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ABSTRACT

Sperm whalesRhyseter macrocephaluare widely distributed in all oceans, but

principally found in areas of high primary productivity. Historically, they were whaled
extensively in the SargasSeaand 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
wateroncedesciédbd as an fioceanic deserto. First,
the Sargasso Sea to those off Dominica, in the eastern Caribbean. Regydtsd

differences in trophic ecology between these two areas, with sperm whales in the
Sargasso Sea feadj at a higher trophic level. Second, | examined the spatial and
temporal distribution of sperm whales in the Sargasso Sea in relation to environmental
variables using acoustic surveys and autonomous recording d&pess whale
prevalencaround Kelvinseamount, part of the New England Seamount Chain, was
higherin the spring compared to the wintelabitat modeling results suggest that the
mesoscale activity associated with the Gulf Stream playsjaortant role in sperm

whale occurrence in this ardiéely due to the enhancement of primary productivity in

this region. Finally, | estimated the current dgnef sperm whales in the novilestern
Sargasso Sea and compared their present distribution to their distribution during the
openboat whaling eral(7751921). 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 ovdap 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 lghlights 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 akf2#6f liveable

space on earth (Angel 1993, Vega and Wiens 2012). However we know so little about the
marineenvironment 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 Ringuinus impennjs(Bengtson 1984) and the Steller sea cbiwdfodamalis

gigas (Turvey and Risley 2006) and the extirpation of species such as the NarthicA

gray whale Eschrichtius robustygBryant 1995, Mead and Mitchell 1984). Presently,

the populations of marine top predators are declining at an alarming rate due to factors
such as ovefishing (Myers et al. 2007, Myers and Worm 2003, Schindlat.&002).

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 ec{Egstarat

al. 2011, Myers et al. 2007).

Marine top predators are effective biaicators (Furness and Camphuysen 1997) and
studying their distribution provides a better understanding of not only their prey
populations, but also the health and statusafine ecosystems (Ballance 2007, Furness
and Camphuysen 199¥loore et al. 2008iatt et al. 2007, Sydeman et al. 2008arine

top predatorgan be used to monitor changes in the integrity of marine ecosystems (Boyd
et al. 2006) and provide insight inthe 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
Ahot spot so ( Baschoeketa. 201h Sydemantetial 2006KWorm 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, theeed for marine protected areapélagicsystems has been



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,Uzao et al. 2011).

The spatial and temporal distribution of organisms istamaom and animals select
habitats through a series of hierarchal behavioural processes which maximize their
survival and fitness (Block and Brennan 1993, Hutto 1985). The mahich species

use a set of physical environmental factors to meet life requirements, such as feeding,
reproduction, and rearing of young called habitat use (Block and Brennan 1993, Jones
2001). Terrestrial and marine processes operate on diffelardlsgnd 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 spafiialty 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).

Habitatpredabr associations at large scales (10s to 100s km) can occur over ocean
basins and are influenced by water masses, while haglo&dator associations at meso
scales (1s to 10s km) can occur at distinct physical features like fronts and(eldaiies

et al. B99) FHnally, habitatpredator 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 physicadggsoces
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 19i@9jhey
latter case resulia relationshi 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 bawmdaris and shelf
edgesresult in predictable food patches drabitat associations that exister large

spatial and temporal scales (Weimerskirch 2007).



1.1 STuDY SPECIES T THE SPERM W HALE

My study species, the sperm whaRhyseter macrocephalyss an important marine
predator. Using Lockyer (1981)06s consumpt.
animals (Whitehead 2002), Whitehead (2003) estimated that sperm whales consume
about100 Mt/yr (Whitehead 2003), which is comparable to the total droabeh of

human marine fisheries over the last five years (~90 Mt/yr betweenrZId§ (FAO

2012)). Although global populations are not presently experiencing decline (Taylor et al.
2008), sperm whales were hunted extensively from tHed.éhe last pa of the 28"

century (Bannister et al. 2008, Smith et al. 2012, Starbuck 1878) and recent population
estimates indicate that their populations are currently only 32% of thehaieng level
(Whitehead 2002). Sperm whales feed mainly on r&so bathypelagic 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 whédife (Whitehead 2003). Sperm whales are rai@yd

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 cephalopoasicompassing sperm whale dmetlude the small

chiroteuthids €100g), the mediursized and weakhynuscled histioteuthids, the

ferocious Humboldt squid)osidicus gigasand the giant architeuthids (400 kg) (Clarke

et al. 1993, Smith and Whitehead 2000, Whitehead 2003). However, except for a few
species (e.g. Humboldguid), 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 §ie 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, deggter habitat.

Watwood et al (2006) suggested that the success ahspeales as predators can be
attributed, in part, to their loagange echolocatiorsperm whales are equipped with one
of the most powerful sonars in the Wb(Mghl et al. 2000), used predominately for



finding prey. Their vocalizations consist of a seoéslicks, 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, sttieks, creaks and codas. Usual clicks are
thought to function primarily in searching echolocation and are a long train of regularly
spaced clicks (0.5%.0s) that can last for several minutes (Jaquet et al. 2001, Madsen et
al. 2002a, Whitehead and Weitgd990). 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 (Mghl 2001),
however, during the #8century, thevalue of spermaceti oil for use in candgheking

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 iotde feound 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 andrspics (approximately

between 486 and 40N in the Atlantig while males also use highlatitudes, up to the

polar waters (Rice 1989). Females form ldasting associations, but males leave their
natal group at about age ten and move to
(Best 1979). Mature males periodically return teital 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, tB¢tayward 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, Whiteh8868, 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 Vifay and colleages (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.



1.2 THE NORTH ATLANTIC OCEAN AND THE SARGASSO SEA

The Atlantic Ocean derivesiname from the Greek god, Atlas. The cpeat sperm

whale hunt began in the North Atlantic Ocean in the eaflyckBitury and lasted until

the end of modern whaling in the first part of th& 2entury (Bannister et al. 2008,
Starbuck 1878). Whalersdfou s ed t heir whaling efforts in
and some of these grounds were hunted awanturyBannister et al. 2008, Starbuck

1878). One part of the North Atlantic where sperm whales were consistently hunted is the
Sargasso Sea (Baister et al. 2008, Townsend 1935).

The Sargass8ea(Figurel.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 currentstbé 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 (Blackbun 1981) and traditionally regarded as lifeless, save for the presence of
masses ofargassunseaweed, and their dependent fauna. However, this view is
currently being debated, with researchers demonstratingrinzry productivity in the
Sargasso Sea higher than previously assumed (McGillicuddy and Robinson 1997,
McGillicuddy et al. 1998, Oschlies and Garcon 1998). My study area within the Sargasso
Sea(Figurel.1) is defined as waters deeper than 1000m and north o\ west of

50°W. 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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The North Atlantic Oceanods bAHantit Ridge,ary i s ¢
underwater mountain range 3000 m from the seaflobich separates the North

American Plate from the Eurasian Plate in the North Atlantic Ocean. Thousands of
seamounts and knolls, many associated with theAflahtic Ridge, riddle the ocean

floor (Yesson et al. 2011). Seamounts are undersea mountaims¢hsteeply from the

sea floor to below sea level and are known to influence ocegtogrrocesses (as

reviewed inRogers 1994. Seamounts, like other prominent topographic features, result

in increased turbulence, mixing and mesoscale eddies, whitdport 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, sudieaseamounts 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.



The Gulf Stream is characterized by its warm, fast, naamavdeep flow (Loder et al.

1998, Mann and Lazier 1996, Tolmazin 1985). Mesoscale activity associated with the
Gulf Stream, such as coetmre rings, eddies and meanders, increases primary and
productivity in this area (Fuglister 197Phe RingGroup 19810rner et al. 1978) and

may also influence the occurrence of marine top predators. For example, Podesta et al.
(1993) found higher swordfisiX{phius gladiu¥ catch rates in the vicinity of fronts
associated with the Gulf Stream. Seabird densities havédaén related to colcore
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
distributionin this area may explain the paradox of many sperm whalesently and

historically-i n an Aunproductiveo ocean: the Sarga
sperm whales in the Sargasso Sea would provide us with a better understanding of factors

thatdrive sperm whale distribution in the open ocean.

1.3 THESIS OUTLINE

The goal of this thesis is to examine habitat selectf@perm whales over a broad range

of both temporal and spatial scales, to better understand how this top marine predator
usesthe open ocean. At a large scale, | 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, | 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 SargaSsaover many years and centuries. The overall objective

my thesis is to provide an answer to the riddle of how a dense population of large, warm

bl ooded top predators can exist in an appa



Chapter 2 This chapter examines the fine scale habitat use of sperm whales by
investigating e diet of sperm whales in the Sargasso Sea and comparing it to that in the

Caribbean using several approaches.

Chapter 3 In this chapter, | investigate the mesoscale hals&if sperm whales in the
northwestern part of the Sargasso Sea. | examiretetinporal 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 targeaspatial
scale: the nortlwestern part of the Sargasso Sea. Thjeatives of this chapter are to
identify predictors of sperm whale abundance and examine the relatibesivigen

environmental variables, movement dachging success.

Chapter 5 In this final data chapter, sperm whale distribution is compared oger lar
temporal scales: the contemporary distribution that spans decade2(H3and the
historical distribution that spans centuries (:-:2B21). | also estimate the current densi

of sperm whales in the notlestern 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 lacing.



CHAPTER 2

SPATIO -TEMPORAL VARIABILITY OF SPERM
WHALE ( PHYSETER MACROCEPHALUS )DIET IN
THE WESTERN NORTH AT  LANTIC: EVIDENCE
FROM STABLE ISOTOPES AND HARD -PART
ANALYSIS

The work presented in Chaptew2s submittedor publication

Wong, S.N.P., V.LYaroskewsk¥, H. WhiteheadSpatietemporal variability of sperm
whale Physeter macrocephaludiet in the western North Atlantic: evidence from stable
isotopes and hafpart analysisMarine Biology. Manuscript No MABI-D-12-00487.

* V. Yaroshewski was respoide for the mtDNA barcoding portion of this paper.

2.1 | NTRODUCTION

Large marine predators play a vital role as top consumers in marine ecosystems, yet their
numbers have generally declined over the last several decades (Tr&8upéet al.

2011). Thishas 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
openocean 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 consamecomparable to the total annual catch

of all human marine fisherig¥Vhitehead 2003) Sperm whales feed mainly on meso

and bathypelagic cephalopod species atddying the foraging ecology of these deep

divers can provide insight into the deep water community of their prey.

Studying the dieof sperm whales and other marine organisms is challenging because it is
not generally possible to directly observe prey consumptiach\df whats known

about sperm whale diet comes framalysis ostomach contents of stranded animals



(Evans and Hinde2004) or those caught for commercial whali(@larke and MacLeod

1976, Clarke et al. 1976, Clarke and Roeleveld 1998)e recentlysquidbeaks

collected from fecal samples of fre@nging sperm whales Yxabeen used to determine

diet (Smith and Whiteead 200Q)Analysesof stomach contents or fecal sampbdesh

presenbiases, which includetlifferential defecation or vomiting of beaks, failure to

ingest the head, instances where collected
and in the casefdecal 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. Howevenly arelatively small number afephalopod species

have been sequencedla mitochondrial cytochrome ¢ oxidag&J]) locus(about 30%

of known species)Strugnell and Lindgren 2007), the region used to match samples to
Genebank and BoLD databaséihe levebf accuracyto which this genéocuscan be

usedto 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 unidexditephalopod specimen to a sequence

within the GeBank orBoLD search databasdsurthermore, the distribution of

specimens recovered near feeding sperm whales may not well reflect their dietary intake

The use of stable isotope analysis provigastter 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 informatit@gratedover
longer time scalethan stomach contents or fésamplegDeniro and Epstein 1978,
Deniro and Epstein 198Hobsonet al 1994) Based on studies on the epidermal
turnover rate of other odontocetes, RGiaoley et al. (2004) suggested that the turnover
rate of sperm whale skin is at least 75 daysheadotopic composition of skin reflects an

average of the prey composition over this time scale. More specifigalyjsotopes are
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used to indicate trophic position (Deniro and Epstein 1981) and in marine systeh$s,

reflects the relative primary pductivity of an area (Newsome et al. 2010), with higher

UC values in more productive, nestrore regions compared to more oligotrophic, pelagic
systems (Hobson 1999). Baseline isotope signatures also differ among geographic

regions and may enable inferenc r el at ed t o movement pattern
(Graham et al. 2010, Jaeger et al. 2013bl® isotope analysis haeen used to examine

the trophic ecology adperm whales the Pacific (RuizCooley et al. 2004, Marcoux et

al. 2007) and the Gulf of Méco (RuizCooley 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 Caribb&a. The Sargasso Sea is atsapical gyre which is

bounded by ocean currents. In the past, the waters of the Sargasso Sea have been
described as some of the Apoorest on earth
eddies, rings, and meanders associafiéiithe Gulf Stream lead to increased

productivity in the nutrienpoor waters of the Sargasso (Orner et al. 1978; Yoder et al.

1981). Large numbers of sperm whal@ggsoups of adulfemales and immatures) are

found in the Sargasso Sespecially in thenore energetic northwest portion (Chapter 5

It is not known which prey species are consumed by sperm whales in the Sargasso Sea,
since beaks anarely found in fecal samples compared to other areas PRatiéic and

western NorttAtlantic Oceas. The novement of individuals in this area is also

unknown, with no matches to phetientification catalogues in other areas of the

Atlantic. Sperm whales are also found in other parts ofvfetern NorthAtlantic, such

as the Eastern Caribbean Sea (Gero @08I7). Islands in the Lesser Antilles, such as
Dominica, experience increased productivity on the Caribbean side as a result of
downstream turbulence (I ngham and Mahnken
and Oguri 1956, Sander 1981). Comparingféseling 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 obur studywasto compare théragingecology of sperm whales in the
Sargaso Sea and Dominicasing stable isotope analysis, hguakt analysis and

mitochondrial sequence analysis to assessTes. study willprovidea broader
understanding of the feeding ecology of this important predator in the Atlantic Ocean and
also shednsight into the cephalopod community imeanote and poorlgtudied area, the

Sargasso Sea.

2.2 METHODS

2.2.1 Data Collection

Studies were conductédm a 12m sailing vessel or a Snotorvesselduring May and

Junein the Sargasso Sg20042007, and ketween January and Majf Dominica in

2005, 20072009 fFigure2.1). Research within the Sargasso Sea occurred east and south
of the Gulf Stream in warm waters deeper than 1000m (bounded by latitftleartD

30°N and longitude§7°W and 72W). Groups of whales (composed of adatnales,
immatures andalves) were tracked using a directional hydrophone sieeof each

group was not determined for this study, but average group size in the Sargasso is 12.0 +
SD6.6 and in Dominia is 6.6 £SD 0.5(Gero et al. 2009)

Individuals weréddentified 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 whaleve, 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 sample®re collected while closely following focal

animals. If skinsamples were not from individuals that could be photographically
identified, we used samples from the same group on different \@dnesn that was not
possiblewe used samples on the same dawyT different encounters (to minimize the
charce ofre-sampling the same individualyvhile every precaution was taken to

minimize sampling skin from the same individual, all fecal samples were used, regardless
if multiple samples came from the same indiaal. Since sperm whales are highly

sexually dimorphic (Rice 1989), mature males are easy to identify in the field. Samples

12



from mature males (occasionally encountekeeie not included since their stable

isotope signatures would reflect the high latés where they are found (Rice 1989).
Calves were not included in the analysexzause they were assumed to be nursing, which
results innitrogen enrichment between mother and offsp(thgbson et al. 987,

Valenzuela et al. 20)0Soft tissue of cephalops (eg. pieces of tentacle or mantle)

found in proximity to sperm whale groups was also colleofgabrtunistically Samples
were stord in 70% ethanoéxcept for five whale skin samples that were stored in
dimethyl sulfoxide (DMSO) solution.

13
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Figure2.1 Map of study area showirigcations of collectedamplesn the Sargasso Sea

and of f Daepmdemsvhaleaskinsaimples colleetd. 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. eZimiythe
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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keysdeveloped bylarke (1986)although sometimes beaks couldybé 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 identificafibe.lbwer 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, thenidisurements of the

cephalopod beaks, were used to estimate wet weight {),and mantle length (mm),

of the squid using regression equatiforsHistioteuthisspp., Chiroteuthis
MastigoteuthisandBrachioteuthifrom Clarke(Clarke 1986)

2.2. 3 DNA Sequencing

For the cephalopod tissue collected opportunistically, regular identification using keys

was not performed becauseghéssue samples did not have enough distinguishing

features to identify the genus of cephalopod. However, total DN/Aemteacted
according to the AGI assmi kthld20Q8yA5t8desed | out |
pair fragmenibf the mitochondrial cytochroneoxidase subunit | (COIl) gene was

amplified using Polymerase Chain Reaction (PCR). The forward and revensesori

used were the universal COI primers listed in Foletel.(1994)

