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ABSTRACT

The current knowledge and data gaps on the bioklwgy ecology of the sei whale
(Balaenoptera borealjsin the North Atlantic (NA) are reviewed and quéat. Topics
where investment is necessary to ensure the prop@agement of the species are
identified and suggestions are made in how to tadkita deficiencies. State of the art
ecological research methods are used to charaztdrz summer habitat of the sei
whale off New England and Nova Scotia, the migratimd foraging behaviour of the
species in the NA, and to investigate the plausybdf existing stock boundaries. It is
shown that research on the species has been stafgmamore than two decades.
Essential aspects of the sei whale ecology anddpohre still mainly derived from
whaling records. Movement patterns and winter ithigtion are not clear and great
uncertainty exists about the subdivision of the pbpulation in further biological units.
Abundance estimates in the NA are fragmentary astticted to a small part of the
known part of the species summering habitat. Ireiotd gain insight in the distribution
of the sei whale in the north-western Atlanticuanser habitat suitability model was fit
to presence-only data derived from aerial and siapd sighting surveys, opportunistic
sightings and whaling records. The model prediggb habitat suitability for areas of
known sei whale aggregation off New England and a\8cotia but also indicate that
other areas, especially along the shelf edge, $wtdble conditions for the occurrence
of sei whales in the summer. Further, the modeicaids that the sei whale and the
right whale Eubalaena glacialishabitats partially overlap in the studied regiahjich
can translate in possible competition for prey. ftigration of the NA sei whales was
investigated using satellite telemetry. Resultswslaomigratory corridor between the
Azores islands (Portugal) and the Labrador Sea @8)g the spring. A Bayesian
switching state space model was used to investisebehaviour of sei whales
monitored by satellite tags and it is shown thatlts comprises a foraging ground for
the species during spring and summer. The mostapielorigin of those sei whales is
the region south or southeast of the Azores, plyskiim wintering grounds thought to
exist off northwest Africa. The results of the stuthcovered unknown patterns about
the distribution, movements and habitat use of dbewhale in the North Atlantic,
providing new evidence essential to create plaesitypotheses about the stock

structure of the species.






SUMARIO

O estado actual da investigacao e lacunas de domér@o sobre a biologia e ecologia
da baleia sardinheirdBélaenoptera borealjsno Atlantico Norte (AN) sdo revistos e
guantificados. As areas de investimento necespare suportar a gestao da espécie sao
identificadas e séo feitas sugestdes para resdbf@iéncias de dados. Metodologias
modernas de obtencao e tratamento de dados Sdadds para caracterizar o habitat de
verdo da baleia sardinheira no Atlantico noroegtara estudar a migracdo e
comportamento alimentar da espécie no AN e parastigar a plausibilidade das
actuais areas de gestdo populacional. Os resul@elm®nstram que a investigacao
acerca da baleia sardinheira estagnou ha mais de diécadas. A maior parte do
conhecimento sobre aspectos essenciais da espéeiaise em dados da baleacdo. Os
padrées de movimentacdo e a distribuicdo durantewverno sdo virtualmente
desconhecidos e subsiste uma grande incertezaogaaekisténcia e identidade de
unidades populacionais no AN. As estimativas dendlocia sdo dispersas e
restringem-se a uma pequena parte do habitat d® e espécie. Para compreender
melhor a distribuicdo da baleia sardinheira no mit® noroeste, um modelo foi
ajustado a dados de presenca obtidos a partir idEm@mentos durante campanhas de
amostragem navais e aéreas, observa¢gfes opodasisticapturas nas aguas da Nova
Inglaterra e Nova Escoécia. O modelo prevé a exisdéte habitat favoravel em areas de
conhecida agregacdo da espécie no verdo, mas tamdéa a existéncia de outras
areas favoraveis, principalmente ao longo do talgdetinental. Existe alguma
sobreposicao do habitat da baleia sardinheira codwa daleia francaBHubalaena
glacialis), o que pode resultar em competicdo alimentar. yragdo da baleia
sardinheira no AN foi investigada utilizando teléri@e por satélite. Os resultados
demonstram a existéncia de um corredor migratoniweeos Acores e o Mar do
Labrador (ML). Um modelo probabilistico Bayesiane estados num espagcstate
space modglfoi utilizado para investigar o comportamento takeias, demonstrando
que o ML é uma area de alimentacdo para a esp&sidaleias vistas nos Acgores
provavelmente passam o inverno em regifes a sulsumeste do arquipélago,
possivelmente ao largo da costa ocidental africéaestudo permitiu identificar
padrbes desconhecidos sobre a distribuicdo, mowses utilizacdo de habitat da
baleia sardinheira no AN, provendo informacdo nevactualizada, essencial para a

criacdo de cendrios plausiveis sobre a estrutyral@aconal da espécie.
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FIRST CHAPTER

General introduction and dissertation organization
GENERAL INTRODUCTION

Whales and Man throughout history

Cetaceans appear in the fossil record during theefgy 52.5 million years ago (Mya),
and rapidly radiate to attain the peak in diversityring the middle Miocene
(approximately 16 Mya) [1]. After the Miocene, ocstan diversity decreased
progressively to the present 90 species (of whiob, @ river dolphin, is possibly
extinct) [2]. The extant cetacean are subdividetivim clades, the Mysticeti (the baleen
whales, with 14 species) and the Odontoceti (tlghexr whales, with 76 species), all

fully aquatic.

Due to the physical characteristics of their enwine@nt and macroevolutionary factors
most cetaceans became large in comparison to lamthmals, with whales attaining the
largest sizes in the animal Kingdom [3]. Among maagaptations to the aquatic
environment, cetaceans developed a thick sub-demdgbose layer that would
eventually be central in the ecological relatioattbvolved between those animals and

Man.

Their large size means that securing a whale cargasmrantees access to large
qguantities of meat, fat and raw materials. Thus ihot surprising that ManHomo
sapien$ and other hominids started exploiting cetaceana aesource already in pre-
historic times, initially opportunistically as rdsof strandings [4-7] but soon engaging
into active hunting and, in a sense, becoming poesl@f those animals [8-14]. Due to
the sheer size of the animals and the fact thatdhe strictly aquatic, cetacean hunting
is logistically and technically challenging and tativity probably played an important
role in technological development and seafaring $ome cultures [8,10,13,15].
Nevertheless, some whale species are markedly diffieult to capture than others,
due to a combination of anatomy and behaviouratitg that up to the 1860’s only a
few species were targeted by most whaling opersitibhose were the bowhead whale

(Balaena mysticet)sthe right whalesHubalaena glacialisE. australis E. japonicg
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the humpback whale Megaptera novaeanglide the gray whale Hschrichtius

robustug, and the sperm whal®@liyseter macrocephalupl6,17].

From the 11th Century onwards, starting in Eureg®ling evolved from a subsistence
activity to an extractive industry focused mostly @abtaining oil and baleen that were
used as raw materials for other industries [16,M]th industrialization whaling
captures became massive, numbering in the tef®osands, and started impacting the
sustainability of the targeted whale population8-2P]. The mechanization of vessels
and technological improvements in catching and gssinig equipment (introduced in
the mid-19' Century) opened the way to the capture of othecisg that were until then
logistically unavailable, giving rise to what isdwn as “modern whaling” [16,18].
Modern whaling was characterized by a rapid degtinghale populations, with species
being depleted successively according to theirtivelasize, from larger to smaller, a
reflex of the sole focus of the industry in oil guztion (larger species yielding more oil
per individual) [18].

Due to the important role of whales as marine gredacollapse of whale populations
caused by whaling is thought to have affected thectioning of ecosystems across
entire ocean basins and along the water column223-Most (if not all) whale

populations that underwent commercial exploitateme believed to still be under
recovery but increasing human and environmentasoures threaten that recovery for
some species/populations [28-30]. Thus, therelisraich uncertainty about how whale

populations will behave in the future.

Independently of the direction of population trenitlsctuations in whale abundance are
relevant not only at an ecological level, but alswler a socio-economic perspective
[31]. For example, substantial increases in whalpugations will result in sizeable

reductions of their prey and may directly or indthg affect many species currently
targeted by fisheries [23,32].

Yet, despite centuries of exploitation, we advanitieé in understanding the ecology
and ecological role of most whale species. As it b shown in Chapter Two of this
dissertation, some species (of which the sei whBl@aenoptera borealisis a
paradigmatic example) were essentially neglectednbgern ecological science. It is
thus clear that new approaches to studying whaikgg and to whale management are
of paramount importance. Some authors (e.g. [3dloghe extreme of suggesting that

studies on whale ecology might be more useful imletand ecosystem management

2



than estimation of whale demography. | disagred, lslieve that both approaches are

complementary and necessary at this stage.

The sei whale

The sei whale is one of the eight species in thmilljaBalaenopteridagthe rorqual
whales [2]. The taxonomy of the sei whale was a gem affair from the very
beginning. On February 21, 1819 a whale stranddtiégrshore of Holstein, Germany,
and was transported to Hamburg where it was on giglay during two months, until
the stench drove away even the bravest visitors @rtdan end to the profitable
business. It was only then that the eminent scHobtemn the University of Berlin Karl
Asmund Rudolphi acquired the decayed carcass aditdack with him to Berlin to
be studied. Rudolphi published his anatomical noteghis specimen in 1822 [33], but
erroneously described it 8alaena rostrataFabricius, 1780 — an early synonymous of

the common minke whalBalaenoptera acutorostrata

In 1823 Georges Cuvier referred to Rudolphi’'s speci as “Rorqual du Nord” but did
not use a binomial Latin name, and despite notexgial anatomical differences it is
unclear if he suspected that it should belong diffarent species [34]. It was not until
1828 that Réne Primevere Lesson converted the €aiwernacular designation of
“Rorqual du Nord” into Latin aBalaenoptera borealjsfinally coining the formal

binomial designation [35].

Regardless of his mistake, for a long time the BhgVernacular designation of the
species was “Rudolphi’s rorqual”, honouring thegoral describer of the holotype.
However, the vernacular name most widely used tsigdate the species is the
Norwegian derived "sei whale'Séjhva), in a reference to the arrival of these whales
upon the coasts of northern Norway at the same w®iethe“seje” or pollock

(Pollachius vireni

In the following decades after the descriptionhaf species, at least a dozen new similar
species and subspecies were described, but evgrdillaivere identified as synonyms
to the sei whale. Currently there are two subsga@eognized, although morphological
and genetic support for the southern-hemispherespadies is weak. The two

subspecies are:



- Balaenoptera borealis borealidesson, 1828 referring to the Northern
hemisphere sei whale. The holotype, the speciméacted by Rudolphi, was
stored in the Berlin Museum of Natural History lmifppresumed destroyed as a
consequence of bombings during WWIL.

- Balaenoptera borealis schlegelkilower, 1865 that refers to all sei whales from
the southern hemisphere. The holotype of this setiep is in the Leiden

Museum of Natural History.

Sei whales are around 4.5 m when they are borrwi&s other baleen whales, adult
females grow slightly larger than males with siz@sging from 13.4 to 19.5 m. Males
range between 12.8 to 18.6 m. The larger sizeattamed by the Southern Hemisphere
individuals. Adult weights range between 20 to 3tna tons [36]. They have a slender
body and lack complex pigmentation patterns. Thieydark grey over most of the body
and white on the underside. The body is often @Vevith round scars presumably

from cookie-cutter sharkssistius brasiliensis

The dorsal fin is tall and falcate, normally makiag angle with the back in excess of
45°, In some individuals the dorsal fin has onenore circular holes near the trailing
edge, possibly caused by burying parasites [37¢. rDistrum is somewhat pointed and
is slightly pitched, having a single ridge in th&ldie that runs from the splash guard of
the blowholes to the tip of the mouth. In the fialid at close range, the single ridge on
the head is the most reliable feature in distinguoig the sei whale from the very similar

Bryde’s whale, which has three ridges [38].

Sei whales have 340 to 350 plates of dark greyebalgith light bristles, measuring

between 75 and 80 cm in length. Some individuatshae some white plates near the
tip of the rostrum [38]. The ventral grooves (oeqik) that allow the mouth to expand
during feeding, end well before the navel, unlikénaiv happens in most other

Balaenopteriid whales (except for the minke wh§3é].

Despite their cosmopolitan distribution and havbeen heavily exploited throughout
the world by whaling operations, we are still iganatrof many aspects of the lives of sei
whales. Some whale species came under the focustesfse research over the last
decades for diverse reasons: for being highly epeladl; for having coastal habits
which increases study opportunities; for being icpfor being commercially exploited;

or for a combination of those. The sei whale daasfall into any of those categories.

Research on the sei whale in the past was mostijetl by whaling. When whaling
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came under intense public scrutiny, the sei whaleecout of the research spot-lights as
a result of the moratorium on all commercial whagliactivity declared by the
International Whaling Commission from the 1985—&@agic and 1986 coastal seasons
[39]. In the last decades, in the North AtlanticAjiN only few localized and short-
termed studies exist that focused on or includad $ipecies (some examples are

presented in the Second Chapter).

Currently any attempt for science driven managerérie species at the scale of the
North Atlantic is bound to be unsuccessful duehmlimited and obsolete nature of the

data.

This dissertation examines some aspects of thelsse ecology in the NA using state
of the art data collection and analytical techngjuehe motivation of the dissertation is
not only to contribute for a better understandifi¢he ecology of the species in the NA
but also to demonstrate that with modern reseachniques it is possible to properly
inform management decisions, even for intractapkcies such as whales. By careful
use of state of the art techniques | show howpbissible to obtaimuch out of littlein
order to improve our understating about the ecokryy ecological roles of whales and
to aid in the management of these animals and #wosystems in a cost-effective
manner. The results provide much needed informagioout the ecology of the sei
whale in the North Atlantic and show that similachiniques can be invaluable to the

study and management of other taxa facing the gmotdems of data scarcity.

DISSERTATION STRUCTURE

This dissertation is composed by four research telngpplus the General Introduction
and Discussion chapters. The research chaptersinegaded to stand alone as
publishable units and as a result some redundamdie introduction and methods
sections can be found. For the same reason, ne-meteyences are made between
research chapters, but references to publishedlarRress” chapters may be found in
the text.

By their nature, some chapters made heavy usdakrees. For the sake of readability
references are presented as numbered endnoteshtolesgpter using the PL0S style.

The Second Chapter,The forgotten whale: a bibliometric analysis antkedature

review of the North Atlantic sei whalddlaenoptera borea)is was published in



Mammal Review (DOI: 10.1111/j.1365-2907.2011.00%®and is presented as part of
this dissertation with acknowledgement to the cthvars, David Janiger, Monica A.
Silva, Gordon T. Waring and Jo&do M. A. Gongalves.

The Fourth Chapter, Assessing performance of Bayesian state-space sditigio
Argos satellite telemetry locations processed Wihman filtering has been published
in PLoS ONE (DOI: 10.1371/journal.pone.0092277) am@resented as part of this
dissertation with acknowledgement to the co-authii@nica A. Silva, lan D. Jonsen,
Deborah J. F. Russell, Dave Thompson and Mark Enigartner.

The Fifth Chapter, Sei whale movements and behaviour in the Nort#tlanferred
from satellite telemetty has been accepted for publication in Endange®pdcies
Research (DOI:10.3354/esr00630) and is presentegadsof this dissertation with
acknowledgement to the co-authors, Ménica A. Sigardon T. Waring and Jodo M.
A. Goncalves. Results of this chapter were alstuded in a working paper presented
to the 64 meeting of the International Whaling CommissiorieStific Committee
(working paper SC/64/RMP6, available from http:fiimt/iwc64docs), in the scope of
the discussion over a proposal by Iceland for tleeimplementation of a management

procedure for the eventual resumption of sei wiggtiy that country.
DISSERTATION OUTLINE

First Chapter: General introduction and dissertation structure

The First Chapter lays down the motivation of thesis, describes the form of the
dissertation and briefly introduces the aims angoliyeses of each of the research

chapters.

Second Chapter: The forgotten whale: a bibliometricanalysis and literature

review of the North Atlantic sei whale Balaenoptera borealis)

In the Second Chapter, | assess the state of the Eorth Atlantic sei whale research.
This chapter is more than a mere review of pubtistied unpublished information. By
using bibliometric techniques | show that reseanchthe sei whale is stagnant in
comparison to other similar species. | also clegdgntify the scientific production by
subjects and regions of the World, showing whem the greatest deficiencies in
knowledge and which are the more relevant issuessmlve for the proper management



of the species and the ecosystems it integratesedReh and management funding is
limited and understandably funding agencies wanm#&ximize the outcome of their

investment and restrict spending to solving esakptioblems. The approach taken in
the Second Chapter is the first step in tacklirgdhata deficiency problem posed by the
sei whale. By clearly showing that existing data sam whale is insufficient for its

management and laying down the most appropriats lof research that should be
followed to obtain that data, the Second Chaptekemaa better case in defending

investment on this species.

Objectives
2.1 To give an in-depth review on the state of dneon the North Atlantic sei

whale.

2.2  Provide a clear quantification of the knowledgethe sei whale biology and

ecology and research needs to inform managemeisiatex

2.3 Identify lines of research necessary to resthleadata deficiency.

Hypotheses

2.1  Existing data on the North Atlantic sei whaenisufficient and inappropriate for

its proper management.

2.2  Existing level of research on the North Atlargei whale is insufficient to solve

data deficiencies.

Third Chapter: Habitat suitability of the sei whale (Balaenoptera borealis) in New

England and Nova Scotia using presence-only modei

In the Third Chapter, sighting and whaling data emenbined to create a model of
summer habitat suitability for the sei whale offN&ngland and Nova Scotia. To
achieve that goal a Maximum Entropy algorithm wawpleyed to enable the use of
presence-only data. Pooling the data from seveoalrces and using low-cost
opportunistic data enabled the creation of costiefit and credible habitat suitability
maps. The study also unveiled overlap of feedinbitaes in the study region and
potential competition between the sei whale andeth@angered North Atlantic right
whale Eubalaena glacialis Finally, the model limitations are discussed and



improvements suggested so that it can be propeeyg when informing management

decisions.

Objectives

3.1 To assess the feasibility of using presencg-aata derived from distinct

sources to develop a habitat suitability modeltier sei whale.

3.2 To provide habitat suitability maps of the sehale to advance scientific

knowledge on the species and to inform managenemigidns.

Hypotheses

3.1 Presence-only data of sei whales is suffictenproduce a habitat suitability

model that performs better than random.

3.2 Summer habitat suitability for the sei whaleas homogeneous within the study

region.

Fourth Chapter: Assessing performance of Bayesiantate-space models fit to

Argos satellite telemetry locations processed witalman filtering

The Fourth Chapter has a more technical naturegdséntial to back the analyses made
in the Fifth Chapter. In the Fourth Chapter théafmlity of fitting Bayesian state-space
models (SSMs) and switching state-space modelsNISE® marine mammal satellite
tracking data processed with a recently releaseatitin algorithm (Kalman Filter; KF)

is investigated. This study is relevant since algitoSSMs and SSSMs have been used
to model animal movement and behaviour using aeroldcation algorithm (Least
Square; LSq), the implications of using these nodath the new algorithm were not
known and could lead to biased estimates of movemparameters and behavioural
states. The results presented in that chapter shatfitting SSMs and SSSMs to KF
derived data offer clear advantages over LSq derdata. Since the KF algorithm can
considerably increase the number of received postiand prolong the tracking
periods, the results presented in the Fourth Chapte of the upmost relevance to
studies where few messages are received, whicheapid many marine and dense

forest species.



Objectives

4.1  To assess the spatial accuracy of locatioms frindels fit to data derived from

LSq and KF processing algorithms.

4.2  To determine how spatial accuracy varies witkeovation frequency, temporal

resolution and reported precision of Argos location

4.3  To investigate how the quality of tracking daféected the similarity of the
output from SSSMs fit to LS and KF data.

Hypotheses

4.1  Spatial accuracy of locations from SSM mod#lsof KF processing algorithm

derived data is similar or better than from LSq\t data.

4.2  Data quality has the same effect in the acquoathe results from SSM models
fit to LSq and KF data.

4.3  Parameters of SSSM models fit to LSq and K& da¢ similar both for location

and behavioural estimation.

4.4  Fitting SSM models to KF derived data bringvaadages over LSq derived

data.

Fifth Chapter: Sei whale movements and behaviour inhe North Atlantic inferred

from satellite telemetry

In the Fifth Chapter satellite telemetry technologyused to gain insight in the
migratory and foraging behaviours of the sei whaléghe North Atlantic (NA) and to
address a management problem regarding the staoipasition of the population.
Using a Bayesian switching state-space model (SS@M)e tracks were reconstructed
and movement parameters were investigated to &fleaviour. The method enabled the
distinction of two discrete movement phases, cpoerding to migratory and foraging
behaviours. The study demonstrates that the Labr8da is an important feeding
ground for the sei whale and also resolved theironf sei whales seen in that region.
More importantly, the results presented in thehF@thapter offer unprecedented view
about the large scale movements of the sei whallanNorth Atlantic, challenging
some pre-conceived notions and offering much needémation for the proper

management of the species. The Fifth Chapter saisexample of the power of state
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of the art techniques in obtaining cost-effectimesaningful data that is useful both to
gain insight into the ecology of challenging spsciend to inform management

decisions.

Objectives

5.1 To investigate the migratory destinations aabaviour of sei whales seen off

the Azores.
5.2  To identify foraging areas for this species.
5.3  To identify wintering areas for this species.

5.4 To assess the pertinence of existing theomegpapulation structure for the

species in the North Atlantic.

Hypotheses
5.1 Whales seen in the Azores during the springas®uteto foraging grounds.
5.2  Known feeding grounds of the sei whale in tloethl Atlantic are discrete.

5.3  Migration of sei whales in the North Atlantgrestricted to movements along a
north-south axis, supporting a latitudinal struetgrof the population.

5.3 Satellite telemetry can be used to identify upible hypotheses about

movements and stock structure of whales to infornagement decisions.

Sixth Chapter: Discussion and Conclusions

The Sixth Chapter reviews the contributions of thissis to the overall knowledge on
the North Atlantic sei whale and makes recommendation future directions to
generate useful data for the proper conservatidheo§pecies.
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SECOND CHAPTER

The forgotten whale: a bibliometric analysis and kierature review of

the North Atlantic sei whale Balaenoptera borealis)

ABSTRACT: A bibliometric analysis of the literature on thei sshaleBalaenoptera borealiss
presented. Research output on the species is qadrdiid compared with research on four other
whale species. The results show a significant aszein research for all species except the sei
whale. Research output is characterized chronolihgiead by oceanic basin. The species’
distribution, movements, stock structure, feednegroduction, abundance, acoustics, mortality and
threats are reviewed for the North Atlantic, ané tleview is complemented with previously
unpublished data. Knowledge on the distribution amavements of the sei whale in the North
Atlantic is still mainly derived from whaling reads. Movement patterns and winter distribution are
not clear. Surveys in some known summering areasv sthat the species has changed its
distribution in parts of its previously known rand#ith the present information, it is impossible to
determine whether or not the North Atlantic sei lghpopulation is subdivided into biological
units. Abundance estimates are fragmentary andr @westricted part of the summering habitat. In
the North Atlantic, sei whales seem to be stenophsgfeeding almost exclusively on calanoid
copepods and euphausiids. On feeding grounds,areassociated with oceanic frontal systems,
but how they find and explore these structuresnioadeen fully investigated.

INTRODUCTION

The sei whaldalaenoptera borealiss the third largest member of tBalaenopteridae
family, after the blue whalB. musculusand the fin whal®. physalusand is one of the
least known mysticete whales. The species is coshtap, inhabiting the world’s
temperate to subpolar oceans, with generally apital distribution centred in
temperate zones. The populations in the North AidamNorth Pacific and Southern
Ocean are almost certainly separated, and mayrbeefusubdivided into geographical
stocks [1]. Sei whales are thought to undertake®®d migrations from low-latitude
wintering areas to high-latitude summer feedingugds. The locations of winter
calving grounds are unknown [2], and summer distidm on the feeding grounds
exhibits great year-to-year variability [3]. Thrdwaut their range, sei whales occur
predominately in deep waters. In feeding areasy thie most common over the
continental slope or in basins situated betweerk$9§2]. Sei whales feed primarily on
calanoid copepods and euphausiids, although swetatioding fishes and squid form an

important part of their diet in some areas [1].

Due to its smaller size, interest in this specieshie whaling industry was low until the
1950s. After the decline of more valuable specigshsas blue, fin and humpback

whalesMegaptera novaeanglia¢he whaling industry started targeting smallexcsgs,
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particularly sei whales. Subsequently, sei whalesewheavily exploited throughout
their range and populations decreased drasticdlly Despite a period of intense
commercial hunting, and a subsequent declarationthgy International Whaling

Commission (IWC) that the management of all whadpypations was dependent on
comprehensive knowledge of their ecology [4], ditthformation existed on essential

aspects of sei whales’ life history and ecology.

By the end of the 1970s, it was recognized thaintf@mation available on population
dynamics of sei whales and Bryde’'s whalResedeniwas insufficient for their proper
management, leading to a special meeting on thesaes in 1977 [5]. Knowledge on
the two species increased following that meeting bubsequently, research interest
diminished. With the onset of a moratorium on whglduring the 1985-86 pelagic and
1986 coastal seasons, most of the research effibiéds to other species such as right
Eubalaena glacialis, E. australisiumpback, blue and fin whales. In addition, more
research effort was put into studying minke whd@escutorostratathe only species

still killed in significant numbers for scientifand commercial reasons.

In addition to the low level of scientific and corarnial whaling interest in sei whales,
the costs of studying cetaceans associated witlgjeehabitats hindered research on the
sei whale. Sei whales are also difficult to distiistp from Bryde’s whales where the
two species’ ranges overlap, and are often mistdkerfin whales, impacting our

understanding of the species’ distribution and pefpan size.

Joseph Horwood wrote an influential monograph angpecies in 1987, summarizing
all the knowledge accumulated on the sei whalbabdate, which became the foremost
reference on the population biology of the spediespite the depth of that work, the
author stated in the concluding remarks that gjtabvious that many aspects [of the
population dynamics] can profit by more research], [after which he indicated

directions for future research. Despite Horwooddyviee, and possibly due to the

persistence of the reasons mentioned above, séé\wwearch has advanced little since

then.

As in other regions, research on North Atlantic wbales has been closely linked to
whaling. Although commercial whaling ceased in Marth Atlantic in 1988, most of
the literature available still relies on whalingaaand scant new information has been

published since whaling ceased.
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This review has three main objectives: (i) to utalex a bibliometric analysis in order
to quantify the evolution of research on the seaMhwith emphasis on the North
Atlantic; (i) to summarize the state of knowledgbout the species in the North
Atlantic, by reviewing historical data, correctisgme previous reports based on more
recent knowledge and reporting the research pratlucehe last 20 years, including
new unpublished data; and (iii) to identify knowgedgaps and further research needed

for the proper management of this species.

MATERIAL AND METHODS

Bibliometric analysis

The Marine Mammal Database and Digital Library lné Natural History Museum of
Los Angeles County (hereafter designated as MMD)s wesed to search for
publications. This database was chosen becauseoia of the most comprehensive
literature databases specialized in marine mammaidls, 52039 entries at the time of
accession (28 July 2010). Records in this datatiaseback to 1665, but there are great
temporal gaps between entries until the mid-19titweg. To avoid bias due to a poor
representation of older references, the searchresiscted to records published after
1860.

To enable comparison of the results with those feamilar species, search included
publications on blue, fin and humpback whales ak agon the two forms of minke

whalesB. acutorostrataandB. bonaerensisThe results for the two species of minke
whales were combined due to the difficulty of safiag them in works published prior

to the late 1990s. The database was filtered bkitlog/n vernacular English names as
well as the current scientific denominations anglosyymia for each species in the Title,
Keywords and Abstract fields. Even though the methm@y miss some entries, it was
considered that these false negatives are negligibthe scope of the total number of
references detected. Moreover, concerning the cosgmaamong species, there is no
reason to think that the method favours the detectif any specific species in the

literature over the others.

The database includes several types of contribsitidout only peer-reviewed
publications and scientific books or monographs ewaonsidered. Conference

proceedings, book reviews, non-peer reviewed teahnireports, unpublished
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documents, unpublished theses, popular articlessandar were rejected. Duplicates
and false positives (e.g. under ‘sei’ results sash'seismic’, ‘seining’, hosei, etc.)

were eliminated from the resulting bibliographistiings. Known mistaken species
attributions (e.g. the Bonin Islands Bryde’s whaileat were wrongly reported as sei

whales for a long time) were also eliminated frdma listings.

Each publication on sei whales was then assigneduiesique oceanic basin, whenever
that information was available (North Atlantic, SlmuAtlantic, North Pacific, South
Pacific, Mediterranean, Indian Ocean and Southerea®). Publications dealing with
more than one of the above ocean basins or withaglgignificance (e.g. some
physiological studies) were assigned to a ‘worlditegory, and those with no
information on oceanic basin were classified akhawn’. Subsequently, descriptors
were assigned to each publication according tartaan focus of the publication. The
descriptors used were as follows: phylogeny, angtguhysiology, feeding ecology,
reproduction/social ecology, distribution/movementstock structure, acoustics,
population assessment/management, pathology/natnoatality/ threats, molecular
biology/genetics, age determination/growth. As sulteof the overlapping nature of
some of the descriptors and depending on the fotdise publication, more than one

descriptor could be assigned to the same publitatio

All publications were considered as having equalghte since the investigation
regarded research activity, not the influence divildual publications over the subjects

investigated [6].

The main bibliometric indicator of production usecs Price’s Law on scientific
literature growth. This law is the most widely usedlicator for the analysis of
productivity of a specific scientific field, andasés that scientific production follows an
exponential growth [6]. Failure in the fulfilment this postulate indicates either that (i)
a field has reached a saturation point in whichgtevth changes from exponential to
linear and can ultimately decrease steadily towaeds or that (ii) artificial boundaries
preclude the assignment of adequate resourceset@ritgress of the subject under

investigation.

A second indicator used in the present analysitkasnational participation index (PI)
for overall scientific production. The Pl was cdated as the ratio of the number of
publications per million people generated by counand the total number of

publications on the subject for the period. Onlg fead author was considered for
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country assignment of each publication since inynarblications the affiliations of the
co-authors were not mentioned. To calculate the bmunof publications per million
people, the mid-decadal country populations wetanased using the average of the
fifth and sixth year of each decade. All demographivere obtained from the U. S.
Census Bureau except for the years 1880—-89 tha demived from the Great Britain
General Register Office [7].

Literature review

The literature review included reports from pubdéidhmaterial and ‘grey literature’ from
the MMD and from other sources, including the atth@ersonal and other scientific
libraries. In some cases specialists were contdotegtlevant unpublished information
on North Atlantic sei whales. Whenever possibleecggs confusion between sei and
Bryde’s whales was investigated. Problematic idieations are discussed in the text,

especially with regard to whaling statistics.
RESULTS

Bibliometric analysis

At a global level, a total of 261 publications weletected on sei whales, 332 on blue
whales, 515 on fin whales, 867 on minke whales3&¥on humpback whales.

Research output was negligible prior to the 194@kteas increased more for the other
species than for the sei whale in the last 20 y¢aigure 2-1). In order to assess
whether the scientific output for each of the spedollows Price’s Law of exponential
literature growth, linear and exponential modelsen#ted to the data. Only data from
1940 onwards were used to coincide with the inigi@wth of scientific literature on

these species.

Except for the sei whale, there was a significartwgh in research output for all
species, and the exponential model best explainad growth (bluer®. 0.52; fin r:
0.63; humpback? 0.75; minker? 0.75;P < 0.05 for all species). In some cases, the
exponential and linear models both had a clodeirards the last 20 years, indicating a

change from exponential to linear growth as predidiy Price’s Law.
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Figure 2-1: Numbers of peer-reviewed publicationssei, blue, fin, humpback and minke whalesha
Marine Mammal Database and Digital Library of thattfal History Museum of Los Angeles County, by
decade, between 1860 and 2009. Closed circleswisaie; open diamonds: blue whale; crosses: fin
whale; open squares: Minke whale; open circles:ghank whale.

For the sei whale, research output is almost stdgaad the Price’s Law postulate is
not fulfilled (Linear modelr? = 0.014;P > 0.1. Exponential modet? = 0.08;P < 0.01;
Figure 2-2). The data points from 1977 to 1978 responding to the outputd the
IWC special meeting on sei and Bryde’s whales) vigeatified as highly influential on
the fitting of the models by an analysis of reslduand new models were fitted without
those data. In the new models, the valueg¥avere still low, indicating that most of

the variance remained unexplained (Linear madet 0.09;P < 0.01. Exponential

modelr’=0.13;P < 0.01).
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Figure 2-2: Numbers of peer-reviewed papers owsgiles published per year. Linear and exponential
models were fitted to the data to check for conmgi@awith Price’s Law on scientific literature grdwt
Linear model (thick line): y = 0.0318x-58.298 € 0.014;P > 0.1). Exponential model (narrow line): y =
1-11€0.0125xr€ = 0.08;P < 0.01).

The distribution of publications by ocean basimpissented in Figure 3. Nearly one-
third of the literature refers to the Southern (geahich can be explained by the
importance of the modern whaling activity which dm®ped there [8]. Research
concerning the North Atlantic sei whale is docureénin 56 publications (21% of the
total number). Half of those publications (28) wegneblished after 1986 (when the
whaling moratorium established by the IWC came #iect), but 50% (14) of those
either used whaling data or were focused on manageifor whaling, showing that
only half of the recent research on the North Attasei whale is independent of

whaling.
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Figure 2-3: Peer-reviewed publications on sei whadte the Marine Mammal Database and Digital
Library of the Natural History Museum of Los Angel€ounty, USA, by ocean basin (Ocean% of
total). Ocean basins: IND, Indian Ocean; MED, Med#nean; NA, North Atlantic; NP, North Pacific;
SA, South Atlantic; SP, South Pacific; SO, South@oean; W, World; Unk, unknown.

The research output in subject categories by oteam, and for North Atlantic sei
whales by decade, are presented in Table 2-1 abkk Pa2 respectively. The subjects
that have received the most attention are relatedhtling (distribution and population
assessment/management). Almost one-third of thécatibns on anatomy (30%, 13
publications) and almost half of the publicatiomsdistribution and movements (45%,
31) relate to the North Atlantic but, in contrastiatively few publications exist on vital
parameters such as age determination and grovpitgdection and natural mortality of
the North Atlantic population.

Distribution/movements is the only subject for whithere has been a clear increase
over the years, in investigations on the North @tiasei whale (Table 2-2). In fact, it is
the only subject that appears to have grown expgalgnin accordance with Price’s
Law since the 1940s, although that result was baseda reduced sample size
(exponential curve equation y = 0.57%7%&* r*=0.77,P < 0.01,n = 31)
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In the North Atlantic, although researchers froma thnited Kingdom and the United
States produced most of the publications on theveale during the period 1880-2009
(17 and 13, respectively), Iceland and Norway hiager Pl values (1.97 and 0.07,
respectively; Table 2-3).

In the last 20 years, the distribution of publioas has tended to be more balanced
between nations, although the PI values vary wideky to different population sizes. It
Is not surprising that the nations listed in Tabl@ were all involved in commercial sei
whaling in the North Atlantic at some point in timwith the exception of the
Netherlands (represented by a single publicatiora stranding). Conversely, all the
nations involved in commercial sei whaling in therthh Atlantic are represented in that
table, except for Ireland, since whaling was comeldicinder the British flag before the

Anglo—Irish treaty and ceased after that treaty.
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Table 2-1: Scientific literature production (numinépublished papers) on sei whales, by subjectgmtean basin, for the period 1860-2009

Pathology/
Population  natural Molecular Age
Feeding Reproductiomistribution/ Stock assessment/ mortality/ biology/ determimdtio
PhylogenyAnatomy Physiologyecology social ecologgnovements structure Acousticsanagement threats genetics  growth

Indian Ocean 2 2
Mediterranean 1 1
North Atlantic 3 13 3 11 6 31 8 2 11 3 3 2
North Pacific 2 6 4 10 4 8 6 3 6 3 1
South Atlantic 1 1 1
South Pacific 1 1 5 1
Southern 6 5 10 17 17 7 2 35 5 7
Ocean
World 5 18 30 6 6 5 4 7 5 7
Unknown 2 1 2 2 4 1
Total 10 43 42 41 35 69 27 7 63 19 11 9
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Table 2-2: Scientific literature production (numioépublished papers) on North Atlantic sei whalgssubject and by decade

Pathology/
Population natural Molecular Age
Feeding Reproduction/ Distribution/ Stock asseent/ mortality/ biology/  determination/
Phylogeny Anatomy Physiology ecology social ecglogiovements Structure Acoustics management threatsgenetics  growth
1880-89 3 2
1890-99
1900-09 1
1910-19
1920-29 1 2
1930-39
1940-49
1950-59 1
1960-69 1 1
1970-79 2 1 2 2 6 4 4 1
1980-89 5 1 2 3 1 2 1
1990-99 2 1 2 2 6 2 4 1 2
2000-09 1 5 2 10 1 2 1 2 1
Total 3 13 3 11 6 31 8 2 11 3 3 2
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Table 2-3: Distribution of publications on the NoAtlantic sei whale among countries, by decade

Canada Denmark and Greenland Iceland Netherland Norway Portugal Spain United Kingdom United States
1880-89 3  (0.028)
1890-99
1900-09 1 (0.012)
1910-19
1920-29 2 (0.009)
1930-39
1940-49
1950-59 1 (0.006)
1960-69 1 (0.005)
1970-79 3 (0.012) 1 (0.018) 1 (0.023) 1(0.003) 2 (0.003) 3 (0.001)
1980-89 2 (0.007) 1 (0.018) 1(0.379) 1(0.002) 6 (0.010)
1990-99 1 (0.003) 4 (1.362) 1 (0.021) 2(0.005) 2 (0.003) 1 (0.0003)
2000-09 2 (0.024) 1(0.226) 1 (0.004) 2 (0.029) 1 (0.006) 4  (0.004) 4  (0.001)
Total 6 (0.022) 4 (0.060) 6 (1.966) 1 (0.004) 4(0.073) 1(0.006) 4(0.010) 17 (0.048) 13 (0.035)

Values in parentheses correspond to the natiomttipation index, calculated as the ratio of thenter of publications per million people generdigaountry and the total number of publications on
the subject for the period.
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Literature review

Taxonomy

In the last three decades, our understanding @fceah origins has rapidly advanced
with data from diverse fields such as palaeontgl@natomy, stratigraphy and, more
recently, molecular biology [9]. Immunological amsinino acid comparisons made
between the 1950s and the 1990s suggested a dlad®nship between the clades
Cetacea and the Artiodactila [10], supporting edmypotheses about the association
between these two groups based on morphologica [ddt,12]. Traditionally, the
Cetacea clade has been grouped as the Order Cetadeaost of the post-1994
molecular studies have placed the cetaceans nesteid the artiodactyls, leading to
the fusion of these two clades into the Order Qetdactyla [9,13]. Despite the
molecular evidence, reference to the Order Cetacatill widespread among marine

mammalogists both for convenience and in the istesBtaxonomic stability.

Classification within the Cetartiodactyla is stitht fully resolved [13-15] and the clades
Mysticeti (baleen whales) and Odontoceti (tootheldahs), usually referred to as

suborders by marine mammalogists, have not yet tzedwed [9].

Despite the intense recent activity in cetaceanqgeny research, few researchers have
dealt specifically with the sei whale. Two subspscwere proposed by Flower, the
northernB. borealis borealisand the southerB. borealis schlegellforms, but both
morphological and genetic support for a Southermidphere subspecies are weak
[16]. In contrast, a maximum parsimony phylogeny b@Efleen whales revealed a

strongly supported (bootstrap supp®@5%) clade for North Atlantic sei whales [17].

A prioritized list of species in need of furthexémomic research was produced at a
cetacean taxonomy workshop held in April 2004 [1Bhe list was based on both
taxonomic uncertainty and conservation status,taxa were ranked in three categories:
high, medium and low priority (for taxonomic resd@c The two forms of sei whale are
listed under medium priority, both due to taxonornuiecertainty and conservation
status, indicating that the taxonomic status ofsihecies is still not completely resolved

and that taxonomic research is needed.
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Distribution and movements

In most contemporary references, the main souragf@imation on the distribution and
movements of the sei whale are records from thelimhandustry [1,2,19]. These
records, in the majority, reflect the preferred i areas, which were chosen based
on several factors including a preference for knayounds, the presence of other
favoured species, proximity to land stations arel/ailing weather conditions. As such,
these data do not reflect the entire distributibthe species and, in some cases, may no

longer be accurate.

The whaling records, however, document the oceanwdistribution of the species. Sei
whales seem to prefer offshore, temperate wateissaldlom venture into the colder
waters of the polar seas ([1,2]), although largehviduals enter colder waters [20].
Influxes into inshore waters may occur apparentlyresponse to prey distribution
[3,21,22].

Sei whales undertake seasonal migrations from &iittile breeding grounds to high-
latitude feeding areas in both hemispheres [1]. I8VFeeding areas are fairly well

defined in all oceans, the locations of breedirgaaremain unknown.

Catch data from the Southern Hemisphere and Natifi® suggest that migration is
structured by sex and age class, and that prefgraales lead the migration both to and

from the feeding grounds [23-28].

Historical distribution

Eastern North Atlantic

In the northeastern North Atlantisei whales were first captured with the onset of
modern whaling in Finmark, in northern Norway [dY,3Thereafter, modern whaling
spread to other areas, and land stations wereedré@atnorthern and western Norway,
the Scottish islands (Orkney, Shetland and the ideby, the Faroe Islands, Ireland,
Iceland, East Greenland, the Iberian Peninsula aodhern Morocco [3,31-34].
Descriptions of sei whale distribution and moversemére largely based on the records

from these stations.

Ingebrigtsen [35] is still widely cited to descritiee apparent spring—summer migratory

sequence of sei whales in the northeastern Nordm#d (e.g. by [1,2,26,36]) despite
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the fact that his assumptions remain unverifiedcokding to Ingebrigtsen [35], sei
whales wintered in the southern part of the Nortlaitic, possibly off southern Spain
and Portugal and northwest Africa. They then mapatorth up the mid-Atlantic and
off the western continental slope of Europe to #neas around Iceland, Scotland,

western Norway, and Finmark, and as far north as Bdand and Spitsbergen.

The timing and extent of sei whale movements thihowgstern European waters has
always displayed great seasonal and inter-annuctiutition. Reports of years in which
unusually large numbers of sei whales occur in ea,aoften followed by their

disappearance from that area for several yearg, been termed ‘invasion years’ [3].

Sei whales were captured along the shelf edgesdrthe Scottish islands, from April
to October with a peak in June [1,31,33]. In Norwagi whales first arrived at the
waters off Mgre, in the west coast, as soon as Agel or early May (but more
commonly in mid-May). Sei whales were captured etd® shore in the beginning of
the season, between May and June, apparently moffisigore towards the end of the
season [3]. In Finmark, they were captured mostiynfthe western coasts (although
they were also captured to the east in smaller rushlfrom mid-May to August, with
the largest catches in June [29,30,37-40]. In 1885 whales seem to have made an
incursion in great numbers east of the North Capever 700 were captured by
Norwegian and Russian whalers [41]. In Iceland vd®ales first appeared in late May
or early June; the peak catches occurred in AuguSeptember [1,3,42].

Off the Iberian Peninsula, sightings of sei and d&'g whales are reported from
logbooks of sperm whaling expeditions in the Ndktrantic in the 19th century, in the
Atlantic side of the Straits of Gibraltar but, &ettime, they were not taken [43].
Sanpera and Aguilar [34] reviewed whaling off tlherian Peninsula during the 20th
century and described three major whaling grouefflsnorthwest Spain, off central
Portugal, and in the Atlantic side of the StraitSGibraltar. Sei whales were reported
from the northwestern Spain and Straits of Gibrajtaunds, although some confusion
over the species identification still persiststHa 1920s, sei whales were declared in the
catch from the Straits of Gibraltar in small nunshdyut the distinction between sei and
Bryde’s whales may be unreliable. In northeastepailg sei whales may have been

confused with fin whales in the same way [34].

Horwood [1] after Tgnnessen and Johnsen [8] regdhtat 66 sei whales were caught

off the west coast of Portugal in 1925-27, but ptiy Tannessen and Johnsen [8] were
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referring to Spanish catches. Otherwise, the figue not add up for Portugal, and
catches are above 100% (749 sei whales are repamedcatches were 93% fin +
68/749 = 9% sei and blue + an undetermined numbsp&m whales). Nevertheless,
those figures do not agree with more recent revigiwberian whaling, which report no
sei whales [34] or just one sei whale [44] captuséfdcentral Portugal, indicating that
sei whales were never common in the grounds offraeRortugal, at least during the

whaling season.

From 1930 to 1945, whaling off the Iberian Peniasuas drastically reduced, resuming
only in the late 1940s. After that period, there ao reported catches of sei whales from
the central Portugal grounds, but relatively higliches of sei whales were declared in
the Straits of Gibraltar grounds from 1950 to 19BBat is in contrast with the figures
for the 1920s catches, suggesting that there deeildonfusion in the identification of
sei and Bryde’s whales [34,45]. Off northwest Spaaiches were resumed only after

the 1950s, and no subsequent catches of sei whalesdeclared [34].

Sei whales were reported, sometimes in large nwnimethe beginning of the 20th
century, from the area from Madeira Islands, plastG@anary Islands towards the Cape
Verde Islands [3]. In the light of present knowledd is possible that those sightings

were primarily of Bryde’s whales (see discussiorcomnrent distribution).

From 1976 to 1979, the unregulated catcher Beatra and associated vessels operated
in the eastern North Atlantic, spending the sumpférthe Iberian Peninsula and the
winter off north-western Africa [46]. These vesse$ed to stay in the region 18—-22°N,
20-25°W from November to May, reportedly in seaafhsei whales. The catch
statistics for this operation are fragmented. Reigar sei whales, the only figures
available are the catch of one whale in 1976 arfal ifiales for the year 1978 [46].
Although some confusion with Bryde’'s whales canhetruled out, the fact that a
distinction is made between Bryde’'s and sei whatethe catch for the year 1976
indicates that some care was taken in differengatine two species. Up to the present,
this is the best indication of a well-defined sdiale wintering area in the Northeast
Atlantic.
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Western North Atlantic

Sei whales were seldom taken in the Davis Straitvaestern Greenland. Only eight
whales were reported from whaling boats based isteme Greenland in the periods
between 1924-39 and 1946-50. Sei whales were @esdidare, occurring only in
years with warm water intrusions [47]. Around thmuth-eastern Labrador Sea, sei
whales were uncommon in inshore waters; howeveg flam the Fisheries Research
Board of Canada, collected between 1966 and 19iicated the occurrence of sei
whales in parts of the offshore waters of the LdbraSea [48]. Whaling off
Newfoundland was episodic, with long periods ofcinaty. Sei whales were taken in
low numbers since the late 1890s [49]. From 1966peration from Blandford, Nova
Scotia, took a substantial catch of sei whaled @82, when commercial whaling was

terminated in Canada [49].

In the Labrador Sea, sei whales occurred from itisé Wveek of June [49]. Off Nova
Scotia, Mitchell [48] described two ‘runs’ of sehales taken by the Blandford station.
One run began in early June, peaking in June—amky,another began in late August
and early September, peaking in September—Octbhieshell [48] hypothesized that
the whales migrated from south of Cape Cod alomrgctimtinental slope in June and

July and then returned south in September—October.

From stranding records along the western US coasthern Gulf of Mexico and in the
Greater Antilles, Mead [50] hypothesized that sbiales from Nova Scotia migrate

south along the Atlantic coast of the US, to wintethe waters of the Gulf of Mexico.
Current distribution

In recent years, most of the data on distributiome fromsighting surveys, either
dedicated or opportunistic, and there are a fewwaas from strandings and incidental
mortality. Much of the survey information has naeb published in peer-reviewed
journals and is available only through technicglomts, sometimes making it difficult to

assess and interpret.

Sei whales seem to be present at low densities st of the areas covered by
dedicated sighting surveys in the North Atlanti@wéver, that could be explained in
part by the fact that most surveys cover areas twercontinental shelves, and sei

whales are known to prefer the deeper waters efttmtinental slope [1].
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Mediterranean

In the Mediterranean, sei whales are thought todmasionalisitors — rare sightings
and strandings are reported from Spain, Gibrakeance and possibly Tunisia [51].
Recent dedicated sighting surveys failed to desectwhales [52,53], supporting the

idea that the species is an occasional visitor.

Eastern North Atlantic

Over the easternmost part of the North Atlanticstreeiwhale sightings during the
summer are concentrated in the deep waters ofrthender Sea area between east
Greenland and west Iceland and, in a lesser exterthe Faroe—Shetland Channel
[36,54-58].

Sighting rates in the Norwegian and adjacent wadees extremely low; just a few

sightings are reported for the Norwegian Sea aad Jjen Mayen [59].

In the Bay of Biscay, sei whales are observedtmdammer and early winter along the
shelf edge, although with much lower sighting ratesn those of most other species
[60,61].

A concentration of sei whales was reported in eadmnmer near the frontal area just
north and southwest of the Charlie Gibbs FractuweeZ(53°N) during the Census of
Marine Life survey conducted over the Mid-AtlanRidge from 4 June 2004 to 2 July
2004 [62].

During a survey conducted in July 2007 along thetioental shelves of Britain,
Ireland, France and northern Spain, sei whales welyedetected in small numbers off

north-western Spain in the areas of Castro Temadethe Charcot Seamounts [63].

Only two records of sei whales along the Portugwesginental shore could be found.
In September 1978, a sei whale was stranded ira@ateira, south-western Portugal, in
an advanced stage of decomposition which impliesutd had been drifting for several
days [64]. A single sei whale with an estimatedgtbnof 9m was sighted 8 nautical
miles off Sagres (south-western coast of PortugaDctober 2010 by a whale watching
enterprise (Sara Magalhdes pers. comm.). Picturéisechead and body were kindly
provided, enabling confirmation of species identifjhe estimated size of this
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individual is similar to the size estimated by Lgek [65] for weaning in the Antarctic

(8m long).

In the Azores Archipelago, the species was firsbréed in 1989 [66]. Since then, it has
been shown that the species is a regular visitothése islands during the spring
migration; sightings span from early spring to latenmer, and relative abundance
peaks in April and May [67-69].

The first confirmed record of sei whale presencéhm Madeira Islands is from 2002
[70]. The fact that the species occurs simultangowsth the much more abundant
Bryde’s whale (that is present from late springetoly autumn) makes it difficult to

characterize its seasonality in that archipelagdq[Ereitas pers. comm.).

In the Canary Islands, sei whales are seen onlgwnnumbers in autumn and winter,

apparently during migration to lower latitudes [72],

The consistent presence of Bryde’'s whales durirgg gshmmer months both in the
Madeira and Canary archipelagos (Lopez-Jurado. ¢72], Luis Freitas pers. comm.)

may have in the past created some confusion dtheetdifficulty in distinguishing both

species. The discrepancy between the reports gé laumbers of sei whales in that
region in the beginning of the 20th century mergibiby Jonsgard and Darling [3] and
the more recent data mentioned above, indicatitess pronounced presence, may in
part be because Bryde’s whales in the region wastdantified as sei whales in the

past.

Along the western coast of Africa, information a whales is very limited. During a
dedicated sighting survey in April 2005, the Atiantvaters contiguous to the
Mediterranean were surveyed between the latitud290MN and 37°N [53]. During this
survey, only one sei whale was detected in offfshiaters. Another dedicated sighting
survey off southern Morocco between 24°N and 22fNthe Cintra Bay area,

undertaken from January to February 1996, did etdéad any sei whales [73].

Off Mauritania, a sighting of a single sei whaleswaported in March 2003, during a
seabird and cetacean survey in offshore waters ttearChinguetti oilfield [74].

However, the picture reproduced in the report shaweery falcate dorsal fin more
characteristic of Bryde’'s whale. It is unclear wiest this sighting was positively

differentiated from Bryde’s whale.
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In mid April 2011, at least two sei whales werehsagl in waters off Mauritania by
naturalists on a touristic expedition vessel (Ridhé&/hite pers. comm.). Pictures were
kindly provided and enabled confirmation of speddtEntity. These sightings occurred
in the vicinity of the region where the unregulatetialing boatSierra reportedly

caught sei whales during winter (see discussiohistorical distribution above).

Other records along the west coast of Africa comlg tyrom incomplete specimens and
strandings, most of which have not been positivdigntified [75-77]. Confirmed
records include a stranding of an 11-m long indiaidin Mauritania in 1981, and a
series of nine baleen plates recovered from thmath of a tiger sharksaleocerdo
cuvier captured off Senegal [76]. The Senegal specimersepits a problem in
interpretation since it is impossible to know whéehne shark swallowed the baleen.
Tiger sharks are known to move over great distaf¢®ds and baleen probably has very

low digestibility and, thus, has long permanenayes in the stomach.

Hazevoet and Wenzel [75] reviewed a stranding bélaen whale calf in Cape Verde
that occurred in November 1983 and concluded thavas probably a sei whale,

although they could not rule out Bryde’s whale thlgb occurs in the archipelago.

Western North Atlantic

In western Greenland, sei whale sighting ratedaweandseem to be concentrated in
two specific areas: the banks at 66°N at Lille elfiedke and off the southern tip of
Greenland [57,79,80]. Data from autonomous acoustiording units deployed in the
Davis Strait in 2007 showed that sei whales ocdummethe area from late July to early
October (when the equipment was collected) with pgaks: one in late August and a

second, less pronounced, in late September (Kafeo&t pers. comm.).

During a July—August 2007 sighting survey in Caaadtontinental shelf waters along
the Labrador and Newfoundland coasts, three selewhaere detected [81]. One was
off southern Newfoundland, and two isolated indists were recorded over the Nova

Scotia shelf.

Off the north-eastern US coast, sei whales conaentduring spring in the deeper
waters of the margins of eastern and southern ®eoBpnk, and make episodic
incursions into shallower waters, including the &r8outh Channel, Stellwagen Bank
and the southern Gulf of Maine [21,22,82]. Recerggl whales have also been detected
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with an array of autonomous ocean gliders deplayede south-western Gulf of Maine

during summer [83,84].

Over 20 cetacean species have been observed daemg and shipboard surveys
conducted during all seasons in the oceanic watettse northern Gulf of Mexico, but
the only baleen whale reported was Bryde’s whated8]. Records of sei whales in the

area are restricted to four strandings in eastetnsiana [86].

Several sighting surveys undertaken in the BahamdsCaribbean in late winter and
spring did not detect sei whales either in coastalffshore waters [89-91]. Mignucci-
Giannoni [92] reported two sightings of sei whailesvaters off Puerto Rico and the
Virgin Islands, but it is not clear in which circgtances these sightings were made and
whether the whales were positively differentiatexhf Bryde’s whale.

In the oceanic waters of the Central North Atlantite only information available
comes from a pilot study using yachtsmen sailimgnfthe Caribbean to the Azores in
1998 [93]. No cetaceans were sighted to the weatlohgitude of 43°W or south of a
latitude of 32°N, but a possible sei whale was reggbon June 16, northeast of the
Azores at 43°501, 21°3IW. However, the sample was small (only two out @fBats
reported their results), and the use of untrainekovers might explain the low sighting

rates and uncertainty in identification.

Recent surveys in the North Atlantic show thatwkales still use some of the areas
identified from whaling data, and support the notibat after the 1960s sei whales may
have drastically changed their distribution in sopagts of their range [36], having
apparently either abandoned or been extirpated &mas where they were previously
recorded with some frequency, such as the Norweggm

Information from tropical waters on both sides loé North Atlantic is fragmented and
imprecise, and the location of the breeding grousdstill unknown. In the offshore
pelagic habitats of the Central North Atlantic, @p@om localized surveys near the

Atlantic islands, no survey has been conducted.

Distribution data are both scarce and sparse @rapdral and spatial scales, and are
clearly insufficient to understand the presentriigtion and movement pat-terns of the
species over the North Atlantic, particularly witgards to winter distribution and the

location of breeding grounds.
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Stock identification

Although the term ‘stock’ represents the fundamlermgapulation unit for most
management purposes, its formal definition variesadhly in scientific literature and
management schemes. A typological definition mayfealistic since it is dependent
on management objectives [94]. The IWC, for sonexigs and areas, does not clearly
define ‘stocks’ or ‘management units’, leading e designation of management areas

that are not well founded as defining biologicadlglated units [95].

Little attention was paid to the definition of skscin the North Atlantic in the early
years of the IWC. It was only after 1977 that tlheerent stock boundaries for fin, sei

and minke whales in the North Atlantic were estigd [95].

Eight concentrations of sei whales were identifiedthe North Atlantic by the IWC

(southwest Norway, north Norway, Faeroe, Denmar&itSLabrador Sea, Nova Scotia,
Gulf of Mexico—Caribbean Sea and southeast Nortanfit). Although Horwood [1]

interpreted these as a first attempt at stock dieiim in fact, the IWC did not suggest
these areas as necessarily representing separeits §5]. Mitchell and Chapman [49]
presented some evidence of distributional diffeagioin between the Labrador and
Nova Scotia sei whales and proposed that thess ooitstituted two different stocks;

both were considered separate from eastern Atlaatiovhales by the IWC [95].

The current IWC boundaries for the management aotasei whales in the North
Atlantic (Figure 2-4) were adopted in 1977 basedfghon statistical convenience and
historic catch data rather than on scientific entbeof stock structure [95].

Horwood [1] suggested a separation of whales taikericelandic and Canadian

operations based on reproductive data (see distussireproduction below).

Daniélsdottir et al. [96] studied electrophoret@riation in sei whales from Icelandic
catches from 1985 to 1988 and did not find sigaificdifferences in allele frequencies
between samples from different years, indicatireg those samples originated from a
homogeneous population. No further information ailable regarding genetic

differentiation of sei whales in the North Atlantic

Recently, movements of sei whales between the Azamd the Labrador Sea have been
recorded with the aid of satellite telemetry [97,9Bhese movements show that the
migration patterns of this species may be more d¢exnghan previously assumed,

comprising not only the expected large latitudimavements but also wide longitudinal

36



displacements. These findings have clear implioatifor the interpretation of the

current management areas for sei whales in thehMdtantic.

Given the weak genotypic information on stock idgnthe virtual lack of knowledge
regarding the location of breeding grounds, andsgpavidence for stock separation on
the feeding grounds, it is presently impossibleasgertain if the North Atlantic sei
whale population is subdivided into biological wnibr if it represents a panmictic

population.

0 1.250 2.500 L
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Figure 2-4: International Whaling Commission stddundaries for North Atlantic sei whale stocks. (1)

NovaScotia, (2) Iceland—Denmark Strait, (3) Eastern.

Feeding ecology

The sei whale is the only rorqual species that setmhave evolved the ability to
capture prey both by engulfment, as do the otheuads, or by skimming on relatively
low prey concentrations, as do the right and bodhe&alesBalaena mysticetus
[1,22,99,100]. The ability to switch between feefsirategies results from anatomical
adaptations of the internal baleen fringe, whichigch finer than that of other rorquals
[30], and of the mouth cross section, which has esdeatures reminiscent of right
whales [101].

This adaptation is reflected in the variety of pregorded for the species. The sei whale
has the most extensive list of prey of any baledmaley including copepods,

euphausiids, amphipods, decapods, cephalopodsismdfit the prey preferences are
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highly dependent on ocean basin and swarming deaistecs of the prey, as shown in

reviews by Budylenko [102] and Horwood [1].

Notwithstanding, in the North Atlantic, sei whalsesem to be nearly stenophagous,
feeding almost exclusively on the copep@alanus finmarchicuand, to a lesser extent,
on the euphausiids Meganyctiphanes norvegicaand Thysanoessa inermis
[1,30,103,104]. Off Icelandthis pattern seems to be inverted, and euphauards
reported as the main prey, followed by copepodslP¥. In samples from whales
taken in the Labrador Sea in 1971 and 1972, copgepede predominant in the stomach
contents during the early whaling season (JuneeBur); later in the season
(October—November), they were replaced by euphdsi$iiO5]. This pattern probably
reflected seasonal changes in the zooplankton édagenand abundance. Care should
be taken in extrapolating that information to thregent time, since copepods show
substantial differences in abundance and distobulinked to the phase of the North
Atlantic Oscillation, which has shifted from predmantly negative in the 1960s to
predominantly positive since the mid-1980s [106]107

In this ocean basin, even when apparently suitableoling fish are available, sei
whales demonstrate a preference for zooplankto@]]I0evertheless, 2% of Icelandic
whales examined consumed either sandeemodytesobianus lumpfish Cyclopterus
lumpusor capelinMallotus villosuq42].

Sei whales feeding on copepods seem to preferattee copepodite stages [22,108].
After the nauplius phase, copepods grow througé tigpepodite stages (CI-CV) and
develop an oil sac filled with wax esters so thet tatter stages have high caloric
content [109]. In the same manner as for right e &l 10], by preying on the late-stage

copepodites, sei whales probably maximize theirggnmtake.

The stenophagy of sei whales found in the Northamtit contrasts with the more
euryphagic nature of the species found in otheasari the North Pacific, for example,
sei whales seem to switch between prey accordingvélability [108,111]. In most

cases, an individual focuses on one prey specigsgdsingle feeding bouts, and only

rarely do individuals have more than one prey sgeiti their stomachs [108].

Their ability to switch between feeding strategiesoretically allows sei whales to feed
in the less productive wintering areas (perhap$ Vatver energetic gain) as has been
reported for other areas [1,112]. Unfortunatelypamt due to the scarcity of information
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about the winter distribution of sei whales in therth Atlantic, no information about

their feeding ecology in lower latitudes could berid.

After the last catches of sei whales in the Nortlaritic by Iceland in 1988 under a

special IWC permit for scientific research, veryldi research has been carried out on
the feeding preferences of the species. No datat@mach contents from stranding

records was found. This is not surprising sincewg®le strandings are relatively rare
due to the pelagic habits of the species.

Studies on the diet of North Atlantic sei whalesgslternative methodologies, such as
analysis of fatty acids, stable isotopes or faeass,also scarce. The only information
on sei whale feeding in the North Atlantic from Aethal methods comes from an
analysis of faeces collected during an episodicninto the southern Gulf of Maine in
1986 that revealed only mandibles@ffinmarchicug22].

Some synoptic studies of the occurrence of poteptey and sei whales are available
and support the diet preferences of the specigberNorth Atlantic. In western and
southern Greenland, sightings of sei whales in&epér 2005 were in areas with the

highest densities of kriM. norvegicaandThysanoessap. [80].

A concentration of sei whales reported in early 51em2004 near the frontal area of the
Charlie Gibbs Fracture Zone, over the Mid-Atlarl@ge, overlapped with the only
area where concentrations Gf finmarchicuswere found in the upper 100m of the
water column [113]. Similarly, off New England, tpeeference foC. finmarchicugs
supported by the consistent synoptic occurrencehef whales withthat copepod
[21,22,83].

When preying on zooplanktonic organisms, sei whsalhesv feeding periodicity, which
seems to be associated with the diel vertical rimueof the prey, and take advantage
of prey concentrations near the water surface batvadeisk and dawn [1,83]. This may

be a strategy to maximize foraging efficiency [83].

On feeding grounds, baleen whales (and sei whalearticular) tend to associate with
oceanic frontal systems such as fronts, eddiesupmetlling systems [114-118]. In the
Pacific, sei whales tend to follow and be foundthe warmer waters of the major
mixing zones and tend to be associated with eddieken from the fronts [114].

Similarly, aggregations of sei whales have recehdgn found to be associated with

fine scale frontal processes in the North Atlafitit3].
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These associations with oceanic frontal systembginy enhance foraging efficiency
by association with large concentrations of pregaose of advection processes or due
to increased prey biomass related to primary pricaiud113,118]. Nevertheless, the
ways in which sei whales detect these systems alnseguently exploit them has not
yet been investigated in detail. Since climacti@angdies may bring changes in the
distribution and intensity of frontal systems,stiimportant to understand better the role
that these oceanographic features play in sei wikatting behaviour and how predicted

changes in climate may impact feeding ecology.

An affinity with submarine canyons is suggestedabgighting of more than 40 sei
whales in a multispecies assemblage over and ngdrographer Canyon in 1980
[119].

Reproduction

Horwood [1] reviewed information on sei whale reguotion and, since then, no new
information has become available for the North Afiila The most recent reproductive
research in the North Atlantic was based on dalieated in western Norway between
1951 and 1957 [3], from Iceland in 1967, 1969, ¥¥®and 1977-81 [120], and from
the north-western Atlantic from 1966 to 1972 [10B]l reproduction studies on sei
whales have been based on histological and morgitaloexamination of material

from catches.

Males

Male sexual maturity in cetaceans is normally asskby examination déstes weight,
spermatogenesis and histological examination of témes tubules; animals are
classified as immature, pubertal, active and rgsfirt21]. The most commonly used
techniques to calculate the body length and ageatal maturity are not comparable
for most purposes, and some care should be takean wbmparing results from
different studies [122].

Horwood [1] used the body length when 50% of malese sexually mature as to
define the length at sexual maturity. He estimdesdjths at 50% maturity of 12.0m
from Canada, 12.7m from Iceland and 12.8m from NgtwIhe values from Canada
are lower, but he noted that better agreement woeldchieved if a different combined

testes weight at maturity, comparable with thatlusethe other studies, was used in the
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Canadian study. The median age at sexual matuiy mot calculated in the same
manner since it was considered prone to being yightlerestimated due to selection
for large whales. Lockyer [123] pooled all the dafale information to build a table of

baleen whale reproductive parameters in which tleammlength at sexual maturity
estimated for North Atlantic male sei whales was9f® and the mean age at sexual

maturity, estimated by ear plug growth layer analyss 8 years.

The evidence for seasonal cycles in spermatogersesiguivocal for sei whales. Data
from the northwest Atlantic suggest a seasonalecyth increased activity towards the
end of the summer [105]. The recent use of hormtatdiniques in samples originating
from Icelandic whaling showed a rise in hormonadlivaty during July—September,

supporting a seasonal breeding cycle [124]. Refuithe Southern Hemisphere do not
support that hypothesis since no seasonal cyclggammatogenesis were found [23,28].
That could be due to a low sensitivity of anatorharad histological methods to these

cycles but could also reflect physiological diffeces between populations.

Females

Several methods and datasets have been used nwatestlates of conception of sei
whales. Results indicate that conception occurs avange of months, with a peak in
June and July in the Southern Hemisphere, in Noeerahd December in the North
Pacific and in December and January in the NortlarAt [1]. Based on the average
length at birth (4.5m), the gestation period in M@th Atlantic was calculated to be
10.7 months [120].

Lockyer and Martin [120] calculated a pregnancyerat 0.40-0.44 and an ovulation
rate of 0.59 for Icelandic sei whales, which iglisagreement with the ovulation rate of
0.26 calculated for the northwest Atlantic by M#thand Kozicki [105]. This
discrepancy might be due to the method of calanatised by Mitchell and Kozicki
[105], in which the zerccorpora classes are included in the regressioncarpus
number at age, thus rendering that estimate netttir comparable with others [123].
An ovulation rate of 0.26 and low pregnancy rateOB0 were interpreted by the
authors as indications of a 3- to 4-year cycle,levhil other studies from the North
Atlantic and other oceans indicate a 2-year cyt]#43]. However, it is noteworthy that
after accounting for the bias against lactating dl&®, Rice [125] estimated a true

pregnancy rate of 0.36 suggesting a 3-year pregnayale for the great majority of
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female sei whales. Using hormonal methods, KjeR#[Ifound an apparent pregnancy
rate in mature females of between 0.37 and 0.38wen indecisive results were
accounted for, that value rose to 0.41, closely@gg with the results from Lockyer
and Martin [120].

Two studies from the North Pacific indicated thastence of age-specific fecundity
within the populations studied [24,125]. LockyerdaMartin [120] did not detect
evidence for age-specific ovulation in Icelandimédes up to 45 years old.

Using the same approach as described above forsmidtawood [1] calculated the
body length at 50% mature for females to be 13.dniceland, 13.1-13.4m for Canada
and 13.4 m for Norway. As with males, he did natgaut the same analysis for age.
Lockyer [123] estimated the mean length at sexuatunty for North Atlantic female

sei whales to be 13.3m and the mean age at sexatafation t) to be 8 years.

Several studies on ear plug transition phase reg@tdecline in,, over time for sei, fin
and minke whales. Although the calculations magfbected by several types of biases,
at least for some cases, there is evidence forah decline in the age at sexual

maturation [123].

For the Icelandic catches, Lockyer and Martin [128hlysed the data for mean and
confidence limits separately in groups of cohoot@void biases associated with using
linear regression to describe the trends (see laycky23] for discussion). They
detected a significant reduction in thebetween the periods pre- and post-1940, in the

order of 1.7 years.

It has been hypothesized that the decline in wipgpulations, due to intensive
exploitation, may have led to a lower intra- antkigpecific competition for prey that,
in turn, may have led to faster growth rates indggprecocious puberty [126,127].
Although the trends of decreasing age at sexualinat&n seem, at least partially, to
reflect the effect of intensive exploitation, th@aplications of that decline are still
uncertain [123].

After the cessation of sei whaling in the North ahtlic, few further studies on
reproduction were undertaken, and those that wederntaken were based on whaling-
derived samples [124]. If, as it seems, there waseffect of exploitation on the
reproductive parameters of the population, cessatiavhaling may have reversed it, at
least partially. However, other factors may hawmahfluenced those parameters, such
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as a rearrangement of the North Atlantic ecosystewing to changes in whaling,
fishing (including overfishing) and hydrometeorojofl28-130]. Consequently, it is
unlikely that reproductive ecology of the sei whatethe North Atlantic remains
unchanged. Since ecological and management modelsaily need reproductive
components, it is important that new studies usigent samples are conducted to

provide more up-to-date figures.

Recently, gonadal steroid hormones have been wsddtérmine pregnancy in marine
mammals [131]. The dramatic differences in the eatration of these hormones in the
blubber [132] and hormonal metabolites in faecahgas [133] of pregnant and non-
pregnant cetaceans opened the possibility of aegetise pregnancy status of large
numbers of free ranging cetaceans without the rfeedcapture. There are some
complications with the use of these techniquegessometimes covariates are required
to discriminate pregnancy fully [134], but in gealeresults are reliable. The work by
Kjeld et al [135] using blood samples from sei whales caughicelandic whaling
operations was important in establishing groundiesiifor steroid hormones of North
Atlantic sei whales backed by anatomical and higfichl methods. That work proved
that hormonal methods not only complement anatdnaicd histological methods but
can in some instances actually be more sensitiveetieless, the authors also pointed
out disagreements between serum oestradiol valeésebn sei and fin whales,

advising further study.

No hormonal studies on the sei whale using tissatber than blood have been
published, but based on studies of other specere B no reason to think that data on
reproduction could not be obtained from non-letkahniques such as biopsy sampling
or faecal collection. A hormonal study using blublaad skin from sei whales is
necessary in order to test whether, and to whatnéxthe reproductive rate of the
species can be assessed using these techniquesustt be acknowledged that
recalculation of reproductive parameters using dragmonal techniques would be both
technically and logistically challenging and maytnbe practical presently.
Nevertheless, in the absence of other data soutlvtesfeasibility of using hormonal

methods should at least be investigated.
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Abundance

There is no information on the pre-exploitation adl@nce of sei whales in the North
Atlantic. The total catch of sei whales by moderhalers in the late 19th and 20th
centuries has been estimated to be 16.933 [136@]t Tigure is, however, probably

affected by some confusion in the identificatiorsef and Bryde’s whales and does not

include any proportion of the 12.322 unspecifiedcsps included in the catch [136].

As discussed above, sei whales appear to occomatiénsities over most of the areas
covered by systematic sighting surveys in the Naithntic either because the surveys
encompassed areas not frequented by sei whale®rer earried out during a season
when they are scarce. Here, only the most recémaes based on cetacean surveys
specifically designed for abundance estimationpaesented. Previous estimates based
on tagging from mark-recapture programmes [49]carssidered inadequate given that,
for such programmes to be effective, large numbémnimals have to be tagged and
recaptured in each sampling period [137]. Similagstimates from early line transect
surveys are likely to be negatively biased duedorsampling design and failure to
correct for submerged animals and ship avoidangé][1

No population estimate for the entire North Atlans available. Some estimates have
been made for restricted areas of the eastern astem North Atlantic (Table 2-4).
These abundance estimates cover only parts ofrtberk summering habitat of North
Atlantic sei whales, and where data are availables, uncertain what fraction of the
population was surveyed. If separate ecologicaisuexist in the North Atlantic, it is
possible that in some areas they overlap bothalyaind temporally and have been

treated as a single unit in abundance estimates.

A series of synoptic multinational sighting survapsthe north-eastern and central
North Atlantic (NASS) were conducted in 1987, 198995 and 2001, from late June to
early August, with some differences in area coverdgptween years [58,138].
Abundance estimates for sei whales were producamn the NASS surveys for the
years 1987 and 1989, but the areas and surveydgediffered between these 2 years.
For the 1987 survey, a first estimate of 1243 sdéiales was calculated by
Gunnlaugsson and Sigurjénsson [139] but, due tangnmand coverage area, the
estimate was considered to represent only patteopopulation previously targeted by

Icelandic whalers. During 1989, the survey was uia#ten later in the season (mid-July
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to mid-August) and extended to blocks farther soluttim the blocks surveyed in
previous years. An abundance estimate of 1030Qvkales (coefficient of variation;
CV = 0.268) was calculated for that survey; theadadtm 1987 were reanalysed using
the same methodology yielding an estimate of 1283whales (CV = 0.603). The
difference between the two estimates was intergrasebeing caused by the substantial
survey effort made in 1989 in the area south ofatlea surveyed in 1987. The estimate
for 1989 for a comparable area to the 1987 survay ¥690 whales (CV = 0.4) similar
to the estimate for 1987 [36].

During the multinational Cetacean Offshore Disttibm and Abundance in the
European Atlantic survey (CODA), conducted in JARO7 along the British, Irish,
French and northern Spanish continental shelvésylses were only detected in one
of the four survey blocks off northwestern Spalre sei whale abundance estimate for
that block was 366 whales (CV = 0.33; Anonymougq)[57

Three recent abundance estimates are availablepdds of the Canadian and US
Atlantic Exclusive Economic Zone during the summet<2002, 2004 and 2006. The
2004 estimate (386; CV = 0.85) is considered th& bstimate for the Nova Scotia
stock, although it is considered conservative bgeaf uncertainties about population

structure and whale movements between surveyedrsuveyed areas [82].

Acoustics

Very few accounts of the acoustic characteristius laehaviour of the sei whale exist.
Baumgartner et al. [84] reviewed the scarce litemtavailable and added some
information from their own research, resulting myofive published reports describing
sei whale calls. The current knowledge about semlehcall characteristics is
summarized in Table 2-5. Recordings made in diffeageas and seasons present much
dissimilarity that could be a result of geograpbaparation and population-specific
acoustic characteristics, or because different gypk calls have distinct ecological
functions [84,141].
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Table 2-4: Recent abundance estimates and CVhedddorth Atlantic sei whale

Area Period Abundance CV Reference

Southern Gulf of Maine to Maine (United States) August 2002 71 1.01 Waring et al. [82]
Gulf of Maine to lower Bay of Fundy (United States) June-July 2004 386 0.85 Waring et al. [82]
Southern Gulf of Maine to upper Bay of Fundy to {&ilSt. Lawrence (United States, Canada) August 2006 207 0.62 Waring et al. [82]

Iceland—Denmark Strait (excluding southernmost kddc
Iceland—Denmark Strait (including southernmost kéc

June—July 1987 1293
July—August 1989 10300

0.60 Cattanach et al. [36]
0.27 Cattanach et al. [36]

CODA block 3 (northwestern Spain) July 2007 366 0.33 Anonymous [57]
CV, coefficient of variation; CODA, Cetacean Offsadistribution and Abundance.
Table 2-5:Summary of acoustic characteristics of known seile/igalls
Phrase
Minimum Maximum Average composition
Type of call frequency (Hz) frequency (Hz) duratish (parts) Area Reference
FM down-sweep 34.0 82.3 1.38 1-3 New EnglandUnited States ~ Baumgartner et al. [84]
FM up-sweep - 3k 0.7 7-10 Nova Scoti-Newfoundland Thompson et al. (1973
Baumgartner et al. [84]

FM up-sweep 1.5k 3.5k 0.03-0.04 10-20 Nova Scotii Knowilton et al. [140]
FM down-sweep 44.6 100.3 1.2 - Hawaii Rankin and Barlow [141]
FM down-sweep 21.0 39.4 1.2 - Hawaii Rankin and Barlow [141]
FM down-, up-sweeps 200 600 1.1 - Antarctic Peninsula McDonald et al. [142]
Tonal call 100 950 0.45 1-5 Antarctic Peninsula McDonald et al. [142]
Broadband signals 100 600 1.5 — Antarctic Peninsula McDonald et al. [142]

FM, frequency modulated.
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Mortality and threats

Natural mortality and threats

Killer whales Orcinus orcahave been reported to prey all great whales and are
considered their only significant natural preddtb43,144]. The contribution of large
cetaceans to the diet of mammal-eating killer whaite difficult to infer [145].

Reciprocally, the scale and ecological significaticd predation by killer whales have

on large whale populations is still a matter ofatelin the scientific literature [146].

There are relatively fewer reports of killer whaleedation on sei whales than on other
species of large whales [143,145], but that doésiacessarily mean a lower incidence
of predation since predation could be occurringhiar offshore and be more difficult to

detect.

Parasites have been known to cause major heallilepns in marine mammals [147]
and are considered one of the most important sswfceatural mortality for sei whales
[1]. Helminth parasites can cause severe compbicatiespecially when infecting the

liver, urinary and respiratory systems and brai@s/{149].

From a small sample from Icelana £ 24) Lambertsen [150] found a high incidence of
the AcantocephalaBolbossomapp. in the colon. In the Antarctic, sei whalessgnted

a high incidence of infection with several spe@é&selminth parasites; most infections
were restricted to the genitalia, stomach and iimes[151]. Nevertheless, the

implications of these infections on sei whales’ltreand mortality are unknown.

Marine mammal viral diseases have started to bestiyated only recently but can
induce high mortality rates and be persistent poulation level [147,152]. Very little
information exists on the occurrence of viral dss=sin sei and other baleen whales,
and there are no records of epizootics in baleealesh[153]. The only evidence for
viral diseases in North Atlantic sei whales comresnf Lambertsen [150], who found
inflammation consistent with a viral pathogen i tlangs of 14% of the sei whales

examined in Iceland, but could not detect the datesagent.

An unknown disease with an incidence of 7% in skales off California caused the
shedding of baleen plates, which impaired theilitgbto feed [154]. There is no

evidence for the same condition in North Atlangcwhales.
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Estimates of sei whale natural mortality rates hHasen impeded by several sources of
bias. The estimates have been based on catch ateelgeiques that are likely to
underestimate rates and may not be representatiieeopopulations studied [1]. A
wide range of mortality rate estimates, betwee® @fd 0.1, have been presented with

large confidence limits.

Lockyer [155] estimated mortality rates for Durbeamd South Georgia in the Southern
ocean from age-frequency distributions and caledld@hat natural mortality in Durban
was in the range of 0.047—-0.066. For South Geoshi@,argued that, though the amount
of pelagic whaling for the area was difficult tosass, the natural mortality rate varied
between 0.054 and 0.068.

For the eastern North Pacific, Rice [125] usednailar approach to calculate mortality
rates for animals with at least eleven earplugriaye mean number at sexual maturity
estimated for that population) and estimated al tgiatural plus human-induced)
mortality rate of 0.088 for females and 0.103 fal@s, but did not try to calculate the

natural mortality rate.

Based on age-frequency distributions, Lockyer andartitd [120] calculated
instantaneous total mortality rates from 0.092.@96 (males) and from 0.103 to 0.104
(females) for sei whales from Iceland but cautiotied these rates suffered from some
sources of bias, including the irregular catchimgjdny of the species and a preference
for larger (and hence older) animals in the caidtural mortality was not calculated in
this study, and the authors only allude to an edgnof 0.06 from the Southern
Hemisphere. The same authors also suggested &éhagéndistributions within the catch
might not be representative of the whole populatioe to geographic segregation of

feeding grounds [120].

Human-induced mortality and threats

In addition to direct exploitation, expandiranthropogenic activities in the marine
environment probably impact sei whales, such defiss, shipping, pollution, military

activities, and deep-water hydrocarbon extraction.

Fisheries.Entanglement in fishing gear is a major source oftaility for manyspecies
of small and large cetaceans, particularly greaaleg) occupying coastal habitats in

heavily fished regions [156]. Sei whales primardgcupy pelagic habitats and are,
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therefore, less likely to encounter static fishiggar than coastal species such as
humpback and minke whales. Serious injury and rhtytaf sei whales due to
entanglement in fishing gear off the northeast éthiStates and New Brunswick,
Canada, have been reported though at a much latethan for right, humpback, fin
and minke whales [157].

Fisheries may also have ecological impacts on raariammals through the large-scale
removal of animal biomass from marine ecosystemsiclwcan induce direct and
indirect competition for resources between fisleeaad marine mammals [158]. The
ways in which fishery-induced changes to the masnesystem may affect marine
mammals are complex and have proved to be diffitultest [158]. Nevertheless, in
theory, the rapid removal of biomass from marinesgstems could eventually lead to a
collapse or change in the community structure tieat reflect at several ecological
levels with unpredictable consequences includinifpéogreat whales [153]. The feeding
strategy of sei whales should provide them witikiBHaity to switch between planktonic
and fish prey. However, in the North Atlantic, & whale seems to be stenophagous,
so the species’ adaptability to rapid changes ey prssemblages in this ocean is

questionable.

Ship collisions. Enhanced monitoring in recent years has resultedninncreasing
number of ship collisions with great whales beingcumented, which have been
attributed to increases in shipping traffic as vesllto the increasing size and speed of
ships [159-161]. Between 1970 and 1990, it is estidah that between 13% and 20% of
the strandings of great whales in the United Stdtaely, France and South America
were caused by collisions with ships [159]. Sei baare also affected by this
increasing phenomenon [159,161,162]. Although respof collisions with sei whales
are comparatively less common than reports of solis with other, more coastal,
species [159], that could be due to the low prditglof detecting an event when it
occurs offshore. The ocean-wide impact of shigkstrates on sei whale mortality is

poorly understood but may be significant due t@eases in merchant shipping traffic.

Noise.Human-generated noise in the oceans has been ieed@s a potentidghreat to
large whales since the early 1970s, but it wasuntt recently that the problem started

receiving more attention [163].

Ocean noise levels have shown a continued increasessociation with increasing

human activities such as commercial shipping, seissarveys, military activities,
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scientific research, etc. It has been estimatedithenany parts of the world, between
1950 and 2000, there was an overall increase iAfleguency noise from shipping of
in the order of 16dB [164].

Direct mortality caused by anthropogenic noise ¢e@troversial issue, but the potential
risk seems to be higher in deep diving cetaceaddems pronounced for baleen whales
[165-168].

Acoustic interference, or masking, can have detmiade effects on cetaceans by
interfering with conspecific communication as wal by reducing their ability to detect
other biologically important sounds and abioticraeues [163]. Effects may be short-
or long-term and may contribute to reduced sunghigr and reproductive success as a
result of persistent degradation of acoustic habiar an animal’s lifetime [163].

The acoustic repertoire of sei whales is poorlycdbed (Baumgartner et al. [84], this
review), and the way they use their acoustic emwirent is virtually unknown. These
parameters require further research to evaluatentpact of human-induced noise on
sei whale ecology.

Contaminants. Currently, there is no evidence that organochloand heavymetal
contaminants pose a major threat to baleen whiblasting data on mysticetes support
the view that feeding at lower trophic levels résuh smaller contamination burdens
than found in most odontocetes that feed at highgphic levels [169]. Studies
comparing contamination by organochlorine compoundsdontocetes and mysticetes
from the same areas show levels of contaminatioleadt one order of magnitude
higher in the odontocetes [170-173]. That holde far the North Atlantic sei whale, as
has been shown by a study of Polychlorinated biplsen(PCB) and
Dichlorodiphenyltrichloroethane family compoundsODs) using samples from sei,
fin, spermPhyseter macrocephalud pilot Globicephala melasvhales, white-sided
dolphinsLagenorhynchus acutwend harbour porpoisé3hocoena phocoen@om the
north-eastern Nortltlantic, where sei whale total DDTs and PCB coticions (mg
kg') were from 14 to 136 times and from 23 to 146 siprespectively, lower than those
of the odontocete species [170]. Heavy metal comatmon also tends to be lower in
mysticetes and in the sei whale in particular;eddéhces from odontocetes vary from

non-existent to two orders of magnitude [172,173].
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Climate change.Global warming is unequivocal [174] and is liketyttave detrimental
impacts on marine mammal populations [175]. Climeltange is predicted to affect
cetacean distribution, timing and range of migraio abundance, mortality,

reproductive success and prey resources [176,177]).

Rates of temperature change in marine ecosystenes @ been evenly distributed
globally. Some of the more drastic increases in s@dace temperature have been
reported for regions of the North Atlantic, incladithe Newfoundland—-Labrador, west
Greenland, Scottish and Icelandic shelves as vgelha Faroe Plateau [178]. These

regions include much of the known sei whale summaitat.

Marine ecosystems have a critical thermal boundargere a small increase in
temperature triggers abrupt ecosystem shifts attipheultrophic levels [179]; that
process may already be causing ecosystem reorgjanizan marine copepod
biodiversity in the North Atlantic [130,179]. In @éhnorth-eastern North Atlantic and
adjacent seas, there has been a shift in the cdpgsemblage: warmer water species
are moving poleward more than 10° in latitude, #rete is an associated decrease in
the number of subarctic and arctic species. WegheMid-Atlantic Ridge, especially
in the Labrador Sea, the trend is opposite: areasa and expansion to the south of the
cold water species is taking place [130]. Thosengha may have special implications
for sei whales given that copepods seem to cotetiheir main prey in this ocean
basin. Nevertheless, it is difficult to predicséi whales will suffer or profit from these
changes due to uncertainties about the ecosystemargzation and about sei whales’

ability to cope with prey assemblage changes irNiieh Atlantic.

Resumption of whaling.Commercial sei whaling in the North Atlantic ceage@d986
after the moratorium in commercial whaling implerneehby the IWC. Under special
scientific permits, however, Icelandic whalers captl 70 sei whales between 1986 and
1988. Aboriginal subsistence hunters in Greenlarcevallowed to take two whales in
1989 and one in 2006 [136].

The resumption of commercial whaling in the NortthaAtic is still a contentious issue
within the IWC, and the possibility of operatiorssgeting sei whales cannot be ruled

out in the near future.
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DISCUSSION AND CONCLUSIONS

In his seminal publication on the sei whale, Hordigd] identified research projects
required to fill critical knowledge gaps, which s opinion could be conducted using

non-lethal techniques and existing data. Topicevasrfollows:

(i) stock identity and genetics; (ii) distributicand migration; (iii) reproduction and
mortality; and (iv) abundance estimation. To dditde progress has been made on

these recommendations.

The bibliometric analysis undertaken in the presemtk shows that research on the sei
whale has been almost stagnant for the last 2Gy&aere was a clear departure from
the growth expected from Price’s Law on scientifitput. According to Price’s Law, if
scientific output on a subject does not follow exgatial growth, either the field has
reached saturation, which is clearly not the casenot enough resources are being

assigned to research.

The literature on virtually every aspect of the plagion biology of the North Atlantic

sei whale is meagre and in most cases outdatethdfomore, much of the research
carried out over the last two decades relies omblaling data, and little effort has been
directed to applying current methodologies to ust@erding sei whale population

biology.

Meanwhile, some paradigms on population managenarat conservation have
changed. The impacts of human activities are ngdomestricted to single species and
locations but have become global and transverseeestological communities. For
example, as fishing pressure on several marinaespetrcreases, the lack of sustainable
fishery management is a threat not only to the ispdaeing harvested but also to the

equilibrium of the communities. Detrimental effeotcur at all trophic levels [180].

As a result of these changes, it has been argagdni#rine research has shown a major
shift in orientation to face an ever increasingiemmental deterioration, and is now
driven by the urgency to understand and ameliateteirbed marine ecosystems, with
implications for research priorities and the altoma of funds [181]. An example of that
shift is a change in the focus of cetacean resdamom basic biological and ecological
issues to conservation-related topics [182]. Omblpm with this new paradigm is that
it works against species or ecosystems for whielnetls little or no ongoing research.
Since it is not possible to detect if they arerigotonservation problems, investment is
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channelled away to other pressing issues, evem figality they are in trouble. These
species or ecosystems may end up being ‘forgobgrscience, the general public and
decision makers. That can create a paradox in whighignorance about a resource

puts it at risk by diverting investment to conseotieer resources.

To avoid that paradox, it is important to focusoef on gaining more information on
those species and ecosystems for which our undeéistais severely limited as is the
case with cryptic species such as the sei whale.

The current research needs for the North Atlargicvhale still include those identified
by Horwood more than 20 years ago. To them aredattdeneed to understand (i) the
role of this species in the ecosystems it integratéo, and (i) how changes in this
ocean’s marine environment will affect the speciése existing scientific knowledge
on sei whales, largely derived from historical wh@ldata, is insufficient for making
sound scientific and management decisions. Thigrimdtion is critically important
given current human impacts on the marine enviroriraaed the likelihood of large-
scale ecosystem changes due to climate change.

Research on the sei whale has been hindered ipabtein part by its pelagic nature,
which makes the study of the species both logi$figdifficult and expensive, com-
pared with other more coastal species. With thechithe most recent techniques to
derive and analyse data, such as satellite telgraptt passive acoustic monitoring, it is
now possible to conduct cetacean research efflgiemen in pelagic habitats, and some
of the research goals mentioned above can be achieisth fairly low human and
financial investment. Other goals demand more itmeest but are essential to fill the
data gaps. Among the most important are populatissessments using synoptic
multinational surveys that cover a wide latitudiaad longitudinal range and the clear
definition of stock identity within the North Atlaic.

Overall, it is essential to bring research on Ndtlantic sei whales out of its stagnancy
and into the 21st century to ensure proper managerok the species and the

ecosystems it integrates with in the North Atla@icean.

REFERENCES

1. Horwood J, editor (1987) The sei whale: Popatabiology, ecology & management. London: Croom
Helm. 375 p.

53



2. Perry S, DeMaster DP, Silber GK (1999) The skale Balaenoptera boreal)s Marine Fisheries
Review 61: 52-58.

3. Jonsgérd A, Darling K (1977) On the biology bé teastern North Atlantic sei whaRalaenoptera

borealisLesson. Reports of the International Whaling Cossioin Special issue 1: 124-129.

4. Donovan GPe (1989) The comprehensive assessrhaifitale stocks: The early years. Reports of the

International Whaling Commission.

5. International Whaling Commission (1977) Repdrthe special meeting of the scientific committee o

sei and Bryde’s whales. Cambridge, UK: Internatiéthaling Commission. 62 p.

6. Price DJ (1951) Quantitative measures of theeldgvnent of science. Archives Internationales
d'Histoire des Sciences 14: 85-93.

7. Great Britain General Register Office (1891)lifmmary report of the census of the United Kingdom
Journal of the Royal Statistical Society 54: 457-49

8. Tgnnessen JN, Johnsen AO (1982) The historyarferm whaling. Berkeley and Los Angeles, CA,
USA: University of California Press. 798 p.

9. Uhen MD (2010) The origin(s) of whales. Annuaview of Earth and Planetary Sciences 38: 189-
219.

10. Gatesy J, O'Leary MA (2001) Deciphering whatagins with molecules and fossils. Trends in
Ecology and Evolution 16: 562-570.

11. Flower WH (1883) On whales past and preseit tiagir probable origin. Nature 28: 199-202.
12. Flower WH (1883) On whales past and preseit tagir probable origin II. Nature 28: 226-230.

13. Price SA, Bininda-Emonds ORP, Gittleman JL §08 complete phylogeny of the whales, dolphins

and even-toed hoofed mammals (Cetartiodactyla)oBical Reviews 80: 445-473.

14. Geisler JH, Uhen MD (2005) Phylogenetic reladlips of extinct cetartiodactyls: Results of
simultaneous analyses of molecular, morphologieaid stratigraphic data. Journal of Mammalian
Evolution 12: 145-160.

15. Spaulding M, O'Leary MA, Gatesy J (2009) Relathips of Cetacea (Artiodactyla) among
mammals: increased taxon sampling alters interpoet of key fossils and character evolution. PLoS
ONE 4: e7062.

16. Perrin WF, Mead JG, Brownell Jr. RL (2009) Rewiof the evidence used in the description of
currently recognized cetacean subspecies. httpa/ntis.gov/view.php?pid=NOAA:0cn540583513: US
Department of Commerce, National Oceanic and Atmesp Administration. NOAA-TM-NMFS-
SWFSC-450 NOAA-TM-NMFS-SWFSC-450. 35 p.

17. Baker CS, Dalebout ML, Funahashi N, Ma YU, Bieget al. (2004) Market surveys of whales,
dolphins and porpoises in Japan and Korea, 2003,24ith reference to stock identity of sei whales.
8.

54



18. Taylor B (2005) Identifying units to conserye. Reinolds JEI, Perrin WF, Reeves RR, Montgomery
S, Ragen TJ, editors. Marine mammal research -&waton beyond crisis. Baltimore, ML, USA: John

Hopkins University Press. pp. 149-162.

19. Horwood J (2009) Sei whakalaenoptera borealisin: Perrin WF, Wirsig B, Thewissen JGM,
editors. Encyclopedia of Marine Mammals. 2nd edndan & New York: Academic Press. pp. 1001-
10083.

20. Horwood J (1986) The lengths and distributidnAatarctic sei whales. Scientific Reports of the
Whales Research Institute 37: 47-60.

21. Payne PM, Wiley DN, Young SB, Pittman S, ClaphaJ, et al. (1990) Recent fluctuations in the
abundance of baleen whales in the southern GWfaife in relation to changes in selected prey. éfigh
Bulletin 88: 687-696.

22. Schiling MR, Seipt I, Weinrich MT, Kuhlberg ABapham PJC (1992) Behavior of individually-
identified sei whalesBalaenoptera borealjsgduring an episodic influx into the southern GafifMaine in
1986. Fishery Bulletin 90: 749-755.

23. Gambell R (1968) Seasonal cycles and repramudti sei whales of the Southern Hemisphere.
Discovery Reports 35: 31-134.

24. Masaki Y (1976) Biological studies on the Northcific sei whale. Bulletin of the Far Seas Fiser
Research Laboratory 14: 1-104 + 101 pl.

25. Lockyer CH (1977) Some possible factors affecfige distribution of the catch of sei whaleshia t

Antarctic. Reports of the International Whaling Guission Special issue 1: 63-70.

26. Gregr EJ, Nichol L, Ford JKB, Ellis G, TritesAA(2000) Migration and population structure of
northern pacific whales off coastal british coluaiban analysis of commercial whaling records. Marin
Mammal Science 16: 699-727.

27. Best PB, Lockyer CH (2002) Reproduction, growttd migrations of sei whaleéBalaenoptera
borealis off the west coast of South Africa in the 1960sut® African Journal of Marine Sciences 24:
111-133.

28. Matthews LH (1938) The sei whaBalaenoptera borealisDiscovery Reports 17: 183-290, +182
pls.

29. Cocks AH (1885) Additional notes on the finwhdishery on the North European coast. The
Zoologist - Third series 9: 134-143.

30. Collett R (1886) On the external charactersti€ the Rudolphi's rorqual (Balaenoptera borealis)
Proceedings of the Zoological Society of Londor3-245.

31. Haldane RC (1904) Whaling in Shetland. The A:mpé&Scottish Natural History 0: 74-77.

32. Southwell T (1904) On the whale fishery fronothand, with some account of the changes in that
industry and of the species hunted. The Annalscoftsh Natural History 50: 77-90.

55



33. Thompson DaW (1919) On whales landed at thé&tiSlkeavhaling stations, especially during the years
1908-1914 - parts IV to VI. The bottlenose, humbaied finner whales. The Scottish Naturalist: 1-46.

34. Sanpera C, Aguilar A (1992) Modern whaling tfé Iberian Peninsula during the 20th century.
Report of the International Whaling Commission 423-730.

35. Ingebrigtsen A (1929) Whales captured in thetiNétlantic and other seas. Rapports et Proces-

Verbaux des Reunions Conseil International pouxgiBration de la Mer 56: 1-26.

36. Cattanach KL, Sigurjonsson J, Buckland ST, Gaugsson T (1993) Sei whale abundance in the
North Atlantic, estimated from NASS-87 and NASS-88ta. Report of the International Whaling
Commission 43: 315-321.

37. Cocks AH (1887) The finwhale fishery of 1886tha Lapland coast. The Zoologist - Third series 11
207-222.

38. Cocks AH (1888) The finwhale fishery off thepland coast. The Zoologist - Third series 12: 201-
208.

39. Cocks AH (1889) The finwhale fishery off thepland coast in 1888. The Zoologist - Third serigs 1
281-290.

40. Andrews RC (1916) Whale Hunting with Gun andan@ea. New York: D. Appleton and Company.

41. Cocks AH (1886) The finwhale fishery of 1885the North European coast. The Zoologist - Third
series 10: 121-136.

42. Sigurjénsson J, Vikingsson GA (1997) Seasohahdance of and estimated food consumption by

cetaceans in Icelandic and adjacent waters. Joafidbrthwest Atlantic Fishery Science 22: 271-287.

43. Aguilar A, Borrell A (2007) Open-boat whalingr dhe Straits of Gibraltar ground and adjacent

waters. Marine Mammal Science 23: 322-342.

44. Brito C (2008) Assessment of catch statistioeng) the land-based whaling in Portugal. Marine
Biodiversity Records 1, €92 doi:10.1017/S175526 02Q30X.

45, Aguilar A (1985) Further information on the neovents of the sperm whalehyster macrocephalis
in the North Atlantic. Mammalia 49: 421-424.

46. Best PB (1992) Catches of fin whales in thethdktlantic by the M.V. Sierra (and associated
vessels). Report of the International Whaling Coswsioin 42: 697-700.

47. Kapel FO (1979) Exploitation of large whaledMest Greenland in the twentieth century. Repdfts o
the International Whaling Commission 29: 197-214.

48. Mitchell ED (1975) Preliminary report on Novedfia fishery for sei whale8élaenoptera boreal)s

Reports of the International Whaling Commission 283-225.

49. Mitchell ED, Chapman DG (1977) Preliminary asseent of stocks of northwest Atlantic sei whales

(Balaenoptera boreal)s Reports of the International Whaling Commissg&pecial issue 1: 117-120.

56



50. Mead JG (1977) Records of sei and Bryde's whfaten the Atlantic coast of the United States, the
Gulf of Mexico, and the Caribbean. Reports of thiinational Whaling Commission Special issue 1:
113-116.

51. Bompar J-M (2000) Les cétacés de Méditerrdreé€alade, Aix-en-Provence: Edisud. 186 p.

52. Notarbartolo Di Sciara G, Venturino MC, Zandlidd, Bearzi G, Borsani JE et al. (1993) Cetaceans
in the central Mediterranean Sea: Distribution sigthting frequencies. Bolletin Zoologica 60: 131813

53. Boisseau O, Lacey C, Lewis T, Moscrop A, Dahbbl et al. (2010) Encounter rates of cetaceans in
the Mediterranean Sea and contiguous Atlantic alearnal of the Marine Biological Association oéth

United Kingdom.

54. Weir CR, Pollock C, Cronin C, Taylor S (2001t&reans of the Atlantic Frontier, north and wést o
Scotland. Continental Shelf Research 21: 1047-1071.

55. MacLeod K, Simmonds MP, Murray E (2003) Summdestribution and relative abundance of
cetacean populations off north-west Scotland. Jwhthe Marine Biological Association of the Ust
Kingdom 83: 1187-1192.

56. MacLeod K, Simmonds MP, Murray E (2006) Aburgiaf fin Balaenoptera physaljisand sei
whales B. boreali§ amid oil exploration and development off northtv8sotland. Journal of Cetacean

Research and Management 8: 247-254.

57. Anonymous (2009) NAMMCO Annual Report 2007-2008msg, Norway: North Atlantic Marine

Mammal Commission. 399 p.

58. Sigurjonsson J, Gunnlaugsson T, Payne M (1BI8&S-87: shipboard sighting surveys in Icelandic
and adjacent waters Jun-July 1987. Report of ttezriational Whaling Commission 39: 395-409.

59. gien N (2009) Distribution and abundance ofjéawhales in Norwegian and adjacent waters based
on ship surveys 1995-2001. NAMMCO Scientific Puéations 7: 31-40.

60. Cresswell G, Walker D, editors (2001) Whale®8&lphins of the European Atlantic - The Bay of
Biscay and the English Channel. Hampshire - UK:dV@lides.

61. Carlisle A, Coles P, Cresswell G, Diamond Jydd@n L, et al. (2001) A report on the whales,
dolphins and porpoises of Bay of Biscay and Engliblannel 1999. Orca 1: 5-53.

62. Waring GT, Nottestad L, Olsen E, Skov H, Vildegn GA (2008) Distribution and density estimates
of cetaceans along the mid-Atlantic Ridge duringnsier 2004. Journal of Cetacean Research and
Management 10: 137-146.

63. Anonymous (2009) Cetacean offshore distributinod abundance in the European Atlantic (CODA).
Unpublished report to the European Commission. .Mbiplogy.st-

andrews.ac.uk/coda/documents/CODA_Final_Report -Q9-gdf. 42 p. + Annexes p.

64. Sequeira M, Inacio A, Reiner F, editors (19%2jojamentos de mamiferos marinhos na costa
continental portuguesa entre 1978 e 1988: Servigoiddal de Parques, Reservas e Conservacdo da

Natureza.

57



65. Lockyer CH (1977) Some estimates of growtthmdei whaleBalaenoptera borealisReports of the

International Whaling Commission Special issue863.

66. Gordon J, Steiner L, Goncalves JM (1990) Seidl@d Balaenoptera borealjsencountered in the

Azores: A new record for the regiofirquipelago- Life and Earth Sciences 8: 97-100.

67. Silva MA, Prieto R, Magalhdes SM, Cabecinha€Riz A, et al. (2003) Occurrence and distribution
of cetaceans in waters around the Azores (Portu8afhmer and Autumn 1999-2000. Aquatic Mammals
29: 77-83.

68. Santos MBO (2008) Distribuicdo e padrdo de désgiia das baleias-de-barbas (Familia
Balaenopteridagno Arquipélago dos Acores [p.]. Ponta Delgadaiveirsity of the Azores. 35 p.

69. Prieto R, Silva MA (2010) Marine Mammals. Imr§es PAV, Costa A, R. C, Gabriel R, Goncalves
V et al., editors. A list of the terrestrial andnina biota from the Azores. Cascais, Portugal: &pia. pp.
344-345.

70. Freitas L, Dinis A, Alves F, Ndbrega F, editd®)04) Cetaceos no Arquipélago da Madeira.

Machico, Portugal: Museu da Baleia do Machico.

71. Carrillo M, Pérez-Vallazza C, Alvarez-Vazquez(F10) Cetacean diversity and distribution off

Tenerife (Canary Islands). Marine Biodiversity Ret3: e97.

72. Lopez-Jurado LF, André M, Martin V (1996) Int@mo de los cetaceos de las aguas Canarias:
aplicacion de la Directiva 92/43/CEE.
http://www.mma.es/portal/secciones/aguas_marirtasaliprot_medio_marino/biodiversidad/bm_bbdd i

nventario.htm: Environment, Rural and Marine Ministf the Spanish Government. pp. 64.

73. Notarbartolo-di-Sciara (Politi E, Bayed A Beaubrun P-CKnowlton AR (1998) A winter cetacean survey
off southern Morocco, with a special emphasis @htrivhales. Reports of the International Whaling
Commission 48: 547-551.

74. Anonymous (2003) Seabird and cetacean surveyivicinity of the Chinguetti Oil Field, offsher
Mauritania. Unpublished report prepared as partaof environmental impact assessment for the
Chinguetti development project. http://www.miga/dacuments/ Mauritania_trl.pdf. pp. 44 p. +

appendixes.

75. Hazevoet CJ, Wenzel FW (2000) Whales and dafpfiMammalia, Cetacea) of the Cape Verde
Islands, with special reference to the Humpback M/hdegaptera novaeangliaéBorowski, 1781).
Contributions to Zoology 69: 197-211.

76. Van Waerebeek K, Ndiaye E, Djiba A, Diallo M,uiphy P, et al. (2000) A survey of the
conservation status of cetaceans in Senegal, Themb@aand Guinea-Bissau. Bonn, Germany:
UNEP/CMS Secretariat. 80 p.

77. Weir CR (2010) A review of cetacean occurreincé/est African waters from the Gulf of Guinea to

Angola. Mammal Review 40: 2-39.

58



78. Heithaus M, Wirsing A, Dill L, Heithaus L (20pLong-term movements of tiger sharks satellite-
tagged in Shark Bay, Western Australia. Marine &jyl 151: 1455-1461.

79. Compton R, Banks A, Goodwin L, Hooker SK (20@1pt cetacean survey of the sub-Arctic North
Atlantic utilizing a cruise-ship platform. Journaf the Marine Biological Association of the United
Kingdom 87: 321-325.

80. Laidre KL, Heide-Jgrgensen M-P, Heagerty P,s©o#\, Bergstrom B, et al. (2010) Spatial
associations between large baleen whales and gheyr in West Greenland. Marine Ecology Progress
Series 402: 269-284.

81. Lawson JW, Gosselin JF (2009) Distribution angliminary abundance estimates for cetaceans seen
during Canada’s marine megafauna survey - A comptomiethe 2007 TNASS. Department of Fisheries
and Oceans, Canadian Science Advisory SecretRa@siearch Document 2009/031 Research Document
2009/031. vi + 28 p.

82. Waring GT, Josephson E, Maze-Foley K, Rose(ZB9) U.S. Atlantic and Gulf of Mexico Marine
Mammal Stock Assessments — 2009. http://www.nedsargov/publications/tm/tm213/: US Department

of Commerce, National Oceanic and Atmospheric Adstiation 528 p.

83. Baumgartner MF, Fratantoni DM (2008) Diel pdiaity in both sei whale vocalization rates and the
vertical migration of their copepod prey observeshf ocean gliders. Limnology and Oceanography 53:
2197-2209.

84. Baumgartner MF, Van Parijs SM, Wenzel FW, TriamiCJ, Esch HC, et al. (2008) Low frequency
vocalizations attributed to sei whaleBa{aenoptera boreal)s Journal of the Acoustical Society of
America 124: 1339-1349.

85. Davis RW, Fragion GS (1996) US Department ¢érinor ,Minerals Management Service, Gulf of
Mexico OCS Region. New Orleans, LA. OCS Study MMS0®26 OCS Study MMS 96-0026. 29 p.

86. Jefferson TA, Schiro AJ (1997) Distribution edtaceans in the offshore Gulf of Mexico. Mammal
Review 27: 27-50.

87. Davis RW, Evans WE, Wirsig B (2000) Cetaceaas, turtles and seabirds in the northern Gulf of
Mexico: distribution, abundance and habitat assioria. New Orleans, LA: U.S. Department of the

Interior, Geological Survey, Biological Resource&ifion, USGS/BRD/CR-1999-0006 and Minerals

Management Service, Gulf of Mexico OCS Region. 1&4%9-96-0004 and 1445-1A09-96-0009 1445-
CT09-96-0004 and 1445-1A09-96-0009. 27 p.

88. Baumgartner MF, Mullin KD, May LN, Leming TD(@21) Cetacean habitats in the northern Gulf of
Mexico. Fishery Bulletin 99: 219-239.

89. Roden CL, Mullin KD (2000) Sightings of cetansan the northern Caribbean Sea and adjacent
waters, winter 1995. Caribbean Journal of Scierice280-288.

90. Swartz SL, Martinez A, Stamates J, Burks C, idixi-Giannoni AA (2001) Acoustic and visual

survey of cetaceans in the waters of Puerto Ricd e Virgin Islands: February—March 2001.

59



http://www.sefsc.noaa.gov/docs/Cetaceans-surveytdRieo&VI2001.pdf: US  Department  of
Commerce, National Oceanic and Atmospheric Adnmaiistn. NOAA Technical Memorandum NMFS-
SEFSC- 463 NOAA Technical Memorandum NMFS-SEFS@G. 46

91. Yoshida H, Compton J, Punnett S, Lovell T, @ralf, et al. (2010) Cetacean sightings in the easte
Caribbean and adjacent waters, spring 2004. Aqdimmals 36: 154-161.

92. Mignucci-Giannoni AA (1998) Zoogeography ofamtans off Puerto Rico and the Virgin Islands.
Caribbean Journal of Science 34: 173-190.

93. Boisseau O, Prieto R, Nicholson D, Gordon 3@ %n Atlantic cetacean survey using yachtsmen: a

pilot study. Arquipelage Life and Marine Sciences’A:; 101-107.

94. Dizon AE, Lockyer CH, Perrin WF, DeMaster DssBn J (1992) Rethinking the stock concept: a
phylogeographic approach. Conservation Biology4638.

95. Donovan GP (1991) A review of IWC stock boumnelar Report of the International Whaling

Commission special issue 13: 39-68.

96. Daniélsdaéttir AK, Duke EJ, Joyce P (1991) Pnelary studies on genetic variation at enzyme iloci
fin whales Balaenoptera physalyisand sei whalesB@laenoptera boreal)sform the north Atlantic.

Reports of the International Whaling Commission&gldssue 13: 115-124.

97. Olsen E, Budgell P, Head E, Kleivane L, No#ddt, et al. (2009) First satellite-tracked longtdnce

movement of a sei whal®#élaenoptera borealish the North Atlantic. Aquatic Mammals 35: 313-318.

98. Prieto R, Silva MA, Berube M, Palshgll PJ (208Rgratory destinations and sex composition of sei
whales Balaenoptera boreal)s transiting through the Azores. IWC/64/Replrevl /BIRMP6.

http://iwc.int/iwc64docs: International Whaling Carission. pp. 7.

99. Gill CD, Hughes SE (1971) A sei whakglaenoptera borealiseeding in Pacific sauryCololabis
saira. California Fish and Game 57: 218-219.

100. Watkins WA, Schevill WE (1979) Aerial obseieat of feeding behavior in four baleen whales:
Eubalaena glacialisBalaenoptera borealjsMegaptera novaeanglia®alaenoptera physalugournal of
Mammalogy 60: 155-163.

101. Brodie PF, Vikingsson G (2009) On the feedimgchanisms of the sei whalBalaenoptera

borealig. Journal of Northwest Atlantic Fishery Science 42-54.

102. Budylenko GA (1978) On sei whale feeding ia ®outhern Ocean. Reports of the International
Whaling Commission 28: 379-385.

103. Andrews RC (1916) Monographs of the PacifitaCea. I1l. The sei whald&laenoptera borealis
Lesson). 1. History, habits, external anatomy, aletgy, and relationship. Memoirs of the American
Museum of Natural History New Series 1: 289-3884-pls.

104. Sigurjonsson J (1995) On the life history amdecology of North Atlantic rorquals. In: Blix AS,
Walloe L, Ulltang &, editors. Whales, Seals, Fistl Man. Amsterdam: Elsevier Science. pp. 720.

60



105. Mitchell ED, Kozicki VM (1974) The sei whalB8dlaenoptera boreal)sin the northwest Atlantic
Ocean. pp. 48+ 48 fig.

106. Fromentin J-M, Planque B (199€6planusand environment in the eastern North Atlantic. 2.
Influence of the North Atlantic Oscillation o@. finmarchicusand C. helgolandicusMarine Ecology
Progress Series 134: 111-118.

107. Head EJH, Harris LR, Yashayaev | (2003) Dostibns ofCalanusspp. and other mesozooplankton
in the Labrador Sea in relation to hydrography prirgy and summer (1995-2000). Progress in
Oceanography 59: 1-30.

108. Konishi K, Tamura T, Isoda T, Okamoto R, Hakdm T, et al. (2009) Feeding strategies and prey
consumption of three baleen whale species withenkhroshio-Current extension. Journal of Northwest
Atlantic Fishery Science 42: 27-40.

109. Miller CB, Crain JA, Morgan CA (2000) Oil stmre variability inCalanus finmarchicusICES
Journal of Marine Science 57: 1786-1799.

110. Baumgartner MF, Mayo CA, Kenney RD (2007) Bmous carnivores, microscopic food, and a
restaurant that's hard to find. In: Kraus SD, Ral&M, editors. The Urban Whale: North Atlantic Rig
Whales at the Crossroads. Cambridge, MA, USA; Londengland: Harvard University Press. pp. 138-
171.

111. Flinn RD, Trites AW, Gregr EJ, Perry Rl (20@iets of fin, sei, and sperm whales in British
Columbia: An analysis of commercial whaling recorti863-1967. Marine Mammal Science 18: 663-
679.

112. Kawamura A (1973) Food and feeding of sei witalught in the waters south of 40°N in the North
Pacific. Scientific Reports of the Whales Resednstitute of Tokyo 25: 219-236.

113. Skov H, Gunnlaugsson T, Budgell WP, Horne ditéétad L, et al. (2008) Small-scale spatial
variability of sperm and sei whales in relatioroteanographic and topographic features along tlie Mi
Atlantic Ridge. Deep-Sea Research Part Il 55; X58.-2

114. Nasu K (1966) Fishery oceanographic studyherbleen whaling grounds. Scientific Reports ef th
Whales Research Institute of Tokyo 20: 157-210.

115. Moore SE, Waite JM, Friday NA, Honkalehto D@2) Cetacean distribution and relative abundance
on the central-eastern and the southeastern B8gagshelf with reference to oceanographic domains.

Progress in Oceanography 55: 249-261.

116. Tynan CT, Ainley DG, Barth JA, Cowles TJ, B&6D, et al. (2005) Cetacean distributions redativ

to ocean processes in the northern California @usgstem. Deep-Sea Research Part 11 52; 145-167.

117. Doniol-Valcroze T, Berteaux D, Larouche P,rSd& (2007) Influence of thermal fronts on habitat
selection by four rorqual whale species in the ®@filft. Lawrence. Marine Ecology Progress Series 33
207-216.

61



118. Bost CA, Cotté C, Bailleul F, Cherel Y, Chagia JB, et al. (2009) The importance of
oceanographic fronts to marine birds and mammakh@fsouthern oceans. Journal of Marine Systems
78: 363-376.

119. Kenney RD, Winn HE (1987) Cetacean biomass seamarine canyons compared to adjacent

shelf/slope areas. Continental Shelf Research 7-11@.

120. Lockyer CH, Martin AR (1983) The sei whale wHstern Iceland. Il. Age, growth and reproduction.
Report of the International Whaling Commission 885-476.

121. Perrin WF, Donovan GP (1984) Report of the Mgloop on reproduction on whales, dolphins and

porpoises. Report of the International Whaling Cassion Special Issue 6: 1-17.

122. DeMaster DP (1984) Review of techniques usagbtimate the average age at attainement of sexual

maturity in marine mammals. Report of the Intemmaal Whaling Commission Special Issue 6: 175-179.

123. Lockyer CH (1984) Review of baleen whale (Nbetf) reproduction and implications for
management. In: Perrin WF, Brownell Jr RL, DeMad&, editors. Reproduction in whales, dolphins

and porpoises. Cambridge, UK: International Whal@mgnmission. pp. 27-50.

124. Kjeld M (2003) Salt and water balance of madealeen whales: rate of urine production and food

intake. Canadian Journal of Zoology 81: 606-616.

125. Rice DW (1977) Synopsis of biological datatlea sei whale and Bryde's whale in the easterniNort

Pacific. Reports of the International Whaling Coresin Special issue 1: 92-97.

126. Lockyer CH (1974) Investigation of the eargpbf the southern sei whale, Balaenoptera boressis,
a valid means of determining age. Journal du Cohsteirnational Pour L'Exploration de la Mer 36:-71
81.

127. Laws RM (1977) Seals and whales of the Sonterean. Philosophical Transactions of the Royal
Society of London Series B, Biological Sciences:81996.

128. Merrick RL (1997) Current and historical rolesapex predators in the Bering Sea ecossystem.

Journal of Northwest Atlantic Fishery Science 223-355.

129. Beaugrand G (2004) The North Sea regime dkw¥idence, causes, mechanisms and consequences.
Progress in Oceanography 60: 245-262.

130. Beaugrand G, Reid PC, Ibafiez F, Lindley JAy&ds M (2002) Reorganization of North Atlantic
marine copepod biodiversity and climate. Sciend& 2692-1694.

131. Baker JD, Westgate A, Eguchi T (2010) Vitdaesaand population dynamics. In: Boyd IL, Bowen
WD, lverson SJ, editors. Marine mammal ecology emservation, a handbook of techniques. Oxford,
UK: Oxford University Press. pp. 119-143.

132. Kellar WM, Trego ML, Marks CI, Dizon AE (200®)etermining pregnancy from blubber in three

species of delphinids. Marine Mammal Science 2261-

62



133. Rolland RM, Hunt KE, Kraus SD, Wasser SK (9088sessing reproductive status of right whales
(Eubalaena glacialis) using fecal hormone metadmlitGeneral and Comparative Endocrinology 142:
308-317.

134. Gardiner KJ, Boyd IL, Racey PA, Reijnders PJHpmpson PM (1996) Plasma progesterone
concentrations measured using an enzyme-linked mosarbent assay useful for diagnosing pregnancy

in harbor sealsRhoca vitulind. Marine Mammal Science 12: 265-273.

135. Kjeld M, Vikingsson GA, Alfredsson A, Olafssén Arnason A (2003) Sex hormone concentrations
in the blood of sei whalesB&laenoptera boreal)soff Iceland. Journal of Cetacean Research and
Management 5: 233-240.

136. Allison C (2008) IWC Individual Catch Databagersion 3.5. The Red House, 135 Station Road,
Cambridge, Cambridgeshire CB24 9NP, UK: Availablenf International Whaling Commission
Secretariat.

137. Buckland ST, Anderson DR, Burnham KP, Laake(2293) Distance Samppling: estimating
abundance of biological populations. Lonkon, UKa@man and Hall. 446 p.

138. Pike DG, Gunnlaugsson T, Vikingsson GA, DesgmrG, Bloch D (2009) Estimates of the
abundance of minke whaleBdlaenoptera acutorostrajadrom Faroese and Icelandic NASS shipboard
surveys. NAMMCO Scientific Publications 7: 81-94.

139. Gunnlaugsson T, Sigurjonsson J (1990) A notthe problem of false positives in the use of ratu
marking data for abundance estimation (SC/A88/ID&R&port of the International Whaling Commission:
143-145.

140. Knowlton AR, Clark CW, Kraus SD. Sounds reeardn the presence of sei whakalaenoptera
borealis 1991 1991, Chicago. Society of Marine Mammalqgy. 40.

141. Rankin S, Barlow J (2007) Vocalizations of 8w WhaleBalaenoptera borealisff the Hawaiian

islands. Bioacoustics: the international journaanimal sound and its recording 16: 137-145.

142. McDonald MA, Hildebrand JA, Wiggins SM, Thidle Glasgow D, et al. (2005) Sei whale sounds
recorded in the Antarctic. Journal of the Acoudt®aciety of America 118: 3941-3945.

143. Jefferson TA, Stacey PJ, Baird RW (1991) Aawwvof killer whale interactions with other marine

mammals: Predation to co-existence. Mammal Reviewli 21-180.

144. Springer AM, Van Vliet GB, Piatt JF, Danner ERD06) Whales and whaling in the North Pacific
Ocean and Bering Sea. In: Estes JA, DeMaster DRk M-, Williams TM, Brownell Jr. RL, editors.
Whales, whaling and ocean ecosystems. Berkeley US®: University of California. pp. 245-261.

145. Branch TA, Williams TM (2006) Legacy of induat whaling: could killer whales be responsible
for declines in Southern Hemisphere sea lions,halepseals and minke whales? In: Estes JA, DeMaster
DP, Doak DF, Williams TM, Brownwell Jr. RT, editor§Vhales, whaling and ocean ecosystems.
Berkeley, CA, USA: University of California. pp. 2&€78.

63



146. Reeves RR, Berger J, Clapham PJ (2006) Killeales as predators of large baleen whales and
sperm whales. In: Estes JA, DeMaster DP, Doak DHjams TM, Brownell Jr. RL, editors. Whales,
whaling and ocean ecosystems. Berkeley, CA, USAvésaity of California. pp. 174-187.

147. Dailey MD (2001) Parasitic diseases. In; DiéraA, Gulland FMD, editors. CRC handbook of
marine mammal medicine. Boca Raton, FL, USA: CR&®rpp. 357-379.

148. Lambertsen RH (1986) Disease of the commomvfiale Balaenoptera physalliscrassicaudiosis

of the urinary system. Journal of Mammalogy 67:-368.

149. Lambertsen RH, Birnir B, Bauer JE (1986) Sexlmamistry and evidence of renal railure in the
North Atlantic fin whale population Journal of Wilie Diseases 22: 389-396.

150. Lambertsen RH (1990) Disease biomarkers igelavhale populations of the North Atlantic and
other oceans. In: McCarthy JE, Shugart LR, editBiemarkers of environmental contamination. Boca
Raton, FL, USA: Lewis Publishers. pp. 395-417.

151. Dailey MD, Vogelbein WK (1991) Parasite fawifdahree species of Antarctic whales with reference
to their use as potential stock indicators. Fistgarietin 89: 355-365.

152. Van Bressem MF, Van Waerebeek K, Raga JA (189@view of virus infections of cetaceans and
the potential impact of morbiliviruses, poxvirusasd papillomaviruses on host population dynamics.

Diseases of Aquatic Organisms 38: 53-65.

153. DeMaster DP (2001) Predation and competititne: impact of fisheries on marine-mammal

populations over the next one hundred years. Jbafidammalogy 82: 641-651.

154. Mizroch SA, Rice DW, Breiwick JM (1984) The sénale,Balaenoptera borealidMiarine Fisheries
Review 46: 25-29.

155. Lockyer CH (1977) Mortality rates for matureuthern sei whales. Reports of the International

Whaling Commission Special issue 1: 53-57.

156. Clapham PJ, Young SB, Brownell RL, Jr. (19B8)een whales: conservation issues and the status

of the most endangered populations. Mammal Revigvd2-60.

157. Glass AH, Cole TVN, Garron M (2010) Mortalind serious injury determinations for baleen
whale stocks along the United States eastern sehlaoal adjacent Canadian Maritimes, 2004-2008.
Woods Hole, USA: US Deptarment of Commerce, Noghé&ash Science Center. Northeast Fish Sci
Cent Ref Doc. 09-04 Northeast Fish Sci Cent Ref.D8e04. 19 p.

158. Northridge SP (2009) Fishing industry, effeofs In: Perrin WF, Wursig B, Thewissen JGM,
editors. Encyclopedia of marine mammals. 2nd eddbo & New York: Academic Press. pp. 443-447.

159. Laist DW, Knowlton AR, Mead JG, Collet AS, Rsth M (2001) Collisions between ships and

whales. Marine Mammal Science 17: 35-75.

160. Hazel J, Lawler IR, Marsh H, Robson S (200@53¢£I speed increases collision risk for the green
turtle Chelonia mydasEndangered Species Research 3: 105-113.

64



161. Van Waerebeek K, Baker AN, Félix F, Gedamki@idguez M, et al. (2007) Vessel collisions with
small cetaceans worldwide and with large whaleshan Southern Hemisphere, an initial assessment.
LAJAM 6: 43-69.

162. Glass AH, Cole TVN, Garron M (2009) Mortalignd serious injury determinations for baleen
whale stocks along the United States eastern sehlzoml adjacent Canadian Maritimes, 2003-2007.
Woods Hole, USA: US Deptarment of Commerce, Noghé&ash Science Center. Northeast Fish Sci
Cent Ref Doc. 09-04 Northeast Fish Sci Cent Ref.D8e04. 19 p.

163. Clark CW, Ellison WT, Southall BL, Hatch LT a¥ Parijs SM, et al. (2009) Acoustic masking in

marine ecosystems: intuitions, analysis, and inatibe. Marine Ecology Progress Series 395: 201-222.

164. Committee on Potential Impacts of Ambient Maisthe Ocean on Marine Mammals (2003) Ocean

Noise and Marine Mammals. Washington, D.C., USAe National Academies Press. 208 p.
165. Frantzis A (1998) Does acoustic testing strahdles? Nature 392: 29.

166. Jepson PD, Arbelo M, Deaville R, Patterson,|@Rstro P, et al. (2003) Gas-bubble lesions in
stranded cetaceans. Nature 425: 575-576.

167. Fernandez A, Edwards JF, Rodriguez F, De Lostbtos AE, Herraez P, et al. (2005) Gas and fat
embolic syndrome" involving a mass stranding of Keela whales (FamilyZiphiida€ exposed to

anthropogenic sonar signals. Veterinary Pathold)y46-457.

168. Cox TM, Ragen TJ, Read AJ, Vos E, Baird RWalet(2006) Understanding the impacts of

anthropogenic sound on beaked whales. Journaltec€an Research and Management 7: 177-187.

169. O'Shea TJ, Brownell RL, Jr. (1994) Organodhrand metal contaminants in baleen whales: A

review and evaluation of conservation implicatioBsience of the Total Environment 154: 179-200.

170. Borrell A (1993) PCB and DDTs in blubber oftameans from the northeastern North Atlantic.
Marine Pollution Bulletin 26: 146-151.

171. Marsili L, Casini C, Marini L, Regoli A, FoadirS (1997) Age, growth and organochlorines (HCB,
DDTs and PCBs) in Mediterranean striped dolphiren&ita coeruleoalba stranded in 1988-1994 on the
coasts of Italy. Marine Ecology Progress Series 238-282.

172. Haraguchi K, Endo T, Sakata M, Masuda Y (2006htamination survey of heavy metals and
organochlorine compounds in cetacean products psethin Japan. Food Hygiene and Safety Science
(Shokuhin Eiseigaku Zasshi) 41: 287-296.

173. Focardi S, Marsili L, Leonzio C, Zanardelli Mprtarbartolo di Sciara G (1992) Organochlorines
and trace elements in skin biopsies of fin whBldaenoptera physaluand striped dolphirStenella

coeruleoalbaEuropean Research on Cetaceans 6: 230-233.

174. IPCC Core Writing Team (2007) Climate Chan@@72 Synthesis Report. Contribution of Working
Groups |, Il and 11l to the Fourth Assessment Repbthe Intergovernmental Panel on Climate Change.

Geneva, Switzerland: Intergovernmental Panel om&tk Change. 104 p.

65



175. Simmonds MP, Eliott WJ (2009) Climate change eetaceans: concerns and recent developments.

Journal of the Marine Biological Association of tHaited Kingdom 89: 203-210.

176. Simmonds MP, Isaac SJ (2007) The impactsimiaté change on marine mammals: early signs of

significant problems. Oryx 41: 19-26.

177. Learmonth JA, MacLeod CD, Santos MB, Pierce @itk HQP, et al. (2006) Potential effects of
climate change on marine mammals. OceanographyMarthe Biology: An Annual Review 44: 431-
464.

178. Belkin IM (2009) Rapid warming of large marieeosystems. Progress in Oceanography 81: 207-
213.

179. Beaugrand G, Edwards M, Brander K, Luckzakb@nez F (2008) Causes and projections of abrupt
climate-driven ecosystem shifts in the North AtlanEcology Letters 11: 1157-1168.

180. Sherman K, Aquarone MC, Adams S (2009) Sustithe World’s large marine ecosystems.
Gland, Switzerland: IUCN. 142 p.

181. Stachowitsch M (2003) Research on intact reagtosystems: a lost era. Marine Pollution Bulletin
46: 801-805.

182. Rose NA, Janiger D, Parsons ECM, Stachowitgkc{2011) Shifting baselines in scientific

publications: A case study using cetacean reselfatine Policy 35: 477-482.

66



THIRD CHAPTER

Habitat suitability of the sei whale Balaenoptera borealis) in New

England and Nova Scotia using presence-only modei{

ABSTRACT. The waters off New England and Nova Scotia hold important
summering habitat for the sei whaBafaenoptera boreal)s This region is also one of
the busiest shipping areas in the world and hotg®oitant fishing grounds, resulting in
enhanced pressure over marine fauna, including eghahd other marine mammals.
Despite those threats, until now there has beenchmaracterization of the habitat
suitability for the sei whale throughout the regiddighting surveys for the highly
endangered North Atlantic right whal&ubalaena glacialis have collected accessory
data on other species, including the sei whalehbué a deficient coverage of the region.
Other complementary sources of occurrence daté lexisio not contain absence data. In
order to characterize the habitat suitability fbe tsei whale in the region, data from
several sources, including aerial and shipboarttisig surveys, opportunistic sightings
and whaling records, were pooled together to devato habitat suitability model for the
species during the summer. A Maximum Entropy atbariwas used in order to allow
the use of all available data. Results of the matiel that not all the region comprises
suitable habitat for the sei whale enabling a melffecient allocation of management
resources. The results further show some overlapdes summer habitats of the sei and
right whales, and attention is drawn to the posrdompetition of the two species. The
limitations of the model are discussed and suggestifor future improvements are
provided.

INTRODUCTION

Understanding the dynamics of organisms distrimstias one of the pillars of

ecological science [1]. However, for most speciedgprmation on distribution is

difficult and expensive to obtain and in the majoof the cases only a fraction of the
real habitat has been surveyed.

Additionally to the limited information, the envimment is changing rapidly with

reflexes in the distribution of organisms. Natusgaces are progressively being
permeated and fragmented as result of virtualljhathan activities, including (but not
exclusively) land clearing, urbanization, openinf mew terrestrial and marine
communication routes, intensification of traffic evvland, water and in the air,
manipulation of water resources, exploration anglatation of live and mineral

resources both on land and at sea [2]. The ratharige in distribution and population
fragmentation has increased over the last few decéat many terrestrial and marine
habitats, in response to climactic changes (regssdbf their causes) [3-5]. Marine

mammals are also expected to experience changkstiitbution due to direct effects of
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climactic changes and also in response to the aeagtion of their ecosystems as

result of changes in the thermal habitat [6-14].

With the increasing human influence in natural gstams at a global scale and the
realization of the intrinsic economic and socialueaof those ecosystems to human
welfare, detailed and reliable information abou ®patial distribution of organisms
becomes essential for creating robust resource geament frameworks [15-18]. In face
of the lack of data in sites that have not beenesgd this critical information can be
provided through the fitting of species distribuatimodels (SDM) that relate biological

records to relevant independent spatial environaiematriables [19-21].

There are several approaches to fitting SDMs (etssomonly referred in the literature
as ecological niche models: ENM [22]) with diffetettevels of complexity,

requirements and assumptions, making the choidbeofippropriate method for each
situation a non-trivial matter [20,21,23]. The maegtely used approaches in SDM

fitting fall into five broad categories (Table 3-1)

1) Heuristic models (also known as envelope modehs)t, tharacterise sites that
are located within the climactic niche occupiedabgpecies regardless of other
biophysical and biotic variables, of which BIOCLI&Ithe most eminent;

2) Statistical, including generalised linear model& N, generalised linear mixed
models (GLMM) and generalised additive models (GAMultivariate adaptive
regression splines (MARS), among others, that atensively used for the
strong statistical foundation and proven abilityréalistically model ecological
relationships;

3) Bayesian approach, based on inductive learningegssocarried out using Bayes
theorem, such as the BAYES algorithm;

4) Machine learning techniques stemming from inforogscience and including
artificial neural networks (ANN), boosted regressitrees (BRT), random
forests (RF), and maximum entropy (MaxEnt) [notdlaXEnt” is used
throughout to denote the modelling approach whNMAXENT” is used to
denote the software];

5) Evolutionary computation, such as the genetic #@lgor for rule-set prediction
(GARP) modelling environment that uses machineniegr approaches but is

particular for using a genetic algorithm.
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Table 3-1: Main species distribution models (SDMJ)egories and examples. See text for explanation of

acronyms.
Model family Examples References
Heuristic BIOCLIM* [24,25]
Statistical GAM; GLM; GLMM; MARS [19,26-28]
Bayesian BAYES [29]
Machine learning RF; BRT; ANN; MAXENT* [23,30-35]
Evolutionary computation GARP* [36,37]

*Methods specifically designed to be used with preg-only data.

With the multiplicity of approaches to developinBMs it is not surprising that there is
much discussion and confusion in the literatureuaiioe strengths and weaknesses, as
well as the utility, of each approach (e.g. [2343}). Only a handful review and
synthesis articles have tried to put some ordethen apparent confusion and clear
misconceptions [19,20,44-46].

One fundamental difference between some of theabpproaches regards to the goals
of the SDMs [20,47,48]. For some applications wgittong ecological focus SDMs may
be used to gain insight into the causal driversmdcies distributions. However, in
many studies with focus on conservation and spaasagement the main goal is
accurate prediction of distributions, regardlesghefecological processes involved. For
the former case, approaches in the “Statisticathiliga in Table 3-1 are the most
appropriate but they tend to be data hungry anficdlif to implement. On the other
hand, when the goal is to produce accurate predgtiof distributions, machine
learning and Bayesian approaches have been showavi® a very good predictive
ability even in face of scarce or non-systematitada0,23,48]. Although being first
received with some scepticism among classical gt and still fuelling some
discussion for being perceived as “black boxaghEuFraser [49]), they have steadily
gained acceptance and are increasingly found in #o®logist's toolbox
[20,35,38,48,50].

Another aspect to take into account when consige8inM approaches is the nature of
the dependent variable. Traditionally SDMs wereatgd using only presence-absence
data, describing known occurrences (presence) aogvik absences, collected under
specifically designed surveys. The advantage obgmee-absence data is enabling
analyses of biases regarding the surveyed locatadscalculating the probability of

detection of vagile species at any given momeat.the prevalence of the species [51].

Although being widely accepted as the best pradicEDM, some discussion exists
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about the potential that presence data has ofdatiag confounding information in
some situations (e.g. [52,53]). Notwithstanding, nmany cases records consist of
presence-only data (telemetry data, museum/hisioricecords, platforms of
opportunity, citizen science). In fact, for someerar cryptic species, or species in
remote areas and extreme environments, presenge<rords may be the sole data
available. Notwithstanding, modelling of presenodéyodata is still a challenge.
Formerly this problem was only addressed by enved@gmd distance measures [24,25].
More recently the use of pseudo-absences (thdacatitcreation of absences, using
randomly selected sites where the species of sitdras not been detected) became
widespread, despite the potential for bias intréidac In an effort to reduce bias, new
methods for the choice of optimal pseudo-absencescanstantly being proposed
[23,36,51,52,54-56]. Few approaches to SDM weratetewith the main purpose of
handling presence-only data (Table 3-1), the masmment being the maximum

entropy method (MaxEnt) proposed by Phillips e{24).

Numerous marine species, including marine mamnpaésent some of the challenges
that are addressed by presence-only methods sitble &axEnt approach. Many have
low detectability, occur in remote sites diffictdt survey (e.g. at depth, amid sea ice, in
remote ocean areas), are rare or cryptic. Undeigakystematic surveys for marine
species involves high operational costs which caskenobtaining absence data
prohibitively expensive. Moreover, obtaining relatabsence data for marine taxa is
difficult, if not impossible, for many species. N&theless, for many of those species
presence-only data exist or can be obtained at Hoveér cost. That is the case for the
sei whale Balaenoptera boreal)s Sei whales occur mainly in pelagic habitats arel
seldom recorded by dedicated surveys [57]. Additilgn at sea sei whales are difficult
to distinguish from fin B. physalus and Bryde’s B. edeni whales where their ranges
overlap, invalidating a great number of potentigh8ngs. Thus the sei whale is a clear
candidate for the use of approaches such as Maxhkich allow using data obtained
from non-systematic surveys and opportunisticaMaxEnt has been tested more
extensively with land species but a growing bodyitgfrature demonstrates that the
approach can be successfully applied to marineiepexs well (e.g. [58-61]) and

specifically to cetaceans (e.g. [62-65]).
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The presence of the sei whale in western Northnditawvas first reported in 1902 [66]
and since then it has been established that thetespases the waters off New England
and Nova Scotia as a feeding habitat during thensemj57].

The same region is also the summering habitati®rendangered North Atlantic right
whale Eubalaena glacialishereby referred only as right whale). The redmanbours
some of the busiest commercial ports in the woelsulting in an intense ship traffic
[67]. In addition, it includes very important fislg grounds and marine development
sites. The development of those anthropogenicidesvhas been shown to be a major
threat to the conservation of the right whales gisihe area, which elicited the
implementation of several management measuresding/uhe investment in dedicated
sighting surveys to obtain reliable demographic dmsdribution data [68,69]. Those
data enabled the development of spatially exphaibitat models for the right whale,
used in developing spatial/temporal managemenbractaimed to decrease threats

posed to the whales by the human activities [64,68]

Data on the occurrence of other species were digained during those surveys.
However, since surveys were optimized to coverritjet whale habitat they may be
sub-optimal for other species and need to be camgiéed with other sources of data

to be representative of the true habitat of thasetarget species.

Here a SDM is developed to characterize the sunialeitat of the sei whale off New
England and Nova Scotia. Data combines sightingdentauring aerial and shipboard
surveys specifically designed for the right whalightings from opportunistic records
and capture positions made by whaling operatiohs. dombination of these data cover
a much wider area than any of the sources by itgetf probably yield a better
representation of the true summer habitat of thevkale in the region (Figure 3-1-A).
Since not all sources contain absence and efftat tt'e MaxEnt approach was used. In
addition, by using that approach it was also pdssito use data obtained
opportunistically during the sighting surveys, whea effort was being recorded

(designated off-effort data) consequently incregsie data available for modelling.
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MATERIAL AND METHODS

Maximum entropy concepts and application to speciedistribution models

It is well known that the concept of entropySif' is intrinsically connected to the

second law of thermodynamics (hence this being kaisavn asntropy lawy.

The term was coined by Rudolph Clausius, who hupibn the work of Sadi Carnot
(after whom the Carnot cycle was named) and Emio&ion on the conversion of
heat energy to mechanical work [70,71]. In a sesfeamiemoirs and lectures posteriorly
compiled in one volume [72], Clausius introduced ateveloped the concept of
entropy, which was later considered his most ingrdrsingle contribution to science
[73].

The concept of entropy stemmed from the investgatiof Clausius on the Carnot
cycle. It was first derived as a state function rfaagnitudein the words of Clausius)
involved in the calculation of the energy flow undethermodynamic process. The

classical definition, derived by Clausius, is ie form of equation (1) below:

ds = — (1)

where Q denotes theheat content(later termedinternal heat energyin molecular

theory) andr the temperature of the system.

In Clausius’ own words, “We might célithetransformational contendf the body (...)
[but] I propose to call the magnitud&the entropyof the body, from the Greek word

pomi, transformation’. [74].

Clausius proved that in isolated systems (systémmatsdo not receive energy from the
exterior) S tends to be spontaneously maximized or, in othends; that these systems
tend to evolve towards thermodynamic equilibriunmc® there is no evidence that the
universe can be an open system, this proof becamesiversal law which was
highlighted by Clausius at the end of Mechanical Theory of Hedt4]:
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“(...) we may express in the following manner the fundéahdsws of the
universe which correspond to the two fundamentaorbms of the
mechanical theory of heat.

The energy of the universe is constant.
The entropy of the universe tends to a maxirhum.

For certain applications entropy may be interprededa measure of the states that a
system may take, which can be viewed as a measoréer (or disorder). In that view,
the maximization of entropy leads to a maximum nenmdf states, which most of the
time translate into a minimal organization (but 4&&,76] for examples on the
contrary). That has led to the common misconcemioout entropy being the same as
disorder, a qualitative entity. Styer [75] illugea how trying to define the qualitative
character of entropy may prove full of pitfalls asldows how a single definition may
not be possible. That is in great part becauseopytis a quantitative rather than

gualitative measure.

From its onset in the thermodynamics theory, entngpidly found its way into other
fields becoming fundamental in the development bf/sical chemistry, statistical
mechanics (which was started by the works of Jathadglaxwell, Ludwig Boltzmann

and Josiah Gibbs as the molecular theory of gasesjjuantum mechanics.

As part of his work on the molecular theory of gaseudwig Boltzmann was
responsible for creating the means to compute tiieogy based on counting the
number of available microscopic states of parti¢hagrostates). That became known

as the Boltzmann principle [77] and is translatgdhe following equatioh

S = kInw 2)

Herek is the thermodynamic unit of measurement of entrap Boltzmann constant
(1.33X10%rgPC). Nevertheless, as it will be seen beldwis an arbitrary constant

which determines the units in which entropy is nuead and can assume other values.

! As a side note, Boltzmann’s tombstone is peculjandving his entropy equation engraved at the Abgthe time of his death, in
1906, the atomic theory was still under debateiaméis not before 1909 that the experimental pafahe Brownian motion by
Jean Perrin [78] settled the matter. Boltzmann freaisely antagonized by many of his peers durirggdareer due to his ideas and
died before his statistical theories on mechanias taermodynamics could be validated experimentdllye inscription of the
entropy equation on his tombstone acts both asthpamous vindication against his detractors ana @stimony to his significant
contribution to science.
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W is the total number of microstates of the parsicgitea system (the kinetic energy of

each molecule) that are compatible with the maaiscstate of that system.

The mathematical principles developed in statibtamad quantum mechanics had a
profound impact in the applications of entropy tlye@ince they are applicable in any

statistical system outside the realm of physicscramistry.

The applicability of those principles in other @islwas perceived by Claude Shannon

who used them in developing his theory of commuiocan 1948 [79].

The drive behind Shannon’s work was the creatioma dfamework for encoding and
maximizing the information transmitted by a comnuaions system without loss of
fidelity. By adapting the thermodynamics principtesinformation theory, he showed
how fidelity in message transmission could be regméed as a probability function of
the distributions of the possible messages gerteratehe source and the messages

recovered at the receiving point.

Shannon perceived the equivalence of the quaStity statistical mechanics with the

uncertainty over the true content of a message.

It can be shown [80] that Equation (2) under cargadiiomatic conditions becomes:

S= —kBZpilnpi 3

wherep; is the probability that particlewill be in a given microstate. That equation,
known as the Boltzmann-Gibbs entropy, has the exachulation as Shannon’s
uncertainty(not surprisingly also represented@swith the only difference being that

in the latterp; stands for the probability for the value of a giveformation bit [79].

Building on Shannon’s work, in 1957 Edwin T. Jaypeblished two key articles that
would revolutionize information theory and, latenany other fields. In his two
companion articlesnformation theory and statistical mechanics, I;[81,82] Jaynes
reformulated and simplified the mathematics belivel statistical mechanics principle
of maximum entropy, leading to extensions of theotly and allowing for its use in

inference based on partial information.

The basic concept behind Jaynes’ Maximum Entropyciie (MEP) is simple to
understand and aims to single out the least bidstdbution that better approaches the
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“true” distribution: “Given a model of probabilitgtistributions, choose the distribution

with highest entropy” [83].

Jaynes intuited that the problem in drawing infeeenfrom partial information was one
of finding a probability assignment that avoidssbénd at the same time includes all the
existing information. He elegantly structured tiodution to that problem in the first of

his two seminal articles of 1957 [81].

He started by formulating the problem which isfant, a classic problem in theory of

probabilities:

Problem: A quantity is capable of assuming discrete valyes = 1, 2, ..., n);
we are ignorant of the corresponding probabiliiggut know the expectation

value of the functiori(x):

(FE) = Y pifG) &
i=1

What is the expectation value of the functigr)?

This is a known problem of specification of probieis with limited or no information
and it seems unsolvable since there is no infoonatd define the probabilities;,

because Equation (4) and the only other known ¢immdithe normalization condition

Spi= Q)

have to be supplemented by« 2) additional conditions befofg(x)) can be found.

Jaynes proceeds by recalling Shannon’s informatioeory and itsuncertainty
magnitude, expressed by Equation (3) (which Jaye®nymises toentropy for
clarity) and showing, by way of logical reasonitigat using the information given by
the entropy of the probability distribution is teelution for making inferences on the

basis of partial information.

The reasoning is that by using the probabilityrdstion which has maximum entropy
within the constraints of existing information, ormman ensure that no arbitrary

assumptions of information are made when choosimgng concurring solutions. That
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follows from Shannon’s proof [79] th&as formulated in Equation (3) is a quantity that
Is positive, which increases with increasing uraiaty and is additive for independent
sources of uncertainty. The distribution with maximm entropy is the only one that
makes no assumptions from the existing data, lugsgweight to all the information

that is present.

It remains to show how to maximize the entropy rdeo to single out the unbiased
distribution. The basic process of maximizing th#r@py proposed by Jaynes is
sketched below.

In order to maximize (3) subject to the constra{disand (5), Jaynes resourced to the
Langrangian multiplierd, u, obtaining

p, = e~ AHf(x) (6)

Substituting the constanisu in (4) and (5), one obtains

)
(f()) = —5-InZ(u) ¥,
u
A =1InZ(w) (8)
Z(u) = Z o—Hf(x) (9)

L

Jaynes then shows that this can be generalizedytmamber of function§(x), which

yields the maximum entropy probability distributiaa

p; = exp{~[A1 fy () + -+ A frn (XD} (10)

in which the constants are determined from
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(. (0) = —%mz (11)

o= InZ (12)

It follows that the maximum entropy of the distritlmn reduces to

Smax = Ao + A (L CO)) + + + A (Fin (X)) (13)

where the constariin (3) is set to 1.

Summarizing, the MEP offers a useful method to draferences from partial
information while ensuring that no unconscious taaloy assumptions are made in the
process. That has obvious impact in scientific reriee, as it helps overcoming the
arbitrariness involved in decision making under Bmmciple of Insufficient Reasoior
Principle of Indifference (i.e.: if under severe uncertainty, all the staghould be

regarded as equally likely; [81,84]).

In the years that followed its publication, thengiple became well established and
found numerous applications not only in informatidreory but also in physics,
biological systems, ecology, demography, econonepsgiences, astronomy, medical
sciences, among others [83,85-87]. If the principleasy to understand, methods for
entropy maximization and its applications compresecomplex and rich field of
investigation, even deserving a dedicated, indexyegr-reviewed monthly Journal
(Entropy, published by MDPI; ISSN 1099-4300, CODEN: ENTRF@®@)ternative
measures of information entropy and ways of maximgizit are constantly being
developed, dependent on diverse axiomatic founasitidn excellent and fairly recent
review is given in Beck [86].

Recently Phillips et al. [34] and Dudik et al. [8BJvised a way of applying the MEP to
SDMs using presence-only data, implemented throagtoftware called MAXENT
(freely available through http://www.cs.princetatué-schapire/maxent). In their
method the unknown probability distributign in equation (4) is denoted hyand is

drawn over a finite seX of points (that for practical purposes corresptmgixels in
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the study region). The distribution assigns a non-negative probabilitfx) to each
point x in X, totalling 1. The approximation te is given by another probability

distribution7z, which entropy’s is given by

S@) = — z 2(0)Inf (x) (14)

XEX

The probability distribution? respects a set of constraints derived from theispe
occurrence data, expressed as a set of functioass{ormations) of the explanatory
variables featuresin the MAXENT terminology) [89]. This is achievdyy making the
mean of each feature to closely match the empiagarage over the presence sites.
From the MEP it follows that among all probabilitystributions that satisfy those
constraints, the one with the maximum entropy Wwél the most unconstrained or, in
other words, that will produce the least under-g@etmodel [81,88]. The full methods
of implementation are described in Phillips et[ad] and Dudik et al. [88] and further
developed in Dudik et al. [90] and Phillips and Bui@9]. At this point it is relevant to
point out that the MaxEnt approach also appligerésence-absence data, in which case
the method provides estimates of a quantity tham@notonously related to the
probability of presence of the modelled species)ddmned on the environmental

predictors [87].

It is clear that this approach tends to closelyamale training data, an effect known as
“overfitting” that limits the generalization abyitof the model [91,92]. To handle that
effect, MAXENT allows the setting of an error bouatbund the samples empirical

feature means, denotedjgsn equation (15)

’2 .
ijy% (15)

This regularization parametey; acts over featurd; in equation (15). The featurg

has variance?|h;] over them presence sites. Singg corresponds to the width of the

confidence interval it is computed as the standardr (thus the radical) multiplied by

2 In the notation used by Dudik et al. [92] the tagaation multiplier is denoted by the Greek let@mbda X). However, to avoid
confusion with the notation used before in thiskydrere the letter gammg) (vas used instead.
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the desired confidence level setjbyhat will vary according to the type and complexit
of feature classes that MAXENT tries to fit.

The gammas in equation (15) allow smoothing th&idigion (making it more regular,

thus the ternregularization parametgrand comprise a specific type of regularization
called L1, also known as thessoor elastic-netpenalty, that is a common approach to
model improvement [92-94]. In MAXENT it can be seanually. However, in order to

simplify model fitting and to avoid bias inheremt the data a set of feature class-
specific tuned parameters is pre-loaded in therpragpased on results from modelling
a large multitaxa dataset using presence-absertaecdaering 226 species, 6 regions

and sample sizes from 2 to 5822 [23,89].

Since complexity of the functions describing theissnmental variables comes at the
expense of an increased sample size, dependingeosiZze of the dataset the feature
classes considered are limited by default in theg@am (for smaller datasets only

simpler functions are used). Nevertheless, thaatsmbe overridden by the user.

The program MAXENT became publicly available in 2Gihd since then it has become
one of the preferred methods of modelling spedstsilbutions with presence-only data.
It has been shown that it not only successfully edpecies distributions as it is
among the highest performing methods even when aoedpwith more established
methods including those using presence-absencd23&b,96]. It has been used with
diverse aims, including finding correlates of specobccurrences, mapping current

distributions, and predicting to new times and pfal33].

However, the MaxEnt approach has not been fregitifism. Being in the machine
learning model family (Table 3-1) the MaxEnt apmiodnas often been classified as a
“black box” (e.g. [41,97]). The term “black box” wdirst used to designate models that
failed to describe internal sources of variatio®][4nd is often applied to refer to
statistical models that do not quantify the inflaerof the independent variables in the
model and a confidence measure of that contribufibat hardly applies to the MaxEnt
method since quantitative information about theatre¢ contributions of the
explanatory variables can be calculated in sewgsagls [98]. Even MaxEnt not being
the best option when it comes to understand thé&digtreferences of a species [95],
outputs of a model ran using the MAXENT software @aclude up to four variable

contribution measures depending on the specificatad the model.
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The term “black box” is also widely used when refeg to methods that give little or
no option for model manipulation. In that regardnitist be noted that the MAXENT
software does offer a series of tuning options thddw optimization of model
specification. Nevertheless, a recent review hasvehthat most users tend to ignore
that and opt to use the default values in the mogf98]. Critics to the MaxEnt
approach have also referred the reduced availalofiinferential and model checking
tools in the MAXENT program [41], which was parljahcknowledged by the creators
of the software [34]. Nevertheless, several apgreador internal model performance
assessment and for model evaluation have been stedgend can be used in
conjunction with MAXENT (e.g. [99-104]).

Recently it has been suggested that the MaxEnbappris mathematically equivalent
to a point process model (PPM), often implementedGaéMs [98,105,106]. If that
equivalence is confirmed, there are important iogtions: 1) It cannot be argued that
MaxEnt performs worse or better than a PPM sincderg as the methods are applied
in the same manner the results should be iden®dljlaxEnt cannot be dubbed as a
“black box” method, since it can be reexpressed &°M; 3) model checking can be
made using traditional tools available for GLM, GAlhd other well established
approaches to SDM [98,107].

Dependent variable

Occurrences of sei whales were obtained from thethNétlantic Right Whale
Consortium database [108,109]. The North AtlantighRWhale Consortium database
(NARWCA) is a centralized archive of survey anchsigg data held by the University
of Rhode Island that receives data from every apgdion and agency conducting
surveys for right whales, from Florida to AtlanGanada. The NARWCd also includes
historical records of captures by whaling actiwtéend opportunistic sightings as well as
data on other marine mammals and sea turtles. igiitings are georreferenced and
coded according to origin of the record and religbiof the identification.
Identification reliability is divided in three caferies, increasing from 1 (unsure) to 3
(definitive) with an additional value of 9 when thaformation is unknown or has not

been recorded.

For sei whales four sources of records were aMail@erial surveys, shipboard surveys,

whaling and opportunistic sightings. All sourceseveombined and only sightings with
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an identification level of 3 were used, resulting 1133 records (Figure 3-1-A),
spanning from 1966 to 2008. Aerial surveys conteduwith 56.13% (636) of the
records, whaling with 25.68% (291), shipboard sysvevith 16.24% (184) and
opportunistic sightings with 1.94% (22). From sigbtsurveys (aerial and shipboard),
both on- and off-effort sightings were considenedh off-effort records accounting for
39.51% (324) of the sightings. Multiple occurreneathin the same environmental grid
cells were removed using ENMTools [103], reducing humber of occurrences to 855
records. One record was outside the modelled ardawas discarded, resulting in a
final number of occurrences of 854 (Figure 3-1{ttwere used through the modelling
process described below.

600
) Kilometers

0 600
m— wmmmw O Kilometers

B
Figure 3-1: A — Sei whale records in the study adeang summer from 1966 to 2008 (n=1133),
according to type of sources. B — Records used AXENT models after data clean-up (n=854). The
main topographic features mentioned in the textstu@vn and bathymetry is represented as shades of
blue. The 500 m isobath, corresponding to the apmate position of the shelf-break, is shown as a

continuous yellow line.
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Explanatory variables

Several candidate predictor variables were chosepagentially having explanatory
power for the distribution of whales. Choice of ttendidate variables was done by a
combination of revision of the literature to idéptthe variables that are believed to
drive whale’s movements [57], identification of gi@s for prey distribution and data

availability.

Candidate variables originated from different searevith varying resolutions (Table
3-2).

Variables were treated in a Geographic Informasystem (ArcGIS 10.1; ESRI, Inc.;
hereby referred as ArcGIS) as raster datasetsr Ryiprocessing all rasters were
projected to an Equidistant Cylindrical projectiith datum WGS84. Some variables
were derived from other and suffered some pre-ming, explained below. All rasters
were then resampled to adjust cell size for thesehoresolution (0.01666667 arc-
minutes) and to achieve correct alignment. Finalllyariable layers were clipped to the
same extent and exported to ascii file format & in MAXENT. In order to facilitate
this process, a set of custom tools was develogedyuhe Model Builder facility in
ArcGIS (Figure A-1.1; Appendix I).

The relevance of using each of the chosen variadgsedictors of whale distribution
and specific processing steps for each raster aeflybexplained in the following

sections.

Table 3-2: Explanatory variables used in the cowstvn of the MAXENT models.

Variable Acronym Units Resolution References
Depth bath meters 1 arc-minute** [110]
Aspect (northness)* northness radians 1 arc-minute** [110]
Aspect (eastness)* eastness radians 1 arc-minute** [110]
Slope* slope degrees 1 arc-minute** [110]
Rugosity* rugosity unitless 1 arc-minute** [110]
Distance to shore* dist_shore kilometers 1 arc-minute** [110]
Chlorophyl-a concentration Inchl_smmr In(mg/n) 0.01667 arc-minute [111]
Summer sea surface temperature sst_smmr °Centigrade 0.01667 arc-minute [111]

*Derived from Depth; **Downsampled to 0.01667 ardante

Geomorphological

Geomorphological data were all derived from the PUOB1 digital elevation model
(DEM; [110]). The geomorphological data layers useatedepth aspect(decomposed
in two variablesnorthnessandeastness slope rugosity and distance to shoreApart
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from depththat was measured directly from the DEM, all otheomorphological data

had to suffer some transformation prior to beingcpssed for use in MAXENT.

Aspectmeasures the geographic orientation of terrairased and is relevant in ecology
since habitat quality may vary depending on teraaiantation. Exposure to sunlight or
predominant currents, water temperature and typesulfstrate are some of the
characteristics that can be influencedaspectin the marine environment and that can,
in turn, drive the distribution of organisnf&lopemeasures the inclination of the terrain
in respect to a reference surface (in this casgebé representing the Earth). Similarly
to terrainaspect terrainslope can also affect the quality of the habitat forfefiént

organisms. It is well known that terraslope affects a plethora of oceanographic
phenomena, including vertical and horizontal waded particle transport, creating
phenomena such as up- and down-welling with reflese primary and secondary

productivity.

Aspectand slope rasters were created using tb&EM Surface Toolsextension in
ArcGIS [112,113]. Although ArcGIS offers tools talculateslopeandaspect there is

no option to choose the algorithm on which thedeutations are based. Jones [114]
compared several algorithms that are used in thgpuatation ofslopeandaspectand
found that the Fleming and Hoffer's method with therivation by Zevenbergen and
Thorne [115] using four neighbouring cell valuesswansistently the most accurate.
Unlike the standard ArcGIS tools, tBEM Surface Toolgxtension offers the option to
choose between different algorithms, including Rtegrand Hoffer's method using a
four cell neighbourhood, which was the method chdsecreate theslopeandaspect
rasters used here. In this work slope was calaliateegrees. Slope can also be (and is
often) expressed as a percentage of change imsteepNevertheless while the change
in steepness expressed in degrees is linear, pestage will increase non-linearly,
being 0% at ® and rapidly approaching infinity near 9QL00% change is attained at
45°). Aspectpresents another type of problem, by being a leiraneasure (unlike with
what happens witBlopewhich can vary only betweer? @nd 90, aspectcan take any
value between®and 368). Two approaches can be used to cope with thétero 1)

to categorize the values, or 2) to calculate thettmess” and “eastness” components of
the orientation values, which will vary betweeratid 1. Here the second approach was
used. To create theorthnessand eastnesgaster datasetsspectvalues were first
converted to absolute radians (in ArcGIS, flat ayeaith no clear orientation are
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represented as -1 making this transformation nacgsNorthnessand eastnessvere
calculated by computing respectively the cosine sind of each grid-cell value of the
resulting absolute radians raster dataset.

Terrainrugosity translates terrain complexity, which can driveamigms’ distribution
in several ways, for example by offering shelteaedas and hiding places, creating
local micro-climates, or affecting ease of movemeéntaquatic environments it can
further create turbulence, advecting sediment ahdrgarticles into the water which
will in turn influence turbidity and productivityonditions and may create niches to
some organisms [116]. Most traditional methods o@fputing rugosity are indices
directly derived from terraislope(e.g. [117]; [118]). More recently Sappington &t a
[119] proposed aector rugosity measur@/RM) of terrain that computesigosity as
the variation in three-dimensional orientation afdgcells within a neighbourhood,
incorporating both th@spectand gradient components of the terrain. This is a more
inclusive way of measuring the heterogeneity of thegain and has the further
advantage of being more independensioipe than traditional methods, enabling the

simultaneous utilization of both measures in maaigl|

The final geomorphological variable derived frone tiTOPO-1 DEM was distance to
shore. Cetacean distribution can be often linketthéodistance they are from shore (e.qg.
[120-122]). As a result, that variable is oftenluated in habitat modelling for those
animals. Nevertheless, the ecological significaoicthe variable must not be taken at
face value. For species that in some way deperdmah distance to shore may have a
clear ecological significance. For instance, thesa& distribution of polar bears,
pinnipeds and marine birds may be influenced byetiergetic cost involved in round
trips from haul-out sites and colonies to foragyngunds (e.g. [123-125] and references
therein). Cetaceans, on the other hand, live alugixely aquatic life and the ecological
meaning of distance to shore is not so clear. Tdr@able can in many cases represent
only a proxy to other relevant variables, such aeptll position of the shelf break,
turbidity, prevailing currents, or other (e.g. [12B9]). In fact, the distribution
according to distance to shore for the same spéctidifferent regions sometimes varies
widely [130], indicating that the variable may besbciated from the ecological
mechanism(s) driving the distribution. Here theialale was included in the candidate
explanatory variables for being a traditional vialgain this type of studies.
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The raster dataset representing distance to shasecveated using tHgpatial Analyst
tools in ArcGIS. First, a shoreline was derivednirthe ETOPO-1 DEM using the
Countourtool in Spatial Analystto create a contour line for bathymetry 0. Then, a
constant raster was created having the same boesdand dimensions of the
remaining datasets, and the shortest distanceeotehtroid of each grid cell to the

shoreline was calculated using theclidean Distancéool in Spatial Analyst

Remote sensed

The distribution of the sei whale is known to besmme way related to sea surface
temperature [57]. Remotely sensed sea surface tatope (SST;C) was derived from
standard mapped images (level 3, seasonal summmeposite 1998-2008, 4.6 km
resolution) collected by the Moderate Resolutiomdgimg Spectroradiometer (MODIS)
instrument aboard NASA’'s Aqua satellite and obtdinkom the Ocean Color
Discipline Processing System [111].

An attempt to us@n-situ data from one of the chief preys of the sei whalthe North

Atlantic, the copepodCalanus finmarchicuyswas made using a kriging approach.
Nevertheless, the resulting map did not cover titgeestudy area, or even all the sites
with known occurrences of the sei whale. Thus thap was not used in modelling the
sei whale distribution since it would introduce asdled bias in the models. Instead the
natural logarithm (In) of Chlorophyll-a concentmatiwas used as a proxy for primary
productivity. Remotely sensed near-surface primgmpoductivity indicated by

Chlorophyll-a concentration (Chl-a; mgirdata was also derived from data collected

by Acqua MODIS, with the same resolution and f@ sme period as SST.

Model fitting

All models were fitted using MAXENT 3.3.3k. Unlestherwise stated, settings were
left at their default values. During test trialsvias verified that the default 500 iterations
were not sufficient to guarantee model convergef¢ris the number of maximum

iterations was set to 5.000 for all models. To dp@@ data processing, MAXENT was
set to use two processing threads and was alloa@&# of RAM memory. Due to the

large number of models, MAXENT was run using s&riphd not the graphical user
interface. When no independent data exist to tesdeiperformance, it is common

practice to withhold a part of the presence dataetsi model performance [33].
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Nevertheless, since model performance was tesiad tlee methodology proposed by
Raes and ter Steege [101] (see below), all seievbigihtings were used to train the

models.

The choice of number and type of explanatory vémhbs fundamental to model
performance. As a rule of thumb, the best modéhésone which combines simplicity
(in terms of the number of model parameters) witedjctive ability, i.e., the most
parsimonious model [87,131]. A very complex modal terms of number of
explanatory variables and parameters is said gaheated and tends to overfit the data.
Thus, an important part of the modelling proces®igwvestigate which, among those
available, is the set of explanatory variables thidit produce the most parsimonious
model. This includes eliminating highly correlatestiables. Ecologically, two or more
highly correlated explanatory variables are bounbe analogous representations of the
same phenomenon acting over the modelled orgarikerefore, including correlated
variables goes against the parsimony principle.i#atthlly, the correlation nature may
differ in other scenarios (other region or time}ieth will reduce the transferability of
the model [132].

As referred previously, MAXENT includes a regulatibn parameter that balances
model fit and complexity. In MAXENT, different defli regularization values are
included, according to the type of features usedalculating the model parameters.
These were based in a large dataset [89] but magenappropriate for all systems and
should be tuned to achieve better model performdfhfd]. Tuning can be done
individually or through a regularization multipliethat acts over all default

regularization values, which is the preferred apfior most applications [104].

Tuning of model complexity followed the methodolggyposed by Warren and Seifert
[104] and Warren et al. [132]. As a first step,ea of 76 models was built with all 8
variables, varying the regularization multiplieorn O to 15 in steps of 0.2. Output
format was set to raw and models were compared) ubm sample corrected Akaike
information criterion (AICc) scores [107,133] cditied using ENMTools. Only the

model with the lowest AICc score was retained (aftee the starting model).

As a second step, the contribution scores of eacliaamental predictor variable in the
starting model were inferred by the permutation ontgince of the variables, assigned
by MAXENT. The permutation importance is calculategl randomly permuting the

values of each variable on training and backgradetd; the model is then re-evaluated
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on the permuted data and the metric representsethdting drop in training AUC
normalized as percentage. These scores were usednjanction with the spatial
correlation to select the final set of environménariables. Testing for correlation
between predictor variables was performed by catmg the Kendal’'s tau correlation
coefficient in R (R Development Core Team 2012).e TRearson’s correlation
coefficient is commonly used as an indicator ofrelation in spatial data analysis
literature. Nevertheless, that coefficient is selesto outliers and non-normality [134].
Rank-based coefficients are more appropriate isetteases, as they are distribution-
free. Spearman’s rho is widely used as a non-pdrammeeasure of correlation but Xu
et al. [135] have argued in favour of the use ef Kendall's method over Spearman’s
when in presence of large sample sizes. High adllity between any two predictors
was assumed to be present when the absolute viathe oorrelation index exceeded a
value of 0.7 [132,136].

Variables with a contribution score <5 in the st@ytmodel were discarded. The
variable with the highest score was retained arydodimer variables correlated with that
were also discarded. This process was followed tghremaining variables until all

were either discarded or included in the finalafetariables (hereby called the reduced

set).

Finally, a new set of models was created with #diced set of variables to determine
the optimal value of the regularization multipliédthough that was performed earlier
as the first step to determine the ideal set ofabées, and even though MaxEnt does
not estimate interaction terms for variables, th@igy be interactions between those
variables in how they affect regularization (Warr@ers. comm.). Thus, eliminating

one pair of a correlated set of variables may meqgthat the function for the other

variable be re-estimated, with a different numbérparameters. Thