genus (Voss et al. 1992) occupying low trophic levels in
the cephalopod community (Cherel et al. 2009), was the most frequently encountered
genus in fecal samples from both regions. However mtDNA barcoding of cephalopod
tissue collected in the Sargasso Sea near sperm whales groups were identified to
Architeuthis dux, Cycloteuthis sirventi and the Lepidoteuthidae family, which are large
cephalopods, occupying higher trophic levels (Guerra et al. 2011, Young and Vecchione
2009). It seems that sperm whales in the Sargasso Sea might be feeding on larger
cephalopods, or cephalopods occupying higher trophic levels, than in other areas of the
Atlantic. This may be the result of an underlying difference in trophic structure between
the two regions. Miller et al. (2011) found that fish from highly productive marine
systems foraged at lower trophic levels compared to fish in less productive systems. They
suggested that nekton were feeding lower on the food web due to the higher abundance of
lower trophic level prey within highly productive ecosystems. This pattern may be
occurring in our study areas, whereby cephalopods in the Sargasso Sea (less productive)
may be feeding on adjacent trophic levels (i.e. other cephalaopods) compared to
cephalopods off Dominica (more productive) which might be feeding more
predominantly on lower trophic level prey.
In an area where virtually nothing is known about the cephalopod community (M.
Vecchione, pers. comm.), this study provides insight into the species that occur in the
Sargasso Sea. Thus, I have demonstrated that there are many sperm whales in the
Sargasso Sea and shed some insight into their diet but there remains the question: “why
are they there?”
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6.2 THE IMPORTANCE OF WESTERN BOUNDARY CURRENTS TO MARINE TOP
PREDATORS
Open ocean circulation affects global patterns of primary productivity and sea surface
temperature (Bakun 1996, Mann and Lazier 2006, Tolmazin 1985), which ultimately
influence the distribution and abundance of marine organisms of all trophic levels from
zooplankton (Rutherford et al. 1999) to top predators (Tittensor et al. 2010, Whitehead et
al. 2010, Worm et al. 2005). Major surface currents are created by the drag of wind on
the surface of the water (Mann and Lazier 2006). This wind-driven circulation results in
subtropical gyres, like the Sargasso Sea, which are typically considered to be low in
primary productivity (Blackburn 1981; Tolmazin 1985). However, the idea that the
Sargasso Sea is an oceanic desert devoid of life is an old one and research over the past
several decades has demonstrated that it is much more productive than previously
thought, especially in the northwestern area due to rings, meanders, fronts and eddies
associated with the Gulf Stream (Fuglister 1972, The Ring Group 1981, Loder et al.
1998, McGillicuddy and Robinson 1997, McGillicuddy et al. 1998, Oschlies 2002,
Oschlies and Garcon 1998).
The mesoscale oceanographic activity associated with the Gulf Stream appears to
influence sperm whale presence in this area (Chapter 3, 4). Sperm whale occurrence
around the Kelvin Seamount, part of the New England Seamount Chain, was significantly
higher in the spring (51%) compared to the winter (16%) and chlorophyll-a concentration
(as an index of primary productivity) and eddy kinetic energy were predictors of sperm
whale presence in this area (Chapter 3). In addition, the probability of sperm whale
detection was highest in the northwestern part of the Sargasso Sea and with sea surface
temperatures around 23-240C (Chapter 4). These results suggest that this western
boundary current plays an important role in the distribution of sperm whales in the
western North Atlantic. Likewise, other western boundary currents support high densities
of whales - intense whaling also occurred off the coast of Japan in the 19th and 20th
centuries (Bannister et al. 2008, Ohsumi 1980), where the Kuroshio Current, the western
boundary current of the North Pacific, influences the productivity of this area (Kun and
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Natarov 1970, Taniguchi and Kawamura 1970). Western boundary currents, therefore,
may generally enhance sperm whale abundance. A great deal is known about the
association of marine top predators and coastal upwelling regions created by eastern
boundary currents (Becker and Beissinger 2003, Duffy 1983, Duffy 1989), but western
boundary currents have received much less attention.
Coastal upwelling brings cold, nutrient-rich water into the eastern boundary currents,
making them some of the most biologically productive areas of the ocean (Cushing 1971,
Mann and Lazier 2006, Tolmazin 1985). Eastern boundary currents support abundant
populations of many species of cetaceans (Ballance et al. 2006, Etnoyer et al. 2004, Weir
2010), seabirds (Abrams and Griffiths 1981, Duffy 1983, Duffy 1989, Jehl 1973) and
large predatory fish, such as tuna, marlin and swordfish (Etnoyer et al. 2004, Fiedler and
Bernard 1987, Laurs et al. 1984). By contrast, western boundary currents are warm,
narrow, rapid and deep currents found on the western side of ocean basins at temperate
latitudes and productivity at the core of the western boundary currents themselves is low
(Longhurst 2007). With the exception of my research and the distribution of whaling
effort in the Pacific, there is no evidence that western boundary currents support high
densities of cetaceans. However, fronts associated with both the Kuroshio currents and
the Gulf Stream appear to support large predator fish concentrations (Laurs et al. 1984,
Podesta et al. 1993, Uda 1970, Ulanski 2008). Western boundary currents regions are
also important foraging areas for some seabirds such as yellow-nosed albatross
(Thalassarche chlororhynchos) (Pinaud and Weimerskirch 2005), sooty shearwaters
(Puffinus griseus) (Shaffer et al. 2006), and short-tailed albatross (Phoebastria albatrus)
(Suryan et al. 2006). Increased foraging opportunity results in high abundance of seabirds
in Gulf Stream frontal eddies, rings and meanders (Haney 1986a, Haney 1986b, Haney
1987, Haney and McGillivary 1985). Western boundary currents also play an integral
role in the life cycle of some marine top predators, which use the current for migration
(e.g. Atlantic bluefin tuna, Thunnus thynnus: Block et al. 2011); whale sharks,
Rhinocodon typus: Hsu et al. 2007), and in larval dispersal (e.g. swordfish, Xiphius
gladius: Govoni et al. 2000).
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Clearly, there is much evidence in the literature that western boundary currents support
high numbers of some marine top predators, such as seabirds and large predatory fish, but
there is little indication that western boundary currents are important for cetaceans, with
the possible exception of sperm whales. Chapters 3 and 4 suggest that the Gulf Stream
influences sperm whale distribution in the Sargasso Sea. This is not a recent observation:
whalers from Nantucket discovered the large density of sperm whales in the western part
of the Sargasso Sea over two hundred years ago.
6.3 HOW THE PAST SHAPED THE PRESENT
Open-boat whaling for sperm whales began in the western Atlantic with the accidental
discovery of sperm whales off the US east coast when Nantucket whaler, Christopher
Hussey, was blow out to sea while hunting for right whales (Eubalaena glacialis)
(Bannister et al. 2008, Best 1983, Proulx 1986). These Nantucket whalers were in fact
lucky that hotspots of sperm whales, (e.g. Charleston and Hatteras whaling grounds),
were near to their island. While these grounds and others in the North Atlantic were
exploited for over one hundred years, there does not appear to be much of a correlation
between the areas where we presently find a high density of sperm whales (north of 350N
and between 60-660W) and the areas in which the whalers focused their efforts (Chapter
5). Possible explanations for this mismatch include the lack of discovery of the present
hotspot by the whalers or a limitation on the use of new “grounds” due to conservative
use of knowledge available at the time. Regardless, the western Sargasso Sea was hunted
extensively, especially during the first half of the 19th century. Modern whaling began at
the end of the 19th century, but sperm whale catches did not peak until 1960-1970
(Bannister et al. 2008, Best 1983, Reeves and Smith 2006). Modern whaling was
extensive in all oceans, including the Kuroshio-influenced region off Japan (Ohsumi
1980), but little modern whaling occurred in the western North Atlantic (Mitchell 1974)
or the North Atlantic in general (Jonsgård 1977). It appears that the open-boat whaling
success in the western North Atlantic was all but forgotten. This had consequences for
current populations found there. The highest densities of sperm whales are found in the
western Atlantic (Chapter 5), likely due to the much longer period of recovery time post-

117

whaling. But if the western North Atlantic was such a hotspot for sperm whales, why did
so little modern whaling occur there?
The reprieve that sperm whales in the western Atlantic received during modern whaling
can be traced to the history of modern whaling and the economy. By the end of the 19th
century, catches by the American fleet of open-boat whalers had severely declined and
there was little market for oil (Best 1983). Modern whaling began in Norway, through the
development of steam-powered ships and high-powered deck cannons. This technology
allowed the exploitation of the much faster rorqual whales, which were the first whales to
be harvested and Norwegians initially dominated modern whaling (Davis et al. 1997,
Tønnessen 1982). By the time the market for oil had revived and modern whaling
practices had evolved, the American whaling industry was essentially non-existent: there
was no capital to build new ships, nor experienced seaman (Davis et al. 1997). In many
ways, modern whaling passed by the Americans as the country’s interests turned to other
commodities and ventures.
The few pelagic American vessels involved in modern whaling focused their efforts in
the Pacific and Antarctic oceans and the only shore-based whaling stations were on the
west coast (Reeves and Smith 2006). Similarly, the countries involved in modern
whaling, including those of western Europe, Norway, Netherlands, Great Britain, Japan,
the Soviet Union and South Africa targeted the North Pacific, Antarctic and to a lesser
extent the South Pacific and South Atlantic (Reeves and Smith 2006). After the Second
World War, the only stations remaining on the eastern seaboard were in eastern Canada,
and few sperm whales were taken from them (Mitchell 1974).
Perhaps the reason modern whalers did not return to the western North Atlantic was due
to the fact that those that knew best the whaling grounds in this area, were no longer
taking part in the sperm whale hunt. By 1960, when catches of sperm whales peaked
(Whitehead 2003), most of the open-boat whalers had passed away and their descendents
had moved onto other things. Save for a few academics that might have read the Maury
(1852) and Townsend (1935) whaling charts, few knew of the previously successful and
lucrative whaling grounds in the western North Atlantic. The knowledge of sperm whale
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distribution in the North Atlantic essentially died with the end of the open-boat whaling
era and those involved in the modern whaling hunt returned to the whaling grounds they
knew best, in the Pacific, Indian and Antarctic Oceans. The sperm whales in the western
North Atlantic were forgotten.
While it is impossible to say for sure why the western North Atlantic was largely spared
from modern whaling, it is clear that sperm whales continue to occur in high numbers in
this region. Their presence is strongly influenced by the mesoscale oceanographic activity
of the Gulf Stream, which leads to increased productivity and results in good habitat for
sperm whales.
6.4 FINAL REMARKS
The open ocean is a mysterious place that we are only just beginning to understand. It is
distant and costly to conduct research there and weather conditions make work difficult,
if not impossible, at times. What are the underlying processes that drive marine life?
What makes good oceanic habitat for organisms? I have spent a lot of time at sea
conducting surveys, both acoustic and visual, in the Atlantic, Pacific and Arctic Oceans.
Many frantic hours recording detections or sightings are often interspersed with long
hours (or days) of very few sightings, where the ocean looks like it will go on forever and
is devoid of any life. Yet, suddenly, out of nowhere, a large group of marine animals will
appear, sometimes multi-species aggregations. This always leads me to wonder “why are
they here?” On many of these surveys, I am in the company of physical and biological
oceanographers, who understand the dynamics of these waters far better than I. Using a
combination state-of-the-art instruments and nets, their goal is to try and understand these
underlying processes and the complex oceanography of the area. And they are very good
at it. Yet, when I sight a group of foraging sperm whales or shearwaters in the middle of
the vast, blue waters, it is clear who the best oceanographers really are. Marine top
predators can teach us an enormous amount about the open ocean ecosystem. We just
need to pay attention.
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Appendix 1
PUBLICATIONS
The work presented in Chapter 2 was submitted for publication:
Wong, S.N.P., V.L Yaroshewski, H. Whitehead. Spatio-temporal variability of sperm
whale (Physeter macrocephalus) diet in the western North Atlantic: evidence from stable
isotopes and hard-part analysis. Marine Biology. Manuscript Number: MABI-D-12-00487.

120

LITERATURE CITED
Abrams, R.W., and A.M. Griffiths. 1981. Ecological Structure of the Pelagic Seabird
Community in the Benguela Current Region. Marine Ecology Progress Series 5:
269-277.
Ainley, D.G., Duuger, K.D., Ford, R.G., Pierce, S.D., Reese, D.C. Brodeur, R.D., Tynan,
C.T. and J.A. Barth. 2009. Association of predators and prey at frontal features in
the California Current: competition, facilitation, and co-occurrence. Marine
Ecology Progress Series 389: 271-294.
Ainley, D.G., L.B. Spear, C.T. Tynan, J.A. Barth, S.D. Pierce, R.G. Ford, and T.J.
Cowles. 2005. Physical and biological variables affecting seabird distributions
during the upwelling season of the northern California Current. Deep-Sea
Research II 52: 123-143.
Amante, C., and B.W. Eakins. 2009. ETOPO1 1 Arc-Minute Global Relief Model:
Procedures, Data Sources and Analysis. NOAA Technical Memorandum NESDIS
NGDC-24.
Angel, M.V. 1993. Biodiversity of the pelagic ocean. Conservation Biology 7: 760-772.
Arnould, J. P., and R. Kirkwood. 2008. Habitat selection in female Australian fur seals
(Arctocephalus pusillus doriferus). Aquatic Conservation: Marine and Freshwater
Ecosystems 17: S53-S57
Avise J.C. 2000. Phylogeography: the history and formation of species. Harvard
University Press, Cambridge, MA, p 447.
Bailleul, F., C. Cotté, and C. Guinet. 2010. Mesoscale eddies as foraging area of a deepdiving predator, the southern elephant seal. Marine Ecology Progress Series 408:
251-264.
Bakun, A. 1996. Patterns in the Ocean: ocean processes and marine population dynamics.
California Sea Grant College System, La Jolla.
Bakun, A., and J. Csirke. 1998. Environmental processes and recruitment variability.
Pages 105-124 In P.G. Rodhouse, E.G. Dawe, and R.K. O'Dor, eds. Squid
Recruitment Dynamics: the genus Illex as a model, the commercial Illex species
and influences on variability. Food and Agriculture Organization of the United
Nations, Rome.
Ballance, L.T. 2007. Understanding seabirds at sea: why and how? Marine Ornithology
35: 127-135.
121

Ballance, L.T., R.L. Pitman, and P.C. Fiedler. 2006. Oceanographic influences on
seabirds and cetaceans of the eastern tropical Pacific: A review. Progress in
Oceanography 69: 360-390.
Bannister, J.L., E.A. Josephson, R.R. Randall, and T.D. Smith. 2008. There she blew!
Yankee sperm whaling grounds, 1760-1920. Pages 109-132 In D.J. Starkey, P.
Holm, and M. Barnard, eds. Oceans Past: Management Insights from the History
of Marine Animal Populations. Earthscan, London, UK.
Barlow, J. 2006. Cetacean abundance in Hawaiian waters estimated from a summer/fall
survey in 2002. Marine Mammal Science 22: 446-464.
Barlow, J., and K.A. Forney. 2007. Abundance and population density of cetaceans in the
California Current ecosystem. Fishery Bulletin 105.
Barlow, J., and B.L. Taylor. 2005. Estimates of sperm whale abundance in the
northeastern temperate Pacific from a combined acoustic and visual survey.
Marine Mammal Science 21: 429-445.
Bearhop, S., D.R.Thompson, R.A. Phillips, S. Waldron, K.C. Hamer, C.M. Gray, S.C.
Votier, B.P. Ross, and R.W. Furness. 2001 Annual variation in Great Skua diets:
the importance of commercial fisheries and predation on seabirds revealed by
combining dietary analyses. The Condor 103: 802-809
Becker, B.H., and S.R. Beissinger. 2003. Scale-dependent habitat selection by a
nearshore seabird, the marbled murrelet, in a highly dynamic upwelling system.
Marine Ecology Progress Series 256: 243-255.
Bengtson, S.-A. 1984. Breeding ecology and extinction of the Great Auk (Pinguinus
impennis): Anecdotal evidence and conjectures. The Auk 101: 1-12.
Berzin, A.A. 1971. The Sperm wWhale. Pischevaya Promyshlenmost, Moscow.
Best, P.B. 1979. Social organization in sperm whales, Physeter macrocephalus. Pages
227-289 In H.E. Winn and B.C. Olla, eds. Behavior of Marine Animals. Plenum
Press, New York-London.
Best, P.B. 1983. Sperm whale stock assessments and the relevance of historical whaling
records. Report of the International Whaling Commission 5: 41-55.
Biggs, D.C., D. Engelhaupt, J. Gordon, N. Jaquet, A. Jochens, M. Johnson, R. Leben,
B.R. Mate, P. Miller, J.G. Ortega-Ortiz, A. Thode, P.L. Tyack, J.H. Wormuth, and
B. Wursig. 2006. Sperm whale seismic study in the Gulf of Mexico: summary
report, 2002-2004. Texas A&M University, Texas, p 6.

122

Blackburn, M. 1981. Low latitude gyral regions. Pages 3-29. In A.R. Longhurst, ed.
Analysis of Marine Ecosystems. Academic Press, New York.
Block, B.A., I.D. Jonsen, S.J. Jorgensen, A.J. Winship, S.A. Shaffer, S.J. Bograd, E.L.
Hazen, D.G. Foley, G.A. Breed, A.-L. Harrison, J.E. Ganong, A. Swithenbank,
M. Castleton, H. Dewar, B.R. Mate, G.L. Shillinger, K.M. Schaefer, S.R. Benson,
M.J. Weise, R.W. Henry, and D.P. Costa. 2011. Tracking apex marine predator
movements in a dynamic ocean. Nature 475: 86-90.
Block, W.M., and L.A. Brennan. 1993. The habitat concept in ornithology: theory and
applications. Current Ornithology 11: 35-91.
Blockstein, D.E. 2002. Passenger Pigeon (Ectopistes migratorius). In A. Poole and F.
Gill, eds. The Birds of North America. No. 611. American Ornithologists' Union
and The Academy of Natural Sciences of Philadelphia, Washington, D.C. and
Philadelphis, PA., Washington, D.C. and Philadelphia, PA.
Bost, C.A., C. Cotte, F. Bailleul, Y. Cherel, J.B. Charrassin, C. Guinet, D.G. Ainley, and
H. Weimerskirch. 2009. The importance of oceanographic fronts to marine birds
and mammals of the southern oceans. Journal of Marine Systems 78: 363-376.
Boyce, M.S., P.R. Vernier, S.E. Nielsen, and F.K.A. Schmiegelow. 2002. Evaluating
resource selection functions. Ecological Modelling 157: 281-300.
Boyd, I.L., and A.W.A. Murray. 2001. Monitoring a marine ecosystem using responses
of upper trophic level predators. Journal of Animal Ecology 70: 747-760.
Boyd, I.L., S. Wanless, and C.J. Camphuysen. 2006. Top Predators in Marine
Ecosystems: their role in monitoring and management. Cambridge University
Press, Cambridge, UK.
Bryant, P.J. 1995. Dating remains of gray whales from the eastern North Atlantic. Journal
of Mammalogy 76: 857-861.
Burnham, K P., and D.R. Anderson. 2002. Model Selection and Multi-model Inference: a
practical information-theoretic approach. Springer, Berlin Heidelberg New York.
Burns, J.M., S.J. Trumble, M.A. Castellini, and J.W.Testa. 1998. The diet of Weddell
seals in McMurdo Sound, Antarctica as determined from scat collections and
stable isotope analysis. Polar Biology 19: 272-282
Caldwell, K.D., M.C. Caldwell, and D.W. Rice. 1966. Behavior of the sperm whale,
Physeter catodon. Pages 677-717 In K.S. Norris, ed. Whales, Dolphins and
Porpoises. University of California Press, Berkeley.

123

Carey, V.J. 2004. yags: yet another GEE solver. R Pacakge, version 4.0-2. Available at:
r-forge.r-project.org/R/?group_id=329.
Carlini, D.B., and J.E. Graves. 1999. Phylogenetic analysis of cytochrome c oxidase I
sequences to determine higher-level relationships within the coleoid cephalopods.
Bulletin of Marine Science 64: 57-76
Chen, X.J., S.Q. Tian, B.L. Liu, and Y. Chen. 2011. Modeling a habitat suitability index
for the eastern fall cohort of Ommastrephes bartramii in the central North Pacific
Ocean. Chinese Journal of Oceanology and Limnology 29: 493-504.
Cherel, Y., C. Fontaine, G.D. Jackson, C.H. Jackson, and P. Richard. 2009a. Tissue,
ontogenic and sex-related differences in delta C-13 and delta N-15 values of the
oceanic squid Todarodes filippovae (Cephalopoda: Ommastrephidae). Marine
Biology 156: 699-708
Cherel, Y., V. Ridoux, J. Spitz, and P. Richard. 2009b. Stable isotopes document the
trophic structure of a deep-sea cephalopod assemblage including giant octopod
and giant squid. Biology Letters 5: 364-367.
Cherel, Y., and K.A. Hobson. 2005. Stable isotopes, beaks and predators: a new tool to
study the trophic ecology of cephalopods, including giant and colossal squids.
Proceedings of the Royal Society B-Biological Sciences 272: 1601-1607
Christensen, I., T. Haug, and N. Oien. 1992. Seasonal distribution, exploitation and
present abundance of stocks of large baleen whales (Mysticeti) and sperm whales
(Physeter macrocephalus) in Norwegian and adjacent waters. Ices Journal of
Marine Science 49: 341-355.
Clarke, M.R. 1996. Cephalopods as Prey. III. Cetaceans. Philosophical Transactions of
the Royal Society of London Series B-Biological Sciences 351: 1053-1065.
Clarke, M.R. 1987. Cephalopod biomass: Estimation from predation. Pages 221-237 In P.
R. Boyle, ed. Cephalopod Life Cycles. Academic Press, London.
Clarke, M.R. 1986. A Handbook for the Identification of Cephalopod Beaks. Clarendon
Press, Oxford.
Clarke, M.R. 1980. Cephalopoda in the diet of sperm whales of the Southern Hemisphere
and their bearing on sperm whale biology. Discovery Reports 37: 1-324.
Clarke, M.R. 1977. Beaks, nets and numbers. Symposia of the Zoological Society of
London 38: 89-126.

124

Clarke, M.R., and M.A.C. Roeleveld. 1998. Cephalopods in the diet of sperm whales
caught commercially off Durban, South Africa. South African Journal of Marine
Science 20: 41-45.
Clarke, M.R., and C.F.E. Roper. 1998. Cephalopods represented by beaks in the stomach
of a sperm whale stranded at Paekakariki, North Island, New Zealand. South
African Journal of Marine Science 20: 129-133.
Clarke, M.R., and P.L. Pascoe. 1997. Cephalpod species in the diet of a sperm whale
(Physeter catodon) stranded at Penzance, Cornwall. Journal of the Marine
Biological Association of the United Kingdom 77: 41-45.
Clarke, M R., H.R. Martins, and P. Pascoe. 1993. The diet of sperm whales (Physeter
Macrocephalus Linnaeus 1758) off the Azores. Philosophical Transactions of the
Royal Society of London Series B- Biological Sciences 339: 67-82.
Clarke, M.R., N. MacLeod, H.P. Castello, and M.C. Pinedo. 1980. Cephalopod remains
from the stomach of a sperm whale stranded at Rio Grande do Sul in Brazil.
Marine Biology 59: 235-239.
Clarke, M.R., and N. MacLeod. 1976. Cephalopod remains from the sperm whales
caught off Iceland. Journal of the Marine Biological Association of the United
Kingdom 56: 733-749.
Clarke, M.R., N. Macleod, and O.Paliza. 1976. Cephalopod Remains from Stomachs of
Sperm Whales Caught Off Peru and Chile. Journal of Zoology 180: 477-493.
Clarke, R., and O. Paliza. 2001. The food of sperm whales in the Southeast Pacific.
Marine Mammal Science 17: 427-429.
Clarke, R., O. Paliza, and A. Aguaya. 1988. Sperm whales of the southeast Pacific, Part
IV: Fatness, food and feeding. Investigations on Cetacea 21: 53-195.
Croll, D.A., B. Marinovic, S. Benson, F.P. Chavez, N. Black, R. Ternullo, and B.R.
Tershy. 2005. From wind to whales: trophic links in a coastal upwelling system.
Marine Ecology Progress Series 289: 117-130.
Croxall, J.P., and P.A. Prince. 1996. Cephalopods as Prey. I. Seabirds. Philosophical
Transactions of the Royal Society of London Series B-Biological Sciences 351:
1023-1043
Cushing, D.H. 1971. Upwelling and production on fish. Advances in Marine Biology 9:
255-334.

125

Davis, L.E., R.E. Gallman, and K. Gleiter. 1997. Modern Whaling. Pages 498-512 In L.
E. Davis, R.E. Gallman, and K. Gleiter, eds. Pursuit of Leviathan: Technology,
Institutions, Productivity, and Profits in American Whaling, 1816-1906.
University of Chicago Press, Chicago.
Davis, R.W., J.G. Ortega-Ortiz, C.A. Ribic, W.E. Evans, D.C. Biggs, P.H. Ressler, R.B.
Cady, R.R. Leben, K.D. Mullin, and B. Wursig. 2002. Cetacean habitat in the
northern oceanic Gulf of Mexico. Deep-Sea Research Part I-Oceanographic
Research Papers 49: 121-142.
Deniro, M.J., and S. Epstein. 1981. Influence of diet on the distribution of nitrogen
isotopes in animals. Geochimica Et Cosmochimica Acta 45: 341-351.
Deniro, M.J., and S. Epstein. 1978. Influence of diet on distribution of carbon isotopes in
animals. Geochimica Et Cosmochimica Acta 42: 495-506.
Diekmann, R., and U. Piatkowski. 2002. Early life stages of cephalopods in the Sargasso
Sea: distribution and diversity relative to hydrographic conditions. Marine
Biology 141: 123-130.
Doty, M.S., and M. Oguri. 1956. The island mass effect. Journal of the International
Council for the Exploration of the Sea. 22: 33-37.
Drury, W.H., and W.J. Smith. 1968. Defense of feeding areas by adult herring gulls and
intrusion by young. Evolution 22: 193-201.
Ducet, N., P.Y. Le Traon, and G. Reverdin. 2000. Global high-resolution mapping of
ocean circulation from TOPEX/Poseidon and ERS-1 and -2. Journal of
Geophysical Research 105: 19477-19498.
Duffy, D.C. 1983. The foraging ecology of Peruvian seabirds. Auk 100: 800-810.
Duffy, D.C. 1989. Seabird foraging aggregations - a comparison of two Southern
upwellings. Colonial Waterbirds 12: 164-175.
Eastman, J.R. 2006. IDRISI Andres guide to GIS and image processing. Clark Labs,
Clark University, Worcester.
Elphinstone, M.S., G.N. Hinten, M.J. Anderson, and C.J. Nock. 2003. An inexpensive
and high-throughput procedure to extract and purify total genomic DNA for
population studies. Molecular Ecology Notes 3: 317-320.
Embling, C.B., P.A. Gillibrand, J. Gordon, J. Shrimpton, P.T. Stevick, and P.S.
Hammond. 2010. Using habitat models to identify suitable sites for marine
protected areas for harbour porpoises (Phocoena phocoena). Biological
Conservation 143: 267-279.

126

Estes, J.A., J. Terborgh, J.S. Brashares, M.E. Power, J. Berger, W.J. Bond, S.R.
Carpenter, T.E. Essington, R.D. Holt, J.B. Jackson, R.J. Marquis, L. Oksanen, T.
Oksanen, R.T. Paine, E.K. Pikitch, W.J. Ripple, S.A. Sandin, M. Scheffer, T.W.
Schoener, J.B. Shurin, A.R. Sinclair, M.E. Soulé, R. Virtanen, and D.A. Wardle.
2011. Trophic downgrading of planet Earth. Science 333: 301-306.
Etnoyer, P. D. Canny, B. Mate, and L. Morgan. 2004. Persistent pelagic habitats in the
Baja California to Bering Sea (B2B) ecoregion. Oceanography 17: 90-101.
Evans, K., and M.A. Hindell. 2004. The diet of sperm whales (Physeter macrocephalus)
in southern Australian waters. Ices Journal of Marine Science 61: 1313-1329.
Falkowski, P.G., D. Ziemann, Z. Kolber, and P.K. Bienfang. 1991. Role of eddy pumping
in enhancing primary production in the ocean. Nature 352: 55-58
FAO. 2012. The state of world fisheries and aquaculture. FAO Fisheries and Aquaculture
Department, Food and Agriculture Organization of the United Nations, Rome.
Fiedler, P.C., and H.J. Bernard. 1987. Tuna aggregation and feeding near fronts observed
in satellite imagery. Continental Shelf Research 7: 871-881.
Folmer, O., M. Black, W. Hoeh, R. Lutz, and R. Vrijenhoek. 1994. DNA primers for
amplification of mitochondrial cytochrome c oxidase subunit I from diverse
metazoan invertebrates. Molecular Marine Biology and Biotechnology 3: 294-299
Franklin, B. 1786. “A Letter from Dr. Benjamin Franklin, to Mr. Alphonsus le Roy,
Member of Several Academies at Paris. Containing Sundry Maritime
Observations. At Sea, on board the London Packet, Capt. Truxton, August 1785.”
Transactions of the American Philosophical Society, held at Philadelphia, for
Promoting Useful Knowledge II: 294-329. Includes chart and diagrams. Held by
NOAA Central Library, Silver Spring, MD.
Fratantoni, D.M. 2001. North Atlantic surface circulation during the 1990's observed with
satellite-tracked drifters. Journal of Geophysical Research 106: 22067-22093.
Friedlaender, A.S., P.N. Halpin, S.S. Qian, G.L. Lawson, P.H. Wiebe, D. Thiele and A.J.
Read. 2006. Whale distribution in relation to prey abundance and oceanographic
processes in shelf waters of the Western Antarctic Peninsula. Marine Ecology
Progress Series 317: 297-310.
Fuglister, F.C. 1972. Cyclonic rings formed by the Gulf Stream 1965-66. Pages 137-168
In A. Gordon, ed. Studies in Physical Oceanography: A tribute to George Wust on
his 80th birthday. Gordon and Breach, New York.
Fuglister, F. C. 1951. Annual variations in current speeds in the Gulf Stream system.
Journal of Marine Research 10: 119-127.

127

Furness, R.W., and C.J. Camphuysen. 1997. Seabirds as monitors of the marine
environment. Ices Journal of Marine Science 54: 726-737.
Gage, J.D., and P.A. Tyler. 1991. Deep sea biology: A natural history of organisms at the
deep-sea floor. Cambridge University Press, Cambridge.
Game, E.T., H.S. Grantham, A.J. Hobday, R.L. Pressey, A.T. Lombard, L.E. Beckley, K.
Gjerde, R. Bustamante, H.P. Possingham, and A.J. Richardson. 2009. Pelagic
protected areas: the missing dimension in ocean conservation. Trends in Ecology
& Evolution 24: 360-369.
Gannier, A., V. Drouot, and J.C. Goold. 2002. Distribution and relative abundance of
sperm whales in the Mediterranean Sea. Marine Ecology Progress Series 243:
281-293.
Gannier, A., and E. Praca. 2007. SST fronts and the summer sperm whale distribution in
the north-west Mediterranean Sea. Journal of the Marine Biological Association
of the United Kingdom 87: 187-193.
Gaskin, D.E. 1973. Sperm whales in the Western South Pacific. New Zealand Journal of
Marine and Freshwater Research 7: 1-20.
Gero, S., D. Engelhaupt, L. Rendell, and H. Whitehead. 2009. Who cares? between-group
variation in alloparental caregiving in sperm whales. Behavioral Ecology 20: 838843.
Gillespie, D. 1997. An acoustic survey for sperm whales in the Southern Ocean
Sanctuary conducted from the RSV Aurora Australis. Reports of the International
Whaling Commission 47: 897-907.
Goericke, R., and B. Fry B. 1994. Variations of marine plankton Delta-C-13 with
latitude, temperature, and dissolved Co2 in the world ocean. Global
Biogeochemical Cycles 8: 85-90.
Govoni, J.J., B.W. Stender, and O. Pashuk. 2000. Distribution of larval swordfish,
Xiphias gladius, and probable spawning off the southeastern United States.
Fishery Bulletin 98: 64-74.
Graham, B.S., P.L. Koch, S.D. Newsome, K.W. McMahon, and D. Aurioles D. 2010
Using isoscapes to trace the movements and foraging behavior of top predators in
oceanic ecosystems. Pages 299-318 In West, J.B., G.J. Bowen, T.E. Dawson, and
K.P. Tu, eds. Isoscapes Understanding Movement, Pattern, and Process on Earth
through Isotope Mapping. Springer, London.
Greenway, J.C.J. 1958. Extinct and vanishing birds of the world. American Committee
for International Wild Life Protection, Special Publication, no. 13.

128

Griffin, R.B. 1999. Sperm whale distributions and community ecology associated with a
warm-core ring off Georges Bank. Marine Mammal Science 15: 33-51.
Guerra, A., A.F. Gonzalez, S. Pascual, and E.G. Dawe. 2011. The giant squid
Architeuthis: An emblematic invertebrate that can represent concern for the
conservation of marine biodiversity. Biological Conservation 144: 1989-1997.
Guerra, A., A.B. Rodriguez-Navarro, A.F. Gonzalez, C.S. Romanek, P. Alvarez-Lloret,
and G.J. Pierce GJ. 2010. Life-history traits of the giant squid Architeuthis dux
revealed from stable isotope signatures recorded in beaks. Ices Journal of Marine
Science 67: 1425-1431.
Gulland, J.A. 1974. Distribution and abundance of whales in relation to basic
productivity. Pages 27-52 In W.E. Schevill, ed. The Whale Problem. Harvard
University Press, Cambridge.
Gunnlaugsson, T., and J. Sigurjónsson. 1990. NASS-87: Estimation of whale abundance
based on observations made on board Icelandic and Faroese survey vessels.
Report of the International Whaling Commission 40: 571-580.
Hall, T. 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis
program for Windows 95/98 NT. Nucleic Acids Symposium Series 41: 95-98.
Halley, J.M. 2005. Comparing aquatic and terrestrial variability: at what scale do
ecologists communicate? Marine Ecology Progress Series 304: 274-280.
Haney, J.C. 1987a. Effects of a Gulf-Stream warm-core ring on summer seabird
distribution in the Northwest Atlantic Ocean. Limnology and Oceanography 32:
665-673.
Haney, J.C. 1987b. Aspects of the pelagic ecology and behavior of the Black-capped
petrel (Pterodroma hasitata). Wilson Bulletin 99: 153-168.
Haney, J.C. 1986a. Seabird affinities for Gulf-Stream frontal eddies - responses of mobile
marine consumers to episodic upwelling. Journal of Marine Research 44: 361384.
Haney, J.C. 1986b. Seabird segregation at Gulf-Stream frontal eddies. Marine Ecology
Progress Series 28: 279-285.
Haney, J.C. 1985. Band-rumped storm-petrel occurrences in relation to upwelling off the
coast of the Southeastern United-States. Wilson Bulletin 97: 543-547.
Haney, J.C., and P.A. McGillivary. 1985. Aggregations of Cory shearwaters (Calonectris
diomedea) at Gulf-Stream fronts. Wilson Bulletin 97: 191-200.

129

Hardin, J.W., and J.M. Hilbe. 2003. Generalized estimating equations. Chapman &
Hall/CRC Press, London.
Hastie, G.D., R.J. Swift, J.C.D. Gordon, G. Slesser, and W.R. Turrell. 2003. Sperm whale
distribution and seasonal density in the Faroe Shetland Channel. Journal of
Cetacean Research and Management 5: 247-252.
Hastie, T.J., and R.J. Tibshirani. 1990. Generalised additive models. Chapman & Hall,
London.
Hazan, E.L., S.J. Jorgensen, R.R. Rykaczewski, S.J. Bograd, D.G. Foley, I.D. Jonsen,
S.A. Shaffer, J.P. Dunne, D.P. Costa, L.B. Crowder, and B.A. Block. 2012.
Predicted habitat shifts of Pacific top predators in a changing climate. Nature
Climate Change: doi:10.1038/nclimate1686.
Hebert, P.D.N., M.Y.Stoeckle, T.S. Zemlak, and C.M. Francis. 2004. Identification of
birds through DNA barcodes. PLoS Biology 2 e312: 1657-1663
Hebert, P.D.N., S. Ratnasingham S, and J.R. de Waard. 2003. Barcoding animal life:
cytochrome c oxidase subunit 1 divergences among closely related species.
Proceedings of the Royal Society B-Biological Sciences 270: S96-S99.
Hilden, O. 1965. Habitat selection in birds. Annales Zoologici Fennici 2: 53-75.
Hislop, C. 2007. High seas marine protected area policy development: macro-goals or
micro-actions? The Environmentalist 27: 119-129.
Hobson, K.A. 1999. Tracing origins and migration of wildlife using stable isotopes: a
review. Oecologia 120: 314-326.
Hobson, K.A., and Y. Cherel. 2006. Isotopic reconstruction of marine food webs using
cephalopod beaks: new insight from captively raised Sepia officinalis. Canadian
Journal of Zoology 84: 766-770.
Hobson, K.A., J.L. Sease, R.L. Merrick, and J.F. Piatt. 1997. Investigating trophic
relationships of pinnipeds in Alaska and Washington using stable isotope ratios of
nitrogen and carbon. Marine Mammal Science 13: 114-132.
Hobson, K.A., J.R. Piatt, and J. Pitocchelli. 1994. Using stable isotopes to determine
seabird trophic relationships. Journal of Animal Ecology 63: 786-798.
Holdaway, R.N., and C. Jacomb. 2000. Rapid extinction of the moas (Aves:
Dinorinthiformes): Model, test, and implications. Science 287: 2250-2254.
Hooker, S.K., A. Cañadas, K.D. Hyrenbach, C. Corrigan, J.J. Polovina, and R.R. Reeves.
2011. Marking protected area networks effective for marine top predators.
Endangered Species Research 13: 203-218.

130

Hope, P.L., and H. Whitehead. 1991. Sperm whales off the Galapagos Islands from 183050 and comparisons with modern studies. Report of the International Whaling
Commission 37: 201-204.
Horrocks, J., D.C. Hamilton, and H. Whitehead. 2011. A likelihood approach to
estimating animal density from binary acoustic transects. Biometrics 67: 681-690.
Hsu, H.H., S.J. Joung, Y.Y. Liao, and K.M. Liu. 2007. Satellite tracking of juvenile
whale sharks, Rhincodon typus, in the Northwestern Pacific. Fisheries Research
84: 25-31.
Hunt, G.L.J., F. Mehlum, R.W. Russel, D. Irons, M.B. Decker, and P.H. Becker. 1999.
Physical processes, prey abundance, and the foraging ecology of seabirds. Pages
2040-2056 In N.J. Adams and R. Slotow, eds. Proceedings of the 22nd
International Ornithological Congress. BirdLife South Africa, Durban.
Hunt, G.L.J., R.W. Russell, K.O. Coyle, and T. Weingartner. 1998. Comparative foraging
ecology of planktivorous auklets in relation to ocean physics and prey availability.
Marine Ecology Progress Series 167: 241-259.
Hutto, R. 1985. Habitat selection by nonbreeding, migratory land birds. Pages 455-476 In
M. Cody, ed. Habitat Selection in Birds. Academic Press, New York.
Hunt, S., and M. Nixon. 1981. A comparative study of protein composition in the chitinprotein complexes of the beak, pen, sucker disk, radula and oesophageal cuticle of
cephalopods. Comparative Biochemistry and Physiology B-Biochemistry &
Molecular Biology 68: 535-546
Hyrenbach, K.D., K.A. Forney, and P.K. Dayton. 2000. Marine protected areas and ocean
basin management. Aquatic Conservation: Marine and Freshwater Ecosystems
10: 437-458.
Hyrenbach, K.D., and R.R. Veit. 2003. Ocean warming and seabird communities of the
California Current System: response at multiple temporal scales. Deep-Sea
Research II 50: 2537-2565.
Ingham, M.C., and C.V.W. Mahnken. 1966. Turbulence and productivity near St.
Vincent Island, B.W.I.A.: preliminary report. Caribbean Journal of Science 6: 8387.
Ivanshin, M.V. 1978. Soviet investigations of Cetacea June 1976 - May 1977. Report of
the International Whaling Commission 28: 119-122.
IWC. 2001. Report of the subcommittee on the comprehensive assessment of whale
stocks-other stocks. Journal of Cetacean Research and Management (Special
Issue) 3: 209-228.

131

Jackson, J.B.C., M.X. Kirby, W.H. Berger, K.A. Bjorndal, L.W. Botsford, B.J. Bourque,
R.H. Bradbury, R. Cooke, J. Erlandson, J.A. Estes, T.P. Hughes, S. Kidwell, C.B.
Lange, H.S. Lenihan, J.M. Pandolfi, C.H. Peterson, R.S. Steneck, M.J. Tegner,
and R.R. Warner. 2001. Historical overfishing and the recent collapse of coastal
ecosystems. Science 293: 629-637.
Jaquet, N. 1999. Movements, distribution and feeding success of sperm whales in the
Pacific Ocean, over scales of days and tens of kilometers. Aquatic Mammals 25:
1-13.
Jaquet, N. 1996. How spatial and temporal scales influence understanding of sperm
whale distribution: a review. Mammal Review 26: 51-65.
Jaquet, N., S. Dawson, and L. Douglas. 2001. Vocal behavior of male sperm whales:
Why do they click? Journal of the Acoustical Society of America 109: 2254-2259.
Jaquet, N., and D. Gendron. 2002. Distribution and relative abundance of sperm whales
in relation to key environmental features, squid landings and the distribution of
other cetacean species in the Gulf of California, Mexico. Marine Biology 141:
591-601.
Jaquet, N., S. Dawson, and E. Slooten. 2000. Seasonal distribution and diving behaviour
of male sperm whales off Kaikoura: foraging implications. Canadian Journal of
Zoology 78: 407-419.
Jaquet, N., and H. Whitehead. 1996. Scale-dependent correlation of sperm whale
distribution with environmental features and productivity in the South Pacific.
Marine Ecology Progress Series 135: 1-9.
Jaquet, N., H. Whitehead, and M. Lewis. 1996. Coherence between 19th century sperm
whale distributions and satellite derived pigments in the tropical Pacific. Marine
Ecology-Progress Series 145: 1-10.
Jaeger, A., V.J. Lecomte, H. Weimerskirch, P. Richard, and Y. Cherel. 2010. Seabird
satellite tracking validates the use of latitudinal isoscapes to depict predators'
foraging areas in the Southern Ocean. Rapid Communications in Mass
Spectrometry 24: 3456-3460.
Jehl, J.R. 1973. Distribution of marine birds in Chilean waters in winter. Auk 90: 114135.
Johnston, D.W., M. McDonald, J. Polovina, R. Domokos, S. Wiggins, and J. Hildebrand.
2008. Temporal patterns in the acoustic signals of beaked whales at Cross
Seamount. Biology Letters 4: 208-211.

132

Jones, J. 2001. Habitat selection studies in avian ecology: A critical review. Auk 118:
557-562.
Jonsgård, Å. 1977. Tables showing the catch of small whales (including minkey whales)
caught by Norwegians in the period 1938-75, and large whales caught in different
North Atlantic waters in the period 1868-1975. Report of the International
Whaling Commission 27: 413-326.
Kato, H., and T. Miyashita. 2000. Current status of the North Pacific sperm whales and
its preliminary abundance estimates. Paper presented to the Scientific Committee
of International Whaling Commission SC/50/CAWS2.
Kaschner, K., D.P. Tittensor, J. Ready, T. Gerrodette, and B. Worm. 2011. Current and
future patterns of global marine mammal biodiversity. Plos One 6: e19653.
doi:10.1371/journal.pone.0019653.
Kawakami, T. 1980. A review of sperm whale food. Scientific Report of the Whales
Research Institute 35: 39-46.
Kelly, J.F. 2000. Stable isotopes of carbon and nitrogen in the study of avian and
mammalian trophic ecology. Canadian Journal of Zoology 78: 1-27.
Klages, N.T.W. 1996. Cephalopods as Prey. II. Seals. Philosophical Transactions of the
Royal Society of London Series B-Biological Sciences 351: 1045-1052.
Kooyman, G. L., M. A. Castellini, and R. W. Davis. 1981. Physiology of Diving in
Marine Mammals. Annual Review of Physiology 43: 343-356.
Kun, M.S., and V.V. Natarov. 1970. On the effect of certain oceanological factors on the
development of plankton in the regions of the Kuroshio streaming. Pages 233-239
In K. Sugawara, ed. The Kuroshio II: Cooperative study of the Kuroshio and
adjacent regions.
Laffoley, D. d.’A., H.S.J. Roe, M.V. Angel, J. Ardron, N.R. Bates, I.L. Boyd, S. Brooke,
K.N. Buck, C.A. Carlson, B. Causey, M.H. Conte, S. Christiansen, J. Cleary, J.
Donnelly, S.A. Earle, R. Edwards, K.M. Gjerde, S.J. Giovannoni, S. Gulick, M.
Gollock, J. Hallett, P. Halpin, R. Hanel, A. Hemphill, R.J. Johnson, A.H. Knap,
M.W. Lomas, S.A. McKenna, M.J. Miller, P.I. Miller, F.W. Ming, R. Moffitt,
N.B. Nelson, L. Parson, A.J. Peters, J. Pitt, P. Rouja, J. Roberts, J. Roberts, D.A.
Seigel, A.N.S. Siuda, D.K. Steinberg, A. Stevenson, V.R. Sumaila, W. Swartz, S.
Thorrold, T.M. Trott, and V. Vats. 2011. The protection and management of the
Sargasso Sea: The golden floating rainforest of the Atlantic Ocean. Summary
Science and Supporting Evidence Case. Sargasso Sea Alliance, 44 pp.

133

Laurs, R.M., P.C. Fiedler, and D.R. Montgomery. 1984. Albacore tuna catch distributions
relative to environmental features observed from satellites. Deep-Sea Research
Part a-Oceanographic Research Papers 31: 1085-1099.
Leaper, R., D. Gillespie, and V. Papastavrou. 2000. Results of passive acoustic surveys
for odontocetes in the Southern Ocean. Journal of Cetacean Research and
Management 2: 187-196.
Lee, T.N., and D.A. Brooks. 1979. Initial observations of current, temperature and coastal
sea-level response to atmospheric and Gulf-Stream forcing on the Georgia shelf.
Geophysical Research Letters 6: 321-324.
Lewis, K.P. 2004. How important is the statistical approach for analyzing categorical
data? A critique using artificial nests. Oikos 104: 305-315.
Lewis, T., D. Gillespie, C. Lacey, J. Matthews, M. Danbolt, R. Leaper, R. McLanaghan,
and A. Moscrop. 2007. Sperm whale abundance estimates from acoustic surveys
of the Ionian Sea and Straits of Sicily in 2003. Journal of Marine Biological
Association of the United Kingdom. 87: 353-357.
Liang, K. Y., and S. L. Zeger. 1986. Longitudinal data analysis using generalized linear
models. Biometrika 73: 13-22.
Lockyer, C. 1981. Estimates of growth and energy budget for the sperm whale, Physeter
catodon. FAO Fisheries Series 5: 489-504.
Loder, J.W., W.C. Boicourt, and J.H. Simpson. 1998. Western ocean boundary shelves.
Pages 2-28, In A.R. Robinson and K.H. Brink, eds. The Global Coastal Ocean.
John Wiley & Sons, Inc., New York.
Longhurst, A.R. 2007. Ecological Geography of the Sea. Academic Press, Burlington,
MA.
Louzao, M., D. Pinaud, C. Peron, K. Delord, T. Wiegand, and H. Weimerskirch. 2011.
Conserving pelagic habitats: seascape modelling of an oceanic top predator.
Journal of Applied Ecology 48: 121-132.
Madsen, P.T., R. Payne, N.U. Kristiansen, M. Wahlberg, I. Kerr, and B. Mohl. 2002a.
Sperm whale sound production studied with ultrasonic time/depth-recording tags.
Journal of Experimental Biology 205: 1899-1906.
Madsen, P.T., M. Wahlberg, and B. Mohl. 2002b. Male sperm whale (Physeter
macrocephalus) acoustics in a high latitude habitat: Implications for echolocation
and communication. Behavioral Ecology and Sociobiology 53: 31-41.

134

Mann, K.H., and J.R.N. Lazier. 2006. Dynamics of Marine Ecosystems: BiologicalPhysical Interactions in the Oceans. Blackwell Publishing, Maine, USA.
Marcoux, M., H. Whitehead, and L. Rendell L. 2007. Sperm whale feeding variation by
location, year, social group and clan: evidence from stable isotopes. Marine
Ecology Progress Series 333: 309-314.
Maury, M.F. 1852. Whale chart of the world (the wind and current charts), Series F.
National Observatory, Bureau of Ordnance and Hydrography., Washington, D.C.
McCullagh, P., and J.A. Nelder. 1989. Generalized Linear Models. Chapman and Hall,
New York.
McCutchan, J.H., W.M. Lewis, C. Kendall, and C.C. McGrath. 2003. Variation in trophic
shift for stable isotope ratios of carbon, nitrogen, and sulfur. Oikos 102: 378-390.
McGillicuddy, D.J., and A.R. Robinson. 1997. Eddy-induced nutrient supply and new
production in the Sargasso Sea. Deep-Sea Research Part I-Oceanographic
Research Papers 44: 1427-1450.
McGillicuddy, D.J., A.R. Robinson, D.A. Siegel, H.W. Jannasch, R. Johnson, T. Dickeys,
J. McNeil, A.F. Michaels, and A.H. Knap. 1998. Influence of mesoscale eddies on
new production in the Sargasso Sea. Nature 394: 263-266.
Mead, J.G., and E.D. Mitchell. 1984. Atlantic gray whales. Pages 33-53 In S. Schwartz,
M.-L. Jones, and S. Leatherwood, eds. The Gray Whale. Academic Press, San
Diego, California.
Meehl, G.A., W.M. Washington, W.D. Collins, J.M. Arblaster, A. Hu, L.E. Buja, W.G.
Strand, and H. Teng. 2005. How much more global warming and sea level rise?
Science 307: 1769-1772.
Miller, T.W., C. Van Der Lingen, R. Brodeur, K. Omori, H. Hamaoka, and T. Isobe.
2011. Understanding what drives food web structure in marine pelagic
ecosystems. Pages 123-131 In K. Omori, X. Guo, N. Yoshie, N. Fujii, I. C.
Handoh, A. Isobe, and S. Tanabe, eds. Interdisciplinary Studies on Environmental
Chemistry—Marine Environmental Modeling & Analysis. Center for Marine
Environmental Studies, Ehime University, Japan
Miserez, A., T. Schneberk, C.J. Sun , F.W. Zok , and J.H. Waite JH. 2008. The transition
from stiff to compliant materials in squid beaks. Science 319: 1816-1819.
Mitchell, E. 1974. Present status of northwest Atlantic fin and other whale stocks. Pages
108-169 In W. E. Schevill, ed. The Whale Problem. Harvard University Press,
Cambridge, Massachusetts.

135

Møhl, B. 2001. Sound transmission in the nose of the sperm whale, Physeter catodon: a
post mortem study. Journal of Comparative Physiology A 187: 335-340.
Møhl, B., P.T. Wahlberg, P.T. Madsen, L.A. Miller, and A. Surlykke. 2000. Sperm whale
clicks: directionality and source level revisited. Journal of the Acoustical Society
of America 107: 638-648.
Moore, S. E. 2008. Marine mammals as ecosytem sentinels. Journal of Mammalogy 89:
534-540.
Mora, C., D.P. Tittensor, S. Adl, A.G.B. Simpson, and B. Worm. 2011. How many
species are there on earth and in the ocean? Plos Biology 9: e1001127.
Morato, T., S.D. Hoyle, V. Allain, and S.J. Nicol. 2010. Seamounts are hotspots of
pelagic biodiversity in the open ocean. Proceedings of the National Academy of
Sciences of the United States of America 107: 9707-9711.
Morato, T., D.A. Varkey, C. Damaso, M. Machete, M. Santos, R. Prieto, T.J. Pitcher, and
R.S. Santos. 2008. Evidence of seamount effect on aggregating visitors. Marine
Ecology Progress Series 357: 23-32.
Myers, R.A., J.K. Baum, T. Shepherd, S.P. Powers, and C.H. Peterson. 2007. Cascading
effects of the loss of apex predatory sharks from a coastal ocean. Science 315:
1846-1850.
Myers, R.A., and B. Worm. 2003. Rapid worldwide depletion of predatory fish
communities. Nature 423: 280-283.
National Marine Fisheries Service. 2000. Sperm whale (Physeter macrocephalus): North
Atlantic stock. Stock Assessment Report, Pages 54-59, Woods Hole, MA.
National Marine Fisheries Service. 2010. Sperm whale (Physeter macrocephalus):
Northern Gulf of Mexico Stock. Stock Assessment Report. Pages 198-203,
Miami.
Newsome, S.D., M.T. Clementz, and P.L. Koch. 2010. Using stable isotope
biogeochemistry to study marine mammal ecology. Marine Mammal Science 26:
509-572
Norse, E.A., S. Brooke, W.W.L. Cheung, M.R. Clarke, I. Ekeland, R. Froese, K.M.
Gjerde, R.L. Haedrich, S.S. Heppell, T. Morato, L.E. Morgan, D. Pauly, R.
Sumaila, and R. Watson. 2012. Sustainability of deep-sea fisheries. Marine Policy
36: 307-320.
O'Dor, R.K. 1992. Big squid in big currents. South African Journal of Marine Science 12:
225-235.

136

O'Dor, R.K., and M.L. Coelho. 1993. Big squid, big currents, and big fisheries. Pages
385-396 In T. Okutani, R.K. O'Dor, and T. Kubodera, eds. Recent Advances in
Cephalopod Fisheries Biology. Tokai University Press, Tokyo.
Ohsumi, S. 1980. Cathes of sperm whales by modern whaling in the North Pacific.
Report of the International Whaling Commission Special Issue 2: 11-18.
Olson, D.B., G.L. Hitchcock, A.J. Mariano, C.J. Ashjian, G. Peng, R.W. Nero, and G.P.
Podesta. 1994. Life on the edge: marine life and fronts. Oceanography 7: 52-60.
Ortega-Ortiz, J.G., and B.R. Mate. 2006. Sperm whales in a subtropical, mesoscale
upwelling system: temporal variability Eos Trans AGU, 87(36), Ocean Science
Meeting Suppl., Abstract OS11A-04.
Ortner, P.B., P.H. Wiebe, L. Haury, and S. Boyd. 1978. Variability of zooplankton
biomass distribution in the northern Sargasso Sea - contribution of Gulf-Stream
cold core rings. Fishery Bulletin 76: 323-334.
Oschlies, A. 2002. Can eddies make ocean deserts bloom? Global Biogeochemical
Cycles 16.
Oschlies, A., and V. Garçon. 1998. Eddy-induced enhancement of primary production in
a model of the North Atlantic Ocean. Nature 394: 266-269.
Pan, W. 2001. Akaike's information criterios in generalized estimating equations.
Biometrics 57: 120-125.
Parrilla, G., A. Lavin, H. Bryden, M. García, and R. Millard. 1994. Rising temperatures
in the subtropical North Atlantic Ocean over the past 35 years. Nature 369: 48-51.
Piatt, J.F. 1990. The aggregative response of Common Murres and Atlantic Puffins to
schools of capelin. Studies in Avian Biology 14: 36-51.
Piatt, J.F., D.A. Methven, A.E. Burger, R.L. McLagan, V. Mercer and E. Creelman.
1989. Baleen whales and their prey in a coastal environment. Canadian Journal of
Zoology 67: 1523-1530.
Piatt, J.F., W.J. Sydeman, and F. Wiese. 2007. Introduction: a modern role for seabirds as
indicators. Marine Ecology Progress Series 352: 199-204.
Pinaud, D., and H. Weimerskirch. 2007. At-sea distribution and scale-dependent foraging
behaviour of petrels and albatrosses: a comparative study. Journal of Animal
Ecology 76: 9-19.
Pinaud, D., and H. Weimerskirch. 2005. Scale-dependent habitat use in a long-ranging
central place predator. Journal of Animal Ecology 74: 852-863.

137

Pirotta, E., J. Matthiopoulos, M. MacKenzie, L. Scott-Hayward, and L. Rendell. 2011.
Modelling sperm whale habitat preference: a novel approach combining transect
and follow data. Marine Ecology Progress Series 436: 257-272.
Pitcher, T.J., T. Morato, P.J.B. Hart, M.R. Clark, N. Haggan, and R.S. Santos. 2007.
Seamounts: Ecology, Fisheries & Conservation. Blackwell Publishing, Ltd.,
Oxford, UK.
Podesta, G.P., J.A. Browder, and J.J. Hoey. 1993. Exploring the association between
swordfish catch rates and thermal fronts on US longline grounds in the western
North Atlantic. Continental Shelf Research 13: 253-277.
Praca, E., A. Gannier, K. Das, and S. Laran. 2009. Modelling the habitat suitability of
cetaceans: Example of the sperm whale in the northwestern Mediterranean Sea.
Deep-Sea Research Part I-Oceanographic Research Papers 56: 648-657.
Proulx, J.-P. 1986. Whaling in the North Atlantic: From Earliest Times to the Mid-19th
Century. Parks Canada, Minister of Supply and Services Canada.
R Development Core Team. 2009. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria. Available
at: www.R-project.org.
Ramirez, P., and W. Urquizo. 1985. Los cetaceos mayores y el fenomeno "El Nino"
1982-1983. Pages 201-206 In I.D. Peru, ed. Boletin (volumen extraordinario) "El
Nino, su impacto en la fauna marina", Callao, Peru.
Raymond, B., S.A. Shaffer, S. Sokolov, E.J. Woehler, D.P. Costa, L. Einoder, M.
Hindell, G. Hosie, M. Pinkerton, P.M. Sagar, D. Scott, A. Smith, D.R. Thompson,
C. Vertigan, and H. Weimerskirch. 2010. Shearwater foraging in the Southern
Ocean: The roles of prey availability and winds. Plos One 5: e10960.
Reeves, R.R., and T.D. Smith. 2006. A taxonomy of world whaling: operations and eras.
Pages 82-101 In J.A. Estes, D.P. DeMaster, D.F. Doak, T.M. Williams, and R.L.
Brownwell, Jr., eds. Whales, Whaling and Ocean Ecosystems. University of
California Press, Berkeley.
Rendell, L., H. Whitehead, and R. Escribano. 2004. Sperm whale habitat use and
foraging success off northern Chile: evidence of ecological links between coastal
and pelagic systems. Marine Ecology Progress Series 275: 289-295.
Renner, M., M.L. Arimitsu, and J. F. Piatt. 2012. Structure of marine predator and prey
communities along environmental gradients in a glaciated fjord. Canadian Journal
of Fisheries and Aquatic Sciences 69: 1-17.
:

138

Rice, D.W. 1998. Marine Mammals of the World: Systematics and Distribution. Society
for Marine Mammalogy Special Publication 4: 1-231.
Rice, D.W. 1989. Sperm whales (Physeter macrocephalus). Pages 177-233 In S.H.
Ridgway and R. Harrison, eds. Handbook of Marine Mammals. Academic Press,
London.
Richardson, P.L. 1981. Gulf-Stream trajectories measured with free-drifting buoys.
Journal of Physical Oceanography 11: 999-1010.
Roberts, C.M. 2002. Deep impact: the rising toll of fishing the deep sea. Trends in
Ecology & Evolution 17: 242-245.
Robinson, P.W., D.P. Costa, D.E. Crocker, J.P. Gallo-Reynoso, C.D. Champagne, M.A.
Fowler, C. Goetsch, K.T. Goetz, J.L. Hassrick, L.A. Hückstädt, C.E. Kuhn, J.L.
Maresh, S.M. Maxwell, B.I. McDonal, S.H. Peterson, S.E. Simmons, N.M.
Teutschel, S. Villegas-Amatmann, and K. Yoda. 2012. Foraging Behavior and
Success of a Mesopelagic Predator in the Northeast Pacific Ocean: Insights from a
Data-Rich Species, the Northern Elephant Seal. PLoS One 7: e36728.
doi:10.1371/journal.pone.0036728.
Rodhouse, P.G. 2010. Effects of environmental variability and change on cephalopod
populations: an introduction to the CIAC ’09 Symposium special issue. ICES
Journal of Marine Science 67: 1311-1313.
Roe, A.D., and F.H.H. Sperling FAH. 2007. Patterns of evolution of mitochondrial
cytochrome c oxidase I and II DNA and implications for DNA barcoding.
Molecular Phylogenetics and Evolution 44: 325-345
Rogers, A.D. 1994. Biology of seamounts. Pages 305-350 in J.H.S. Blaxter and A.J.
Southward, eds. Advances in Marine Biology. Academic Press, San Diego, CA.
Roman, J., and S.R. Palumbi. 2003. Whales before whaling in the North Atlantic. Science
301: 508-510.
Ronconi, R A., B.G. Lascelles, G.M. Langham, J.B. Reid, and D. Oro. in press. The role
of seabirds in Marine Protected Area identification, delineation, and monitoring:
Introduction and synthesis. Biological Conservation.
Ruiz-Cooley, R.I., and D.T. Engelhaupt. 2010. Trophic aspects of sperm whales
(Physeter macrocephalus) in the northern Gulf of Mexico using stable isotopes of
carbon and nitrogen, U.S. Dept. of the Interior, Minerals Management Service,
Gulf of Mexico OCS Region, New Orleans, LA. OCS Study MMS 2010-016. 28
pp.

139

Ruiz-Cooley, R.I., E.C. Villa, and W.R. Gould. 2010. Ontogenetic variation of delta C-13
and delta N-15 recorded in the gladius of the jumbo squid Dosidicus gigas:
geographic differences. Marine Ecology Progress Series 399: 187-198.
Ruiz-Cooley, R.I., U. Markaida, D. Gendron, and S. Aguiniga. 2006. Stable isotopes in
jumbo squid (Dosidicus gigas) beaks to estimate its trophic position: comparison
between stomach contents and stable isotopes. Journal of the Marine Biological
Association of the United Kingdom 86: 437-445.
Ruiz-Cooley, R.I., D. Gendron, S. Aguiniga, S. Mesnick, and J.D. Carriquiry. 2004.
Trophic relationships between sperm whales and jumbo squid using stable
isotopes of C and N. Marine Ecology Progress Series 277: 275-283.
Rutherford, S., S. D'Hondt, and W. Prell. 1999. Environmental controls on the
geographic distribution of zooplankton diversity. Nature 400: 749-753.
Sander, F. 1981. A preliminary assessment of the main causative mechanisms of the
"Island Mass" effect of Barbados. Marine Biology 64: 199-205.
Sarvas, T., and V. Flemmin. 1999. The effects of the deep scattering layer on the diving
behavioru of sperm whale off Andøya, Norway. Pages 341–345 In P.G.H. Evan,
J. Cruz, and J.A. Raja, eds. European Research on Cetaceans. European Cetacean
Society, Kiel, Germany.
Schimmelmann, A., and M.J. DeNiro. 1988. Stable isotopic studies on chitin. II. The
13C/12C and 15N/14N ratios in arthropod chitin. Contributions in Marine Science
29: 113-130.
Schindler, D.E., T.E. Essington, J.F. Kitchell, C. Boggs, and R. Hilborn. 2002. Sharks
and tunas: fisheries impacts on predators with contrasting life histories.
Ecological Applications 12: 735–748.
Schneider, D.C. 2001. The rise of the concept of scale in ecology. Bioscience 51: 545553.
Schneider, D.C. 1990. Seabirds and fronts - a brief overview. Polar Research 8: 17-21.
Scott-Hayward, L. 2006. Modelling the spatial distribution of sperm whales, Physeter
macrocephalus, in the Gulf of Mexico. M.Res. Environmental Biology. University
of St. Andrews, St Andrews.
Shaffer, S.A., Y. Tremblay, H. Weimerskirch, D. Scott, D. R. Thompson, P.M. Sagar, H.
Moller, G.A. Taylor, D.G. Foley, B.A. Block, and D.P. Costa. 2006. Migratory
shearwaters integrate oceanic resources across the Pacific Ocean in an endless
summer. Proceedings of the National Academy of Sciences of the United States
of America 103: 12799-12802.

140

Shelden, K.E.W., S.E. Moore, J.M. Waite, P.R. Wade, and D.J. Rugh. 2005. Historic and
current habitat use by North Pacific right whales Eubalaena japonica in the
Bering Sea and Gulf of Alaska. Mammal Review 35: 129-155.
Sinclair, B., L. Briskey, W. Aspden, and G. Pegg. 2007. Genetic diversity of isolated
populations of Nautilus pompilius (Mollusca, Cephalopoda) in the Great Barrier
Reef and Coral Sea. Reviews in Fish Biology and Fisheries 17: 223-235.
Sing, T., O. Sander, N. Beerenwinkel, and T. Lengauer. 2009. ROCR: visualizing
classifier performance in R. R package, version 1.0-4. Available at:
rocr.bioinf.mpi-sb.mpg.de/.
Skov, H., T. Gunnlaugsson, W.P. Budgell, J. Horne, L. Nottestad, E. Olsen, H. Soiland,
G. Vikingsson, and G. Waring. 2008. Small-scale spatial variability of sperm and
sei whales in relation to oceanographic and topographic features along the MidAtlantic Ridge. Deep-Sea Research Part II-Topical Studies in Oceanography 55:
254-268.
Smith, S.C., and H. Whitehead. 1993. Variations in the feeding success and behavior of
Galapagos sperm whales (Physeter macrocephalus) as they relate to
oceanographic conditions. Canadian Journal of Zoology 71: 1991-1996.
Smith, S.C. 2000. The diet of Galapagos sperm whales Physeter macrocephalus as
indicated by fecal sample analysis. Marine Mammal Science 16: 315-325.
Smith, T.D., R.R. Reeves, E.A. Josephson, and J.N. Lund. 2012. Spatial and seasonal
distribution of American whaling and whales in the age of sail. Plos One 7:
e34905. doi:10.1371/journal.pone.0034905.
Smith, T.D., R.R. Randall, E.A. Josephson, J.N. Lund, and H. Whitehead. 2008. Sperm
whale catches and encounter rates during the 19th and 20th centuries: an apparent
paradox. Pages 149-174 In D.J. Starkey, P. Holm, and M. Barnard, eds. Oceans
Past: Management Insights from the History of Marine Animal Populations.
Earthscan, London, UK.
Soldevilla, M.S., S.M. Wiggins, J.A. Hildebrand, E.M. Oleson, and M.C. Ferguson. 2011.
Risso's and Pacific white-sided dolphin habitat modeling from passive acoustic
monitoring. Marine Ecology-Progress Series 423: 247-267.
Stammer, D. and C. Wunsch. 1999. Temporal changes in eddy energy of the oceans.
Deep-Sea Research II 46: 77-108.
Starbuck, A. 1878. History of the American whale fishery from its earliest inception to
the year 1976. United States Commission on the Fish and Fisheries, Report of the
Commissioner for 1875-1876. Government Printing Office, Washington.

141

Starr, R.M., and R.E. Thorne. 1998. Acoustic assessment of squid stocks. Pages 181-198
In P.G. Rodhouse, E.G. Dawe, and R.K. O'Dor, eds. Squid Recruitment
Dynamics: the genus Illex as a model, the commercial Illex species and influences
on variability. Food and Agriculture Organization of the United Nations, Rome.
Steele, J.H. 1985. A comparison of terrestrial and marine ecological systems. Nature 313:
355-358.
Steele, J.H. 1991. Can ecological theory cross the land-sea boundary? Journal of
Theoretical Biology 153: 425-436.
Stommel, H. 1965. The Gulf Stream: a Physical and Dynamical Description. University
of California Press, Berkeley and Lost Angeles, CA.
Strugnell, J.M., and A.R. Lindgren. 2007. A barcode of life database for the
Cephalopoda? Considerations and concerns. Reviews in Fish Biology and
Fisheries 17: 337-344.
Swartz, S.L., T. Cole, M.A. McDonald, J.A. Hildebrand, E.M. Oleson, A. Martinez, P.J.
Clapman, J. Barlow, and M.-L. Jones. 2003. Acoustic and visual survey of
humpback whale (Megaptera novaeangliae) distribution in the eastern and
southeastern Caribbean Sea. Caribbean Journal of Science 39: 195-208.
Swift, R.J., D. Gillespie, J.A. Vázquez, K. MacLeod, and P.S. Hammond. 2009.
Abundance of sperm whales (Physeter macrocephalus) estimated from acoustic
data for Blocks 2,3 and 4 (French and Spanish sectors). The Cetacean Offshore
Distribution and Abundance in the European Atlantic (CODA) Final Report. P.
11.
Suryan, R.M., F. Sato, G.R. Balogh, K.D. Hyrenbach, P.R. Sievert, and K. Ozaki. 2006.
Foraging destinations and marine habitat use of short-tailed albatrosses: A multiscale approach using first-passage time analysis. Deep-Sea Research Part IITopical Studies in Oceanography 53: 370-386.
Sydeman, W.J., R.D. Brodeur, C.B. Grimes, A.S. Bychkov, and S. McKinnell. 2006.
Marine habitat "hotspots" and their use by migratory species and top predators in
the North Pacific Ocean: Introduction. Deep-Sea Research II- Topical Studies in
Oceanography 53: 247-249.
Takai, N., S. Onaka, Y. Ikeda, A. Yatsu, H. Kidokoro, and W. Sakamoto. 2000.
Geographical variations in carbon and nitrogen stable isotope ratios in squid.
Journal of the Marine Biological Association of the United Kingdom 80: 675-684.
Taniguchi, A., and T. Kawamura. 1970. Primary production in the western tropical and
subtropical Pacific Ocean. Pages 159-168 In K. Sugawara, ed. The Kuroshio II:
Cooperative study of the Kuroshio and adjacent regions.

142

Taylor, B.L., R. Baird, J. Barlow, S.M. Dawson, J. Ford, J.G. Mead, G. Notarbartolo di
Sciara, P. Wade, and R.L. Pitman. 2008. Physeter macrocephalus. IUCN 2012.
IUCN Red List of Threatened Species. Version 2012.2. <www.iucnredlist.org>.
Downloaded on 24 October 2012.
Teo, S.L.H., and B.A. Block. 2010. Comparative influence of ocean conditions on
Yellowfin and Atlantic Bluefin tuna catch from longlines in the Gulf of Mexico.
Plos One 5: e10756. doi:10.1371/journal.pone.0010756.
The Ring Group. 1981. Gulf Stream cold-core rings: their physics, chemistry, and
biology. Science 212: 1091-1100.
Tillman, M.F., and J.M. Breiwick. 1983. Estimates of abundance for the western North
Pacific sperm whale based upon historical whaling records. Pages 257-269 In M.
F. Tillman and G.P. Donovan, eds. Special Issue on Historical Whaling Records.
International Whaling Commission, Cambridge.
Tittensor, D.P., C. Mora, W. Jetz, H.K. Lotze, D. Ricard, E. Vanden Berghe, and B.
Worm. 2010. Global patterns and predictors of marine biodiversity across taxa.
Nature 466: 1098-U107.
Todd, S., P. Ostron, J. Loein, and J. Abrajano. 1997. Use of biopsy samples of humpback
whales (Megaptera novaeanglia) skin for stable isotope (δ13C) determination.
Journal of Northwest Atlantic Fishery Science 22: 71-76.
Tolmazin, D. 1985. Elements of Dynamic Oceanography. Allen and Unwin Inc,
Massachussetts.
Tønnessen, J.N. 1982. The History of Modern Whaling. University of California Press,
Berkeley, CA.
Townsend, C.H. 1935. The distribution of certain whales as shown by logbook records of
American whaleships. Zoologica 19: 1-52.
Tracey, K.L., and D.R. Watts. 1986. On Gulf Stream meander characteristics near Cape
Hatteras. Journal of Geophysical Research 91: 7587-7602.
Tremblay-Boyer, L., D. Gascuel, R. Watson, V. Christensen, and D. Pauly. 2011
Modelling the effects of fishing on the biomass of the world's oceans from 1950
to 2006. Marine Ecology Progress Series 442: 169-185
Turvey, S.T., and C.L. Risley. 2006. Modelling the extinction of Steller's sea cow.
Biology Letters 2: 94-97.

143

Uda, M. 1970. Upwelling and water intrusions in the CSK area of the Pacific in relation
to fisheries phenomena. In K. Sugawara, ed. The Kuroshio II: Cooperative study
of the Kuroshio and adjacent regions.
Ulanski. 2008. The Gulf Stream: Tiny plankton, giant bluefin and the amazing story of
the powerful rivers in the Atlantic. The University of North Carolina Press,
Chapel Hill.
Valenzuela, L.O., M. Sironi and V.J. Rowntree. 2010. Interannual variation in the stable
isotope differences between mothers and their calves in Southern Right Whales
(Eubalaena australis). Aquatic Mammals 36: 138-147.
Van Dover, C.L. 2000. The Ecology of Deep-Sea Hydrothermal Vents. Princeton
University Press, Princeton.
Vecchione, M., C.F.E. Roper, M.J. Sweeney, and C.C. Lu. 2001. Distribution, relative
Abundance and Developmental Morphology of Paralarval Cephalopods in the
Western North Atlantic Ocean. NOAA/National Marine Fisheries Service,
(NOAA Technical Report NMFS, 152), Seattle, WA.
Vega, G.C., and J.J. Wiens. 2012. Why are there so few fish in the sea? Proceedings of
the Royal Society B-Biological Sciences 279: 2323-2329.
Veit, R.R. 1997. Apex marine predator declines ninety percent in association with
changing oceanic climate. Global Change Biology 3: 23-28.
Venaille, A., G.K. Vallis, and K.S. Smith. 2011. Baroclinic turbulence in the ocean:
analysis with primitive equation and quasigeostrophic simulations. Journal of
Physical Oceanography 41: 1605-1623.
Voss, N.A., S J. Stephe, and Z. Dong. 1992. Family Histioteuthidae. Smithsonian
Contributions to Zoology No. 513: 73-91.
Wada, E., and A. Hattori. 1991. Nitrogen in the sea: forms, abundances and rate process.
CRC Press, Boca Raton, FL, p 224.
Wade, P.R., and T. Gerrodette. 1993. Estimates of cetacean abundance and distribution in
the eastern tropical Pacific. Report of the International Whaling Commission 43:
477-493.
Wahlberg, M. 2002. The acoustic behaviour of diving sperm whales observed with a
hydrophone array. Journal of Experimental Marine Biology and Ecology 281: 5362.

144

Wallace, B.P., J.A. Seminoff, S.S. Kilham, J.R. Spotila, and P.H. Dutton. 2006.
Leatherback turtles as oceanographic indicators: stable isotope analyses reveal a
trophic dichotomy between ocean basins. Marine Biology 149: 953-960.
Ward, J.A., L. Thomas, S. Jarvis, N. DiMarzio, D. Moretti, T.A. Marques, C. Dunn, D.
Claridge, E. Hartvig, and P. Tyack. 2012. Passive acoustic density estimation of
sperm whales in the Tongue of the Ocean, Bahamas. Marine Mammal Science 28:
E444-E455.
Waring, G.T., C.P. Fairfield, C.M. Ruhsam, and M. Sano. 1993. Sperm whales associated
with Gulf Stream features off the north-eastern USA shelf. Fisheries
Oceanography 2: 101-105.
Waring, G.T., T. Hamazaki, D. Sheehan, G. Wood, and S. Baker. 2001. Characterization
of beaked whale (Ziphiidae) and sperm whale (Physeter macrocephalus) summer
habitat in shelf-edge and deeper waters off the northeast US. Marine Mammal
Science 17: 703-717.
Wassmann, P., C.M. Duarte, S. Agusti, and M.K. Sejr. 2011. Footprints of climate
change in the Arctic marine ecosystem. Global Change Biology 17: 1235-1249.
Watwood, S.L., P.J. Miller, M. Johnson, P.T. Madsen, and P.L. Tyack. 2006. Deepdiving foraging behaviour of sperm whales (Physeter macrocephalus). Journal of
Animal Ecology 75: 814-825.
Weimerskirch, H. 2007. Are seabirds foraging for unpredictable resources? Deep Sea
Research 54: 211-223.
Weir, C.R. 2010. A review of cetacean occurrence in West African waters from the Gulf
of Guinea to Angola. Mammal Review 40: 2-39.
Whitehead, H. 1996. Variation in the feeding success of sperm whales: Temporal scale,
spatial scale and relationship to migrations. Journal of Animal Ecology 65: 429438.
Whitehead, H. 2002. Estimates of the current global population size and historical
trajectory for sperm whales. Marine Ecology Progress Series 242: 295-304.
Whitehead, H. 2003. Sperm whales: social evolution in the ocean. The University of
Chicago Press, Chicago.
Whitehead, H., R. Antunes, S. Gero, S.N.P. Wong, D. Engelhaupt, and L. Rendell. 2012.
Multilevel societies of female sperm whales (Physeter macrocephalus) in the
Atlantic and Pacific: why are they so different? International Journal of
Primatology 33: 1142-1164

145

Whitehead, H., K. O'Brien, and B. Worm. 2010. Diversity of deep-water cetaceans and
primary productivity. Marine Ecology Progress Series 408: 1-5.
Whitehead, H., and L. Rendell. 2004. Movements, habitat use and feeding success of
cultural clans of South Pacific sperm whales. Journal of Animal Ecology 73: 190196.
Whitehead, H., and P.L. Hope. 1991. Sperm whalers off the Galapagos Islands and in the
Western North Pacific, 1830-1850 - ideal free whalers. Ethology and
Sociobiology 12: 147-161.
Whitehead, H., V. Papastavrou, and S.C. Smith. 1989. Feeding success of sperm whales
and sea-surface temperature off the Galapagos Islands. Marine Ecology Progress
Series 53: 201-203.
Whitehead, H., and L. Weilgart. 1990. Click rates from sperm whales. Journal of the
Acoustical Society of America 87: 1798-1806.
Wickham, H. 2009. ggplot2: an implementation of the grammar of graphics. R package,
version 0.8.5.: Available at: had.co.nz/ggplot2/.
Wiebe, P.H., E.M. Hulburt, E.J. Carpenter, A.E. Jahn, G.P. Knapp, S.H. Boyd, P.B.
Ortner, and J.L. Cox. 1976. Gulf-stream cold core rings - large-scale interaction
sites for open ocean plankton communities. Deep Sea Research 23: 695-710.
Wigley, T.M.L. 2005. The climate change commitment. Science 307: 1766-1769.
Wolanski, E., and W.M. Hamner. 1988. Topographically controlled fronts in the ocean
and their biological nature. Science 241: 177-181.
Wood, S. N. 2006. Generalized Additive Models, an Introduction with R. Chapman &
Hall, London.
Worm, B., E.B. Barbier, N. Beaumont, J.E. Duffy, C. Folke, B.S. Halpern, J.B.C.
Jackson, H.K. Lotze, F. Micheli, S.R. Palumbi, E. Sala, K.A. Selkoe, J.J.
Stachowicz, and R. Watson. 2006. Impacts of biodiversity loss on ocean
ecosystem services. Science 314: 787-790.
Worm, B., H.K. Lotze, and R.A. Myers. 2003. Predator diversity hotspots in the blue
ocean. Proceedings of the National Academy of Science 100: 9884-9888.
Worm, B., M. Sandow, A. Oschlies, H.K. Lotze, and R.A. Myers. 2005. Global patterns
of predator diversity in the open oceans. Science 309: 1365-1369.
WWF/IUCN. 2001. The status of natural resources on the high-seas. WWF/IUCN, Gland,
Switzerland.

146

Yesson, C., M.R. Clark, M.L. Taylor, and A.D. Rogers. 2011. The global distribution of
seamounts based on 30 arc seconds bathymetry data. Deep-Sea Research Part IOceanographic Research Papers 58: 442-453.
Yoder, J. A. 1985. Environmental control of phytoplankton production on the
Southeastern U.S. continental shelf. Pages 93-103 In L.P. Atkinson, D.W.
Menzel, and K.A. Bush, eds. Oceanography of the Southweastern U.S.
Continental Shelf. American Geophysical Union., Washington, D.C.
Yoder, J.A., L.P. Atkinson, T.N. Lee, H.H. Kim, and C.R. McClain. 1981. Role of GulfStream frontal eddies in forming phytoplankton patches on the outer southeastern
shelf. Limnology and Oceanography 26: 1103-1110.
Young, R.E., and M. Vecchione. 2009. Lepidoteuthidae Pfeffer 1912. Lepidoteuthis
grimaldii Joubin, 1895. The scaled squid. Version 11 September 2009 (under
construction). http://tolweb.org/Lepidoteuthis_grimaldii/19833/2009.09.11 in The
Tree of Life Web Project, http://tolweb.org/. The Tree of Life Web Project.
Young, R.E., and M. Vecchione. 2004. Oegopsida Orbigny, 1845. Version 18 August
2004 (under construction). http://tolweb.org/Oegopsida/19407/2004.08.18 in The
Tree of Life Web Project, http://tolweb.org/
Zeidberg, L.D., and B.H. Robison. 2007. Invasive range expansion by the Humboldt
squid, Dosidicus gigas, in the eastern North Pacific. Proceedings of the National
Academy of Sciences 104: 12948-12950.

147