LCO1490- 5 6GGT CAACAAATC ATAAAGATATTIGG-30
HCO2198 5 6TAAACT TCA GGG TGA CCA AAAAATCA-3 0

The purified PCR product was sequenced, after which the raw sequemeesenifed

and corrected by eye, and aligned with the program BioEdit (Ha®1999) These

COl sequences from the unidentified specimens (the query sequences) were submitted to
theonlinesearch database within Barcode of LB®(D) andGenBank to compare
sequence® attempt tadentify 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 foundhevierest
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constrained options chosen. A successaliciesi ma t wahdefined as a sequence

return of 98100% identity match with a subject sequence based on the percent coverage
or overlap, as well the number of common bases relative to the total setpregtbheand
number of inserts when the query sequence was aligned with the subject sequence.
Numerous examples in the literature demonstrated thatspaeific divergences were

rarely found to be above 2%, and generally less than 1% (Avise 2000, Heddle 094,

Roe and Sperling 2007). Indeed, a study exami@i®| sequence divergence in33)
congeneric species pairs from 11 different phyla reported that 98% of the species pairs
showed greater than 2% sequence divergence (Hebert et al. 2@¥sumed 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 conEsstagnell

and Lindgren 200@and references thergir-or example, mean sequence divergence in
COl 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 sequencgedeer

across geographically isolated populationdlatitilusin the Great Barrier Reef and

Coral Sea, while as much as 10% COI sequence divergence was reported in populations
of the same species Biiprymna(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%
COl sequences divergence (Hebert et al. 2003). Theregfermso assumed that a query
seqience 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 otheestofimarine mammals
(Marcoux et al. 2007and cephalopod€herel and Hobson 2009)he 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 individifarel and Hobson 2005,
Cherel et al. 2009apll samples were dried at #for 24 hoursThe fiveskin samples
storal in DMSO solution were soaked and rinsed twice in distilled water before being
dried; this technique results in no significant differemcedrbon 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. 20Dipids were extracted from skin and
cephalopod tissue by soaking samples in a@liitisn of chloroform and methanol.
Samples were rdried and then groundto a homogenous mixture. It was not possible to
grind the beak samples. Instead these were cut into very small piecesmples (~0.25
mg) of each were analyzed for stable isetsfgnatures of carboii'¢C) and nitrogen

(U*N). Isotope ratios were measdiusing a Delta Plus continuous flow stable isotope
ratio mass spectrometer (Thermo Finnigan / Bre@emmany) coupled to a Carlo Erba
elemental analyzer (CHNS EA1108).

Stableisotope ratios are expressediinotationasp ar t s per devimtooofermand ( &)
standard material (Peedee Belemnite rock¥6rand atmospheric air forN), according

to the following equation:
ux = [(Rsample/ RStandara '1] x 1000

whereX is **C or N andRis the corresponding ratfSC/*?C or®N/*N. Samples were
run with standards interspersed every 8 samples and results were corrected to these
standardsAmmonium sulphate (IAEAN1 and IAEANZ2) were used as standards for
nitrogen and carbostandards were IAEAHG6 (sugar), EIL72 (cellulose) and EH32

(graphite)The error for standard materi al is N O

2.2. 5 Data Analysis

To examine th&ariability in stable isotope signatures of sperm wiski@ in the
Sargass&ea and Dominica, a generalized linear model with an tgidmik function was
used to examine the relationship betw&EN andi**C signatures and the following
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variables: location (Sargasso versus Dominica), year (nested within locatibg)caup
(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. RuizCooley (2004) found no difference in isotope signatures betaean

females and immature malé&datistical aalysis was performed on the two different

types of prey tissue (beaks and soft tissue) separately. A geadratiear model with an
identity link function wasagainused toexamine the relationship betwe&hN andi**C
signatures of beaks and the following variables: location (Sargasso versus Dominica),
genus/familyand size (LRL)t-tests were used to compare mé&aiN andi>C values

for sperm whale and squsbft tissues between the Sargasso Sea andnam

2.3 RESULTS

2.3.1 Hardpart Analysis

A total of 71 lower beaks§ from Sargass&ea 65 from Dominica) were collecteover

four field seasons in both study site§ which all but2 could be identified to genu@ver

four field seasons, the totalimber of beaks collected per observed defecation (beak rate)
was lower in the SargasSea(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 sigficant (t-test, t = 1.205,p = 0.273).The beaks collected from

sperm whales off Dominica comprised 7 generaereHistioteuthisspp. were most
frequent(percent occurrence = 894) followed byDiscoteuthig10.1%)(Table2.1).

Two generawereidentified from the Sargassseasample, with Histioteuthisspp. being

most commor{66.72%6) (Table2.1). The smallest cephalopsah the diet of sperm whales

in the Sargasso Sea and off Dominice&of the genuhiroteuthis(LRL = 3.4mm

from Sargass&ea 4.1+ 1.3mm from Dominica)There was no significant difference in
Histioteuthisbeak size for samples collected in the Sargass¢L&ta= 5.2+ 0.4mm)

and Dominical(RL = 5.1+ 0.7mm;t-test, §,=-0.324,p = 0.747). Beaks from the genus
DiscoteuthidLRL = 5.4+ 0.8mm),MastigoteuthifLRL = 6.6+0.5mm) and
OctopoteuthigLRL = 9.2mm)were only collected from Dominiqdable2.1).
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Overall, there were no significant or obvious éi#nces 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.

Table2.1 Summary of baks collected from fecal samples of free ranging sperm whales in the

Sargasso Sea and off Dominica Island in the Caribbean. Lower rostral lengtiL®ihwas
used to estimate mantle length (mm) and wet weight (g) accord@igrice (1986)

Sargasso Sea

Mantle length Wet weight
LRL (mm) LRL Range (mm) (9)
Genus/Family n % mean = SD (mm) mean = SD mean = SD
Histioteuthis 4 66.7 52+04 48-5.7 101.1+£8.5 219.8+38.1
Chiroteuthis 1 16.7 34 - 95.6 221
Unknown 1 16.7 4.8 -- -- -
Dominica
LRL (mm) LRL Range Mantle length Wet weight
Genus /Family n % (mm) (9)
mean = SD (mm)
mean = SD mean = SD
Histioteuthis 52 80.0 51+£0.7 28-6.6 98.6 £ 14.8 213.1 +64.3
Discoteuthis 7 10.8 54+0.8 46-6.9 - --
Chiroteuthis 2 31 41+13 3.2-5.0 111.7+£31.2 39.4+20.1
Mastigoteuthis 2 31 6.6 £0.5 6.3-7.0 191.3+£13.5 282.2+56.4
Octopoteuthis 1 15 9.1 -- 157.3 193.8
Unknown 1 15 -- -- - --

2.3.2 DNA Sequencing

A total of 20cephalopodissue samples (6 from the SargaSsaand 14 fom 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 GenBaBohbd Table2.2). Two of

these samples, which were collected in the Sargasso Sea, were matolubateoithis
dux(100% inBoLD and GenBank) an@ycloteuthis sirvent{99.85% inBoLD and 99%

in GenBank). The third sample, collected from Dormaniwas identified allistioteuthis
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hoylei(98.62% match ilBBoLD and 98% match in GenBank). However, this spesies
restricted to the Pacific and Indian oceans. Recdttlitoyleiwas reclassified and the
Atlantic form is now calledH. arcturi (Integratel Taxonomic Information System, 2011).
Therefore, it is believed that this thisgecimerwaslikely H. arcturi.

Fromthe other attempts to mattte query sequences within the search databases, three
further samples were identified to family with rélatconfidencgTable2.2). Two of

these tissue samples were from the Sargésaand were likely from the family
Lepidoteuthidae (92.51% BoLD and 92% in GenBank farepidoteuthis grimald)i

These two samples were likdlgpidoteuthisgramaldii as this is the only species

belonging to the Lepidoteuthidae familghethird sample, from Dominica, was likely

from the family Onychoteuthidae (89.61%BoLD and 89% in GenBank for
Onychoteuthis borealijaponi¢a Thus, there werao overlaps in species or family

between the soft cephalopod tissues collected in the SaigeaspoDominica.Finally,

while most of the other query sequences could not be identified, twelve of these had very
similar sequenceghose most closely match&mAncistrocheiruspp.andGonatopsis
spp.with about 84%)Table2.2). Furthermore, there was a mean sequence divergence of
0.76% (with a range of 1 to 12 base positions differing) betwegaiadl ofindividuals,
suggestinghat these individuals were the same spetiledy one which has not yet

been described in GenBankBoLD.
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Table2.2 The top taxonomic identification matches of the unknown diet tissue samples to known
spedes from within theBoLD 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 framkGenB

GenBank
Query Sample Search Top Identification Match . .% . Accession
Name Database Similarity No.

BSH3 BoLD Lepidoteuthis grimaldii 92.66

GenBank Lepidoteuthis grimaldii 92 AF000049
DHS24 BoLD Gonatopsis japonicus 84.62

GenBank Ancistrocheirus lesueuri 84 GU220397
DSH23 BoLD Gonatopsis japonicus 84.76

GenBank Ancistrocheirus lesueuri 84 GU220397
DSH35A BoLD Gonatopsis japonicus 87.91

GenBank Notonykia sp. 88 EU735378
DSH48 BoLD Gonatopsis japonicus 84.41

GenBank Ancistrocheirus lesueuri 84 GU220397
Sarg07_01 BoLD Architeuthis dux 100

GenBank Architeuthis dux 100 JF710644
Sarg07_02 BoLD Cycloteuthis sirventi 99.85

GenBank Cycloteuthis sirventi 99 AF000036
Sarg07_03 BoLD Gonatopsis japonicus 84.37

GenBank Ancistrocheirus lesueuri 83 GU220397
Sarg07_04 BoLD Gonatopsis japonicus 84.21

GenBank Ancistrocheirus lesueuri 84 GU220397
Sarg07-Squid02 BolLD Lepidoteuthis grimaldii 92.51

GenBank Lepidoteuthis grimaldii 92 AF000049
DSH08-02 BoLD Histioteuthis hoylei 98.62

GenBank Histioteuthis hoylei 98 AF000045
DSHO08-13A BoLD Onychoteuthis borealijaponica 89.61

GenBank Onychoteuthis borealijaponica 89 AB264120
DSHO08-17 BoLD Gonatopsis japonicus 84.28

GenBank Ancistrocheirus lesueuri 83 GU220397
DSHO08-18 BoLD Gonatopsis japonicus 84.25

GenBank Ancistrocheirus lesueuri 84 GU220397
DSHO08-21A BoLD Gonatopsis japonicus 84.25

GenBank Ancistrocheirus lesueuri 84 GU220397
DSHO08-27A BoLD Gonatopsis japonicus 84.62

GenBank Ancistrocheirus lesueuri 84 GU220397
DSHO08-31A BoLD Gonatopsis japonicus 84.62

GenBank Ancistrocheirus lesueuri 84 GU220397
D09-SHO02 BoLD Moroteuthis lonnbergii 88.33

GenBank Moroteuthis robusta 88 GuU112107
D09-SHO4 BoLD Gonatopsis japonicus 84.47

GenBank Ancistrocheirus lesueuri 83 GU220397
D09-SHO7A BoLD Gonatopsis japonicus 84.5

GenBank Gonatus pyros 83 GUQ072735
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2.3.3 Stable Isotopes

2.3.3.1 Sperm whales

A total of 73 skin samples (47 SargasSea 26 Dominica) were analyzed, representing a
total of 36 groups (22 SargasSea 14 Dominica). The model examining the relationship
between°N values and location, year and group was significantly better than the
interceptonly model (ikelihood-ratio test:X?; = 141.71p < 0.001). Thai™N
signaturesvere significantly affected by location ¥X= 36.74,p < 0.001) and group

(X251 = 166.52p < 0.001) but not yeaix® = 5.51,p = 0.138). Further investigation into
the effect of location ofi™°N signatures showed Sargag®sanimals had significantly
higheri™N signatures (13.2%D1. 04) t han Domi nID6 a 5tigsti mal s
t;1 = 8.72,p < 0.00% Figure2.2). This represents differenceo f 1 Th8rawas no
relationship found betwedi°N signaturesind longituderf = 0.032, N = 46p = 0.231).
There was a significant positive relationship betw#gN signaturesind latitude within

the Sargasso Se& € 0.226, N = 46p = 0.001); however, this relationship was driven by
five individuals in the same group, which had the five low&¥ of the Sargasso Sea
animals. When these individuals were exelddrom the analysis, no relationship was
found between™N signaturesind latitude i€ = 0.030, N = 41p = 0.276).

Themodel examining the relationship betwegfC values and location, year and group

was significantly better than the interceptly model (ikelihood-ratio test: X% =

233.93p < 0.001). Thai™*C signatures were significantly affected by locatify &

75.04,p < 0.001), groupX 21 = 440.44p < 0.001) and yeaix%; = 30.13,p < 0.001).
Sargass®@eaanimals had significantly lower>C signatures-(6.5+SD0 . 43 a) t han
Dominica animals-(5.3 +SD0 . 3 4-t&st,t;; =-12.63,p < 0.00% Figure2.2). To
furtherinvestigate the effects of year &HC signatures, we examined the relationship
between>C signatures and year for each study site using an ANOD&Spite a year

effect in our model itere was no significant differenceli’C among years for the

Sargasso Se#&{43=1.453,p = 0.241) or DominicaRz 2, = 2.024,p = 0.140).

22



16

® Sargasso Whale
O Dominica Whale
14 - A  Sargasso Prey Beak
A Dominica Prey Beak
B Sargasso Prey Tentacle
O Dominica Prey Tentacle
12 o X Sargasso Undigested Beak
;.g X Dominica Undigested Beak
A
g
= 101
a3
w
8 .
A
6 .
A
4 . .
-19 -18 -17 -16 -15 -14

5°C (%e)

Figure2.2 Individual "N andi™*C 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 (2@087) and off Dominica Island (2005, 20@009). 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 froradegaks Table2.3,
Figure2.2). There was no significant effect of locatidn §; = 0.215,p = 0.645) or size
(F141= 1.615,p = 0.211) oni™N values of squid beaks, but there was a significant effect
of genus K141= 4.946,p = 0001). Size did not have a significant effecttdfC values

of squid beaksH; 41 = 0.615,p = 0.437) but there was a significant effect of location
(F1.41= 126.681,p < 0.001) and genu&{4; = 8.111,p < 0.001). The i*N values for

beaks collected from fecal samples ranged
genusChiroteuthisbeing the most enriched'N = 9.5 +SD 1.G¢ )  @utaboteuthis
being the last ("N = 5 TaBl&2)3). However, stable isotope analysis was

performed on the lateral wall of ti@ctopoteuthisample because analysis on the wing

resulted in error and that sample was lost. Signatures of the lateratfieadt 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. TH&C values for beaks ranged freh 7 . 9 &l 4t. @ &
with Chiroteuthishaving the lowest™C signaturesif°C =-16.8 +SD1.1a ) Table

2.3). There was no significant difference betwe&iN valuesof Histioteuthisbeaks
collected in the Sargasso (6.8 + SDa0)3r Dominica (6.7 2£SD 0.8a ; t-test:t, =

0.195, p = 0.846), buti*C valuesof beaks were significantly lower in the Sargasso (

17.5 +SD0.3a ) compared to Dominical6.1 + SD 0.2 ; t-test:t3; =-11090 p <

0.001). Thedifference inli">N between sperm whasignatures ansignatures of beaks
collected from fecal samplesas 6. 4a f or

Sargasso sperm whe

Dominica whales.

Table2.3 Summary of isotope signaturesitiN andii>C of cephalopod bealcollected from
the fecal samples of freanging sperm whales in the Sargasso Sea and Dominica.

Genus/family Location n UiSN mean R?snge of Df?’C mean R%nge of
N SD ( G°N (a N SD ( 0°C (a)

Histioteuthis Sarggs_so 30 6.8+0.8 57t07.4 -175+03 -179t0o-17.3

Dominica 4 6.7+0.8 52t085 -16.1+0.2 -16.6t0-15.7
Chiroteuthis Sargasso - 1 10.4 - 179 -

Dominica 2 9.1+£0.8 8.51t09.7 -16.2+05 -16.5t0-15.8
Discoteuthis Dominica 7 6.8+14 5.7t09.7 -153+0.2 -15.6t0-14.9
Mastigoteuthis Dominica 2 78+1.8 6.61t0 9.0 -153+04 -15.6t0-15.0
Octopoteuthis Dominica 1 5.6* -- -15.0* --
Onychoteuthidae®  Sargasso 1 6.3 -- -17.0 --
Onykia®* Dominica 1 8.9 - -16.4 -
Brachioteuthis® Dominica 1 5.1 -- -15.3

* stable isdope 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 mesntediet. 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 collectiecthe Sargasso Seadsignificantlyhighert™N values
(11.3£SDO0.6a ) | ®Dcl bae; ttest tia= Do mi
2.814,p=0.11) and Sargasso Sea cephalopod tentacle samples were significantly lower
in "*C values{17.1+SD0 . 3&) t h a n15B#SMD n # tiest: b§=-7.815,p
>0.001). Comparisons between isotopic signatures of tentacles and beaks from both

t he (4.5a)

than samples col ni c.

locations showda greaterdifference of™>™N i n Sargasso
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Do mi ni c gFigurg2.20 &he trophic enrichment between sperm whales and
tentacles was 1.9a for Sargasso whales and
signatures of the tentacles with matches to species from the DNA sequsaoenas

follows: Architeuthis dux(Sargassoli®N = 1 *%C& & ,6 . Liicloteuthis sirventi
(Sargassoli®™N = 1 *C5 4,6 . 8 &Histiatedthis arcturiDominica) U*°N =

9. 6@%6C=-16.94. The isotopic signatures of the
family from the DNA sequencingere as follows: Lepidoteuthidae (both SargassoN

= 11.9 tRc=01.7.82 N 0.148, and Onyithox eu.tthd,dae
iCc=-16.24a.

Five tentacle samples still had a lower beak attached. Comparisons between isotopic
signatures showed thantacles were enrichedii™ from 1.0 to 6.9a co
beaks but the difference iti-*C between tentacles and beaks variéd.(8 8 t o 0. 58 &)
(Table2.4).

Table2.4 Comparison ofsotopic signatureg™N andi*C between the tentacle and beak of the
five individual cephalopods.

. . 15 » Difference in 13 » Difference in
Genus/Family Tissue type a°N (& GSN (&) ua"Cc (& itc (&)
: tentacle 10.6 4.3 -17.0 0
Onychoteuthidae beak 6.3 17.0
- . tentacle 11.0 3.9 -16.2 -0.4
Histioteuthis beak 71 -15.8
. . tentacle 9.7 4.5 -16.2 -0.9
Brachioteuthis beak 59 153
Onvkia tentacle 9.9 1.0 -15.8 0.6
y beak 8.9 -16.4
Unknown tentacle 125 6.9* -14.8 0.5
beak 5.6 -15.3
Mean
Difference 4.1 0.0

*stable isotope analysis was performed on the lateral wall
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2.4 DISCUSSION

2.4.1 Global comparisons of sperm whale diet

We usedhardpart analysis and stable isotope analysis, complemented by mtDNA

barcoding of cephalopod tissteexamine the dieof sperm whales in the western North

Atlantic. Hard-part analysis indicated thHlistioteuthiswas the most frequently observed
cephalopod genus in the fecal samplesperm whales in the Sargasso Sea and

Dominica although very few beaks were collecteain whales in the Sargasso S€he

mtDNA barcoding of cephalopod tissue also suggestdHistibteuthisspp form part of

the diet of sperm whales off DominicBheseresults are consistent with a study by Smith

and Whitehead (2000), who found that sperm whale diet in the Pacific, near the

Galapagos Islandgrimarily consisted ofistioteuthisspp. using harghart analysis of

fecal sampleOther sperm whale dietary studies using laad analysis from stranded

animals or from commercially harvest animals founthatHistioteuthisspp.were the

most commortephalopod species by frequency of occurrence in both the R&ddrke

et al. 1976, Clarke and Roper 1998, Evans and Hindell Z0@#)he Atlantic oceans

(Clarke and MacLeod 1976, Clarkeadt 1993, Clarke and Pascoe 193H9wever,

mMtDNA sequencing suggests that whatethe Sargasso Seaight be feeding, in part, on

larger, higher trophic level squid suchfgghiteuthis This is further supported by the

lack of beaks collected: eitherdb&k s of t hese | arger species a
collecting them are lower since far fewer large squid would need to consumed compared

to the numerous numbers of smallerHlistioteuthig squid.It has been suggested the

prominence oHistiotethisbeaks is a result of O6prey of p
smallerHistioteuthissquid may be found in the stomachs of other larger squid (Clarke et

al. 1988, Clarke and Paliza 200Zjhe fact that the cephalopod species collected near

groups of whkes in the Sargass®ea as identified through mtDNA barcoding of soft

tissues, were not represented inthedp@r t anal ysi s supports thi

Beak size range (LRL) and mean estimated wet weight dfidteoteuthiscollected in
the Sargasso (LRL = 4:8.7mm, wet weight = 219.8g) and Dominica (LRL =-2.8
6.6mm, wet weight = 213.1g) are smaller than samplésstioteuthis hoylecollected
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from fecal samples of sperm whales off the Galapagos (LRL-8.6rfim, mean wet
weight = 3519) (Srith and Whitehead 2000) and from the stomach contents of whales
harvested off Peru and Chile (LRL = 518.0mm, wet weight = 1145g) (Clarke et al.
1976). The smaller size could be explained by differences in species. Thzahard
analysis of the fecal sates would suggest that sperm whales in the Sar¢sssmnd
Dominica feed mainly on small squid (mantle lengths around 10Cat)€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 #dNAnsequencing results suggest, or
are oO6prey of pr e.Bycontrass all svidengessyyestslthabwhales ia )
Dominica are feeding predominantly on these small squid, which are likely schooling
and large numbers would need todomsumed. These differendaghlight 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
basinsii*N signaturesrbmthe two locations in thevestern NorttAtlantic (this study)

were similar to those found in the Gulf of Mexi€ol 2 . 3 a-Cool&wand £ngelhaupt
2010) However, "N signature®f sperm whales in thRacific Oceanwere generally
muchhigher, such as irChile(2 1 . IMarcoux et al. 2007) and tt@gulf of California

( 19 .Ru&ECooley et al. 2004(Table 2.5) Thedifferences in™N values between the
Atlantic and Pacifioceans are a reflection of differences in the predominant nitroge
cycling regime, which influences baseliiiéN signatures in the marine food w@hada

and Hattori 1991, Wallace et al. 2006) and ultimately different species compositions (e.g.
the occurrence db. gigasin the Pacific but not the Atlantic)
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Table2.5 Isotopic signaturedit®™N andi**C) of sperm whalesPhyseter macrocephalyis the
literature compared to this study.

~15

N mean  G**C mean

Location Tissue type (5) (%) Study
Sargasso Sloughed skin 13.2 -16.5 This study
Dominica Sloughed skin 11.3 -15.3 This study
Gulf of Skin (sloughed & 12.3 -16.6 (Ruiz-Cooley and Engelhaupt
Mexico biopsy) 2010)
Chile Sloughed skin 21.1 -16.0° (Marcoux et al. 2007)
Galapagos Sloughed skin 13.9 -16.0° (Marcoux et al. 2007)
Gulf of Sloughed skin 19.6 -13.8 (Ruiz-Cooley et al. 2004)
dmeani™C (a) for all Pacific (Galapagos and Chil e

2.4.2 Comparisons of sperm whale diet in the Sargasso and Caribbean

While the harepart analysis suggestthat the diet of sperm whales in the Sargasso Sea
was similar to those found off Dominica, the staisletope analysis suggesithat sperm
whales in the Sargasso Seay havea somewhadlifferent trophic ecology than

Dominica whalesThe difference in meaii™N valuesof sperm whale skin between
Sargasso Sea and Dominica Was Sh&her for sperm whalea the Sargasso Sea.

Mean enrichment ai*N for one trophic level is between 233. 4(Beniro and Epstein
1981, McCutchan et al. 2003), which is higher than the difference we observed between
whales in the Sargasso Sea and Dominica. However, Cherkelcdason (2005)

considered 1® 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 Iy factthati*°N values for cephalopod
tentacles collected from the Sargasso Sea
Dominica although our stable isotope results on the tentacles should be interpreted with
caution given the low sample siZéhe identification ofArchiteuthis 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 high&PN values in the Sargasso Seéanherent differences

in habitat. BroadlyiN in theocean tends to decrease with increasing latitude (Wada
and Hattori 1991). Takai et §2000)found thati’*°N andi™*C valueswere lower in
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squid muscle from highertitudes than lower latitudeblowever, within the western

North Atlantic, the pattern may be more compl#xN values of zooplankton is very low

in the southern Sargasso Sea and Caribf@ana ,)butthe waters of the nonbeg

Sargasso are likely influead by the more enrichef®™N values of the Gulf Stream (5.5

i 6 & YGraham et al. 2010). This pattern may explain Wi values of sperm whales

off Dominica were significantly lower than sperm whales in the Sargass®@Sedata

within the Sargasso Séaund no relationship betweefrN and latitude once the group

with overlapping isotopic sigatures 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 wideanging and feeding across habitats of varyiiy values, their diet

may not reflect the above pattern

In contrast, perm whales in the Sargasso Sea had aier values than Dominica

whales although the difference was sm@al1 . 2 &) .  Tehini'SC velies viag r e n ¢
also reflected in th&'C signatures of the prey samplés>C signaturesre typically

found to behigher in coastal marine ecosystems, such as off Dominica, in comparison

with offshore pelagic ecosystems such as the SargasgD&seo and Epstein 1978

Goericke and Fry 1994obson et al. 1994AIthough the waters off Dominica where

sperm whales were sampled cannot be strictly classified as coastal, these waters

experience increased productivity due to downstream turbulence(nghd Mahnken

1966and the O0i sl and mas s §Saredérfld8Areas(oChmh v and C
productivity have higheii*>C valuesthan less productive regions (Graham et al. 2010).

The difference ini™C between consumer and diet is generally very low, no thare

1a (Deniro and Epstein.1l19A8reMw&€eatohbyg atoO

difference in meaii>C values btween sperm whales in Dominica and the tentacles and

¢

beaks collected there. Sperm whales in the Sargasso Sea haidtiGearv al ues 0. 6

Q)

hi gher than mean tentacle values and 1.1
Interpretation ofi™°N signatures of predato(ahales) relative to signatures of their prey

(squid) requires information aft°N enrichment between predator and prey tissues.

Although N enrichment between trophic levels is typically £8.(fractionation values
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(difference int™N between predatand 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 valuesetween sperm whale skin and prey

(muscle and beaksje sparsel®N enichment values betweavhale skin and

cephalopod muscle tissuenge from2 . 7 a f ®rgigasd r §f@ Histioteuthids

and Ommastrephidaand 50a f o r D.gjiges(Ruiz-Cooley et al. 2004Ruiz-

Cooley and Engelhaupt 201@omparisons between whalkin andHistioteuthisbeaks
showedi’™N enri chment of 3.3& off (Matcouketaland 4.
2007) These fractionation valuesin acsa guide for the interpretation &f°N
differences observed between whales and their prey in the SarGasséaid1l . 9 a
relative to ampledbeaks and tentaclesespectively) and Dominica (46and1.7a

relative to sampletlieaks and tentacleespectively). tlis likely that the beaks collected
from the fecal samples of Dominica sperm whales represent the majority of their diet
quitewell. However, the larger difference i'N in the Sargasso between sperm whales
and beak¢ 6 . 4upgedthat these whalesere feeding mainlyn different species

than the species of beaks collectElis theory is supported by the mtDNA barcoding
results of the cephalopod tissue, wherelgysbecies of cephalopod tissue in the Sargasso
Sea did not match the identified beakBe beaks collected could be the prey of their
prey(a bias suggested by (Clarke and Paliza 20@t ynayhaveonly constitutel a small
portion of their diet. If Sargas Sperm whalewere indeed feeding at higher trophic
levels(i.e. larger squipithan Dominica animals, this would explain the lower rates of
beak collection in the Sargasdoe to faster sinking rates of large sibedksas well as
differential digestia rates, differences in rates of discarding the heads of the squids and
selectivevomiting of tissue or beak types/sizes

As mentioned previously, the proportion of lower beaks collected per observed
defecation in the Sargasso Sems lower (mean M9)than off Dominica (0.26)lthough
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 numbeetdcations = 172). The high

variability in defecation rate might be a reflection in the variability amongst individuals
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However, harepartanalysis alone may miss larger, higtrephic level cephalopods.
Simply relying on hargbart analysis of fecal sagies to examine diet of sperm whales

here would result in hiasedjncomplete picture of the foraging ecology for sperm

whales in the Sargasso S8table isotope analysis provides integrated dietary
information over a longer period of timat least upa 75 days (Ruiooley 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 tisswean 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 analysigydram@halysis and
mMtDNA barcoding to examine the diet of sperm whalkhis multitool 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 SargasswlS
the sperm whales off Dominica suggestat their diets, and by extension their ranges,
werelikely overlaping during some portions of the yedidure2.2). Isotopic signatures
have proven useful in understanding movenpatiterns and ecological niches of marine
organisms because different areas of the ocean have unique isotopic sigiéalleese

et al. 2006Graham et al. 2010}.ittle is known about the movement patterns of sperm
whales in the Sargasso Sea and whetieyr remain there yeaiound. 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 Darea or off the Azores. However, our data
suggest that this one group sampled in the Sargasso Sea likely spends a significant

amount of timen habitatssimilar to Dominica
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2.4. 3 Insights in to the cephalopod community in the western North

Atlantic

Cephalopods are important prey items for cetacé@terke 1996 and many other top
predatorgCroxall and Prince 199&lages 1996)Our capacity to study the feeding
ecology of these predators relies on our ability to properly identifyamg to specie

or genusand tointerpret the stable isotope dagad 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 contribeteveril

understanding of cephalopods in this region.

The limited number of cephalopod soft tissue samples from our study that could be
identified to species or familyrovidessome insight into the possible species consumed

by sperm whales in this remi. Architeuthis duxs a large, wide ranging cephalopod

(Guerra et al. 2011hat occupies the upper trophic level in cephalopod communities
(Cherel et al. 20091855uerra et al. 2010)0f our 23 soft tissue sampléschiteuthis dux

had the seventh higha8tN v al ue (10. 8&) . TArehitetithisghest i n
records occur where the abyssal depth plains meet shallower continental shelves and
include areas of deep canyons and char(@lerra et al. 2011)hese are areas of high
productivity. Our samplavas collected in the northern part of the Sargasso3Bea4{N,

- 61.93W), 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 tise samples had the second and third higif@stvalues (both
11.9a) of all t./©Oeeoktlesetsampléssvasicalectedaimiheinatsern
part of the Sargasso S&¥ (25N, -57.90W), while the other was collected further
southwest (35.3B\, -64.32W). Lepidoteuthidads described aslarge squid with a

mantle length reaching nearly 100€Woung and Vecchione 200% ery little is known
aboutCycloteuthis sirventihowever it has the fifth highe8®™ v al ue (11. 54&)
suggesting it is also a top predator within the cephalopod comm@iitige cephalopods

from the Sargasso Sea that could be identified through DNA sequencing, it was collected
the furthest south (33.11%, -67.46W).
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The trophic ecology oArchiteuthisandCycloteuthiscontrasts greatly witthat of
Histioteuthisspp., beals of whichwere most frequently observedthre fecal samples
from both regionsHistioteuthisspp. are weakly muscled andoderately size@Voss et

al. 1992)and occupy lower trophic levels within cephalopod communi@éerel et al.
2009b) In contrasta small number of beaks fro@hiroteuthisspp. were also found in
the fecal samples of sperm whales from both regions. These beaks had thelitighest
values of all beaks, despite being the smal@siroteuthisspp. occupied the highest
trophic levelof deepsea cephalopods in the Southern Ocean, with the second highest
U*°N value(Cherel et al. 2009bPue to their small siz&hiroteuthissp. beaks might be
missed when collecting fecal samp({&snith and Whitehead 2008hd might contribute

to a largr portion of the diet in both regions than the haad analysis suggests.

Since our prey samples consisted of both ceplbdlbpaks and soft tissue, an
understanding of how isotopic signatures differ between the two tissue types is important
in the inerpretation of our data. Different metabolic pathways exist between protein and
chitin structures, and chitin is depleted in nitrogen relative tq8@timmelmann and

DeNiro 1988) Since ephalopod beaks are composed of structural molecules like chitin
(Hunt and Nixon 1981Miserez et al. 2008)e would expect to selwer (>N valuesin
cephalopod beaksmpared tanuscle. Studies comparing*N signatures of
cephalopodnuscleand respectiviower beakgound an enrichment in thauscleof 3 -

4a (Cheel and Hobson 200%8nd 3.9 6.1a (Hobson and Cherel 2006). Furthermore,
Ruiz-Cooley et al. (2006) o und a 4 . 0 a Dasidiqus gighsvhiée Cherelfeto r

al. (2009afound a2.5t03. 5848 enri chment, suggesting a col
applied befre comparingi™N values of hard tissue to those from other tisGlerel et
al.(2009badded a v al ueiNvaluesof lBwer beakhe loweend of

our range oenrichment between soft tissue and bddks 0 t )pis I6werdhan the

above values. Thenited 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-partanalysis of fecal samples from frenging sperm whales in the Sargasso Sea
and off Domnica Island suggests thdtstioteuthisspecies dominate the diet of sperm
whales in both locations. However, stable isotope analggealedhat sperm whales in

the Sargasso Seaay be feeding, in part, on higher trophic level cephalopods compared
to sperm whales off DominicantDNA sequencing also suggested the sperm whales in
the Sargasso Sea are feeding on larger, higher trophic level Gixed.the low number

of lower beaks collected from whales in the Sargass@i@qiases associated with
hardpart analysisthis study demonstrates the value of usimgultitool approach to

study the diet ofarge whalesResults of the stable isotope analysis also identified dietary
overlap between some individuals of the Sargasso with all individuals of Dxanini
suggesting connectivity between these populations. Given thdagne epidermal

turnover ratesstable isotope analysig skin tissuegould prove useful in determining
movement patterns and connectivity among populatiosperim whalethroughot the

North Atlantic Ocean. Our study provides the only information on the feeding ecology of
sperm whales inrainfrequentlystudied areghe Sargasso Sea, and also provides insight

into the cephalopod community of thisgion
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CHAPTER 3

SEASONAL OCCURRENCE OF SPERM WHALE S
(PHYSETER MACROCEPHAL US) AROUND
KELVIN SEAMOUNT IN T HE SARGASSO SEA IN
RELATION TO OCEANOGR  APHIC PROCESSES

3.1 | NTRODUCTION

Top predators can be used as indicators of not only the health and status of marine
ecosystems but also changeshia 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 identif
management and carvation (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@ained 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 almgdance of top marine predat@r®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 indicatedby negative sea surface height anomalies (SSH&9 and Block 2010),

which can lead to increased primary and secondary productivity (Yoder 1985). Oceanic
processes associated with major currents, such as upwetliag aggregate top

predators (Block edl. 2011).

Sperm whalesRhyseter macrocephalpare 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)ydewéinly 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 strédatdin is
associated with areas of high primary or secondary producftvitjfand 1974, Jaquet

and Whitehead 1996, Jaquet et al. 1996) and topographic features, such as depth and
slope (Pirotta et al. 2011$perm whales were associated with wanerings of the

Gulf Stream(Griffin 1999, Waring et al. 1993¢yclonic eddies in the Gulf of Mexico
(OrtegaOrtiz and Mate 2006¥rontal zonegGannier and Praca 2007) and negative
SSHA (Biggs et al. 2006 the Mediterranean Sea.

Recent surveysQhager 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 193%he Sargasso Sea lies in the middle of the North
Atlantic and is baitered by ocean currents, such as the Gulf Stream to its Wesst.

warm, clear waters of the Sargasso Sea were described as some of the poorest on earth
(Blackburn et al. 1970), howevehe northern part of the Sargass®a experiences
increased productity due to the presence of eddies, rings and meaadscxiated with

the Gulf StreanfMcGillicuddy et al. 1998, Ortner et al. 197&ceanic fronts, currents

and bathymetry are some factors influencing the distribution and abundance of squid
(Bakun and Gske 1998, O'Dor 1992)Thus,eddiesfronts, meanderand coldcore

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 Chaiwhose major peaks rise as much as 4,000m above the abyssal
plain (Fig. 1).Nutrierts are transportedto the euphotic zone, thereby increasing local
production as a result gicreased turbulence, mixing and mesoscale eddissciated

with seamount§Oschlies and Garcon 1998, Wolanski and Hamner 1&&8)eral

studies have shown an association of marine predators with seamounts, such as large
tuna, billfishes and shar®orato et al. 2008, Worm et al. 2008pmmon dolphins
(Delphinusdelphig,Cor y 6 s s ICalaecttiadiomedgdgMdrato et al. 2008) and
beaked whales (Johnston et al. 20@8)f examination of sperm whale association with

seamountsdundno such associatigiMorato et al. 2008).
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Much of what is known about fae®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 neatands (Morato et al. 2008). With the exception of sperm

whale research conducted in the Pacific Ocean (Jaquet and Whitehead 1996, Jaquet and
Whitehead 1999), ansbmeoffshore work in the Atlantic Ocean (Waring et al. 1993),

very little is known about howceanographic 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 coduct small vessddased surveys in the Sargasso Sea outside

of the spring seasamnd shipbased marine mammal surveys for this region does not

exist. Thus seasonal varidity of sperm whaleoccurrencen this area is unknown.
Autonomous recording devicean overcome the difficulties of weather and remoteness
and provide the opportunity to examine the prevalence of sperm whales in this little
studied area throughout the year. These devices have been used successfully to monitor
the abundance and habitaewf other marine mammals elsewhere (Soldevilla et al.

2011). Although the depth of this area (ov&(®m) makes it difficult to survey using
submersible recording devices, Kelvin Seamount, part of the New England Seamount
Chain, provides a perfect platm 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 péaan important role in the distribution and

abundance of sperm whales in the SargassoMBeabjective 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 referredto@a8 p axp 6, was depl oyed on Kel v
(approx: 384 8 6 N>0 5 ® Bigure3.1) four times between May 2006 and June 2007
(1st deployment: May tlune2 2006, 2nd: Jun2-21, 2006, 3rd: November 2 2006ay

5 2007, 4th: May &lune 20 2007 Due tologistical constraintand severe weather, it

was not possible to deploy the pop for a second winter deployment (November to

May) or from July to November therefore, temporaiafaility could only be examined

from November to Junéhe popups recorded for two minutes every hour at frequencies
up to 5khz (first and second deployrjeiOkhz (third deployment) or 25khz (fourth
deployment). All recordings covered the range of sperm whale vocalizations (Madsen et
al. 2002).

38



_||Depth (m)
I 6.001-7,000
|l 5,501 - 6,000
I 5.001-5,500
1 4.501 - 5,000
I 4,001 - 4,500
I 3501 - 4,000
[ 3,001 -3,500
[ 2,001 - 3,000
= 1,000-2,0005%
[ ] 501 - 1000
/1 101 -500
[]1-100
[Jo

Y/

45°0'N

40°0'N

35°0'N

75°0'W 70°0'W 65°0'W 60°0'W 55°0'W

Figure3.1 Study area location showing the New England SeatnGbain and Kelvirseamount
in the western Nortitlantic Ocean, where an autonomous acoustic recording devicaifpop
was deployed to examine seasonal sperm whale prevalence in this area.

Weekly composite chlorophydl concentration (as a proxy for prary productivity) and

sea surface temperature (SST) data were downloaded fromMQUAS satellite images
(http://oceancolor.gsfc.nasa.gov/) for the period of study. AO®IS images provide
chlorophylta concentrations in mg-thand SST in degrees Celsiat a resolution of 4 x

4 km pixels. Chlorophylh and SST images were imported into a Geographic

Information System (ldrisi Andd&dition). Sea surface heightamaly (SSHA) and

geostrophic velocityamal v dat a wer e downl oadudate f rom Av
height productshttp://www.aviso.oceanobs.com/en/data/productsgsetaceheight

products/global/index.htihht a resolution of 28.7 x Z&m. These data were derived

from merged satellite altimetry measurements of four altimeters ¢lason
ENVISAT/ERS, GEosat Follovdn andTopex/Poselon interlased).Eddy kinetic
energy(EKE) is a measure of turbulence and flow of a region and can beagdehtify
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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 2BK® wascalculated using

the following formula:

EKE=1/ 2+v® (ub

where u and arezonal and mediangeostrophic currents components, respectiaaly

EKE is a deviation from the mean

The location of the poepp was digitized andia r e a | valteifamahlorophyHa
concentrationSST, SSHA and EKas calculated for that pixeébST 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 thekedbnd the
values of the i mmediate nei g(Bastman2d06).g cel | s
investigate regional oceanographic conditions at multiple saatk$o reduce the amount
of missing chlorophyla and SST data due to cloud cowe following values were
calculated for quadrants 222 km, 20x20km, 36x36km, 68x68km, 132x132 km and
260x260 kmcentered around the payp: mean chlorophyh concentration, mean SST,
mean SST slopand standard deviation of SST (as a measure of ocean temperature
variability). A temporal lag between sperm whale occurrence and SST and chloraphyll
concentation is expected, given the time needed for primary productivity to transfer to
top predators (Croll et al. 2005, Jaquet 1996). Thus, the values of chloraphyll

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). Eacimivwate

recording was examined acoustically and visually (using the spectrogram) for the
presence of sperwhale 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 (0.5s
1.0s) that can last for several minuféaquet et al. 2001, Madsen et al. 2002, Whitehead
and Weilgart 1990)

To examine the seasonal occurrence of sperm whales around 8eéarmount|

calculateda weekly proportion of sperm whales detectedr(per of tweminute hourly
recordings where clicks were detected) for each montded KruskaWallis test to
comparehe proportion of sperm whales detected among months using weeidgrtion

of sperm whales detected as the unit of analysis. Months were grouped into two seasons:
spring (ApritJune) and winter (Novemb&tarch) andhe mean proportion of sperm

detected for winter and springewecompared using a MarWwhitney U Test.

| modeled the response variablee€klyproportion of sperm whales detected) using a
Generalized Linear ModéMcCullagh and Nelder 198%) R. Proportional data was
modeled with a binomial distribution and logit link functiewis 2004) Themodel
included the following variablesnonth (treated as a factor), chloropkgitoncentration
SST,SST slope, SST standard deviatiS8iSHA andEKE. Including all thechlorophylk

a and SSTrelatedcovariates at the different spatsales (quadrant sizaipd tenporal
scaleqlags)would have resulted in instability due to the collinearity between the
variables. Therefore, ad hocgprocedure was performed to select the most appropriate
spatial and temporal (lag) scate use in the final model. Firdtran carelations tests

on the different spatial scales for chloropfythnd SST, to identify whether they were
correlated and if it was appropriate to use the scale at whitained the least missing
data Due tothesmall sample size, secoindr d e r  Ankoamiatiore@iterion (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 madelmodels
(GLM) containing the covariate at each temporal lagus®ti the lag with the lowest
AICc score in the final model. Once the appropriate spatial and temporal scales were
selected, a full model was fitteldused a manual backward stepwise approach. At each

step, a seriesf reduced models (containing all vdries 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 untiremoval of any variable caused the AICc score to increase.

3.3 RESULTS

A total of 6,505 hourly, Zninute recordings fim May 11 to June 21, 2006 and

November 2, 2006 to June 20, 2007 were examiednweeklyproportion of sperm
whales heard was significantly higher in spring (me&D = 0.51+ 0.21)compared to

winter (mea + SD= 0.16% 0.08)(MannWhitney U Testn; =17,n, = 20,U = 20.000 z
=-4.572 p <0.001)Figure3.2). There were strong differences in proportion of sperm
whales heard among montisadure3.3; KruskalWallis H(7)= 23.407, p =0.001).The
propation 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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Proportion of sperm whales heard

Season

Figure3.2 Seasonaproportion of sperm whales heard (mean = &k)ng 2minute recordings
from an autonomous recording device deplogedelvin Seamount (approx: 38 8 6 N; 6 4
056 W) f {JuneR008and November 2006 to June 2007. Weekly proportion of sperm
whalesheard was the unit of analysis, spring = April to Juviater = November to March.
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Proportion of sperm whales heard

]

Month
Figure3.3 Monthly proportion of sperm whales heard (mean + SE) from an autonomous
recording device deployezh Kelvin Seamount (approx: 38 8 6 N0 56 4/) f Jumen May

2006and November 2006 to June 2007. Proportion of sperm whales detected is the weekly
proportion of tweminute hourly recordings where sperm whale clicks were detected.

Popup recordings produced 36 weeks of dataich were linked to satellite derived
oceanographic data. Due to poor satellite coverage, chloroflddita could not be
obtained forfour weeks May 17-23, 2006 January 25-ebruary 12007, March 613,

2007, March 141, 2007. These weeks were excluded from the analysis, resulting in a
samplesize of 33 weeksThe chlorophylta concentrationn the cellwhere the pojup

was locatec&aindaverageaver12x12 km, 20x20km, 36x36km and 68x6&m, was not
always possible due to poor satellite coverage. However, mean chlofraphyll
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concentration at ttse scales were strongly correlated wituesat 132x132km (in cell:
r?=0.782, n = 23, p < 0.00yean at 1&xm: r>= 0804, n = 23, p <0.001; mean at 20
km: r?= 0841, n = 23p <0.001; mean & km: r= 0896, n = 3, p <0.001 mean at
68km: r*20.967, n = 23, p < 0.001This was also true for mean SS ¢ell: r* = 0.938,

n = 34, p < 0.001mean at 1Xm: r>= 0945, n = 34, p <0.001; mean atiad: r> =

0.963, n = 34p <0.001; mean &6 km: r>= 0968, n = 34p <0.00] mean at 6&m: r*-
0.990, n = 34, p < 0.001). Thusluesfor chlorophylta concentration, SST, SST
standard deviation and SST slaahel32x132km scale were included in the model to
retain the maximum sample size of 33 wedlss scale is roughly 66m 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 chlorapduyt! the

SST covariates resulted in the following temporal lags with the lowest #dGre:
chlorophylla concentration at a 4 week lag, SSTraBaveek 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 covariategan chlorophyia concentration4

week lag SST8 week lagSST slope 2 week 1agST standard deviation reattime,
SSHA and EKE.Thefinal model, after variable selection using AICc scores, retained
month, chlorophyHa at a 4 week lag anlKE as the best predictors to eajl the

weekly proportion of sperm whales heard. There wagraficantpositive relationship
between proportion of sperm whales heard and chloreploghcentration 4 week lag
(Spearmans correlations= 0.682, n = 17, p = 0.00@igure3.4) and proportion of
sperm whales heard and EK&pearmans correlation:¥ 0.578, n = 17, p = 0.015)
(Figure3.5).
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Proportion of sperm whales heard
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[chl] 4 weeks previously (mg*m-3)
Figure3.4 Relationship between mean propontiof sperm whales detected and mean
chlorophylka concentratiorimg-m®) in an are@6 km from popup (deployed on Kelvin

Seamount). Proportion of sperm whales detected is the weekly proportion-ofitwite hourly
recordings where sperm whale clicks wdetected.

46



Proportion of sperm whales heard

2000 4000 000 2000

Eddy kinetic En'é;éy [cmE*s-E.El.-

Figure3.5 Relationship between mean proportion of sperm whales detectedidy#inetic

energy (cr- s?) around thgop-up (deployed on Kelvin seamount). Proportion of sperm whales
detected ishe weekly proportion of twaninute 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 thevestern NorthAtlantic OceanThe ocairrence of sperm whales aral

Kelvin Seamount isariablefrom November to Aprilwith greater numbers oceing in

the spring (April to Juné1% compared to the winter months (November to March

16%) (Figure3.2). 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 ¢ee figures irsmith etal. (2012)).1 was not able to examine summer

occurrence of sperm whales in this area sinceypspwere not deployed between July

and October.

Few studies have examined the seasonal variability of sperm whale distribution and what
factors might be drivig 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 dstribution 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 piagyet et al. 2000). That sperm
whales were heard $equently during the springround Kelvin Seamoursuggests 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 @aueters as proxies for prey availability to

provide insight into the large difference in temporal distribution between spring and
winter months. In this study, month, chlorophgktoncentration four weeks previously
and eddy kinetic energy best explairiled variation in sperm whale occurrence, using an
AICc approach. Previous studies examining the relationship between odontocetes and
chlorophylla concentration have also found temporal lags of 4 weeks (Soldevilla et al.
2011). Our finding that primary pduction 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 etal. 2809)t hough, it ds been
correlations between physical graai® such as ckd concentration is higher at mid

trophic level communities than higlophic level communities (Renner et al. 2012).

There was a significant, positive relationship betwibemproportion of sperm whales

heard and chlorophyt concentratia four weeks previouslygure3.4) and EKE
(Figure3.5). Areas with high EKE indicate highariability and are defined by increased
turbulence associated with eddies, fronts and Gulf StreaandersStammer and

Wunsch 1999; Venaille et al. 201 These turbulent and/or boundary areas may attract
and concentrate a wide range of prey and@aated predatordlesoscale activity can

lead to important hotspots for enhanced phytoplankton activity (Falkowaki¥991,
McGillicuddy et al. 1998and fronts are important oceanographic features that aggregate
prey and marine megafau(Bost et al. 2009, Olson et al. 1994, Raymond et al. 2010,
Schneider 1990)ndeed, the distribution ;fome squid speciesiigluenced byEKE

(Chen et al. 2011)Consequently, sperm whales may also be attracted to these
productive habitats as a result of the increased probability of findingfwegxample,
aggregations of sperm whales in the northwestern Mediterranean Sadewiiih the
presence of SST fronts (Gannier and Praca 2007). Gulf Stream mesoscale eddies also
influence the distribution of other top predatdtsr example, higher swordfisXiphius
gladiug catch ratesire foundn the vicinity ofthermalfronts (Pocesta et al. 1993)uha
species aggregate in fronglstems (Laurs et al. 1984pabird densities at eddiase

much higheiat thermal frontshan in adjacent shelf and Gulf Stream wa(elaney

1986) and back-capped petreldterodrom hasitatpappeato have an affinity for the
inshore frontal boundary of the Gulf Stream (Haney b87

Although the diet of sperm whales in the Sargasso Sea is not known, some research
indicates that it includes the giant squidchiteuthis duk Cycloteuthis sirventnd
Histioteuthisspp.(Chapter 2. Very little is known about the deapater squid species in
this area, however, the Gulf Stream plays an important role in some othénoth

squid species. For exampléost-finned squid lex illecebrosug use theGulf Stream to
facilitate their migratior{Bakun and Csirke 1998, Mann and Lazier 2006, O'Dor and
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Coelho 1993)Bakun and Csirk€l998) proposed that adults spawn at the northern edge
of the Gulf Stream and egg masses, hatchlings and paralarvae dhifimibre warm

waters of the Gulf Stream (O'Dor and Coelho 1998 increased productivity as a

result of Gulf Stream meanders and eddtesibined with the seasonal life cycles of

cephalopods likely plays an important role in the prey of sperm whatless iarea.

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, whictvés lo 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 temperaturetheveamount

are cool (~18C) (Figure3.6). 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 occurrendhiattime of yearWinter movements of
sperm whales in the Sargasso Sea are not knowrthesebop-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 th 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 regfurm et al.(2003)stressed the
importance of ppminent topographic features in food stressed areas, such as the open
ocean. Skov et af2008)found that sperm whales had higher affinities to cezssmount

or crossfrontal structure along the migAtlantic Ridge. Athough Morato et a2008)

found @mmon dolphins were sighted significantly higher in the vicinity of the Azores
seamounts, they fourmb association between sperm whales and seamdina$ack of

a difference in sperm whale abundance with proximity to seamounts may be due to the
spatialscale examined in their study, which was 0 to ki@Ofrom the nearest seamount.
The distance at which seamouatsociated processes drive sperm whale abundance may

be greater than 1ddn. Sperm whales were one of the most frequently encountered
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marine mamal during their surveys of the Azores archipelago, suggesting this area is
important sperm whale habitat. FinalBichardsor(1981)examined how the New
England Seamounts influenced the Gulf Stream trajectory. He founddamgigude
meanders beginningt the New England Seamount Chain and small, localized eddies at
individual seamountsThus, the interactiobetween the Gulf Stream and the New

England Seamount Chamay also influenceperm whalgin this region.

Figure3.6 Mean weekly sea surface temperature (in real t{fmejpan + SEpver Kelvin
Seamount (approx: 3@ 8 66’0 5 6 W) f Jumer2008 and November 2006 to JRA7.
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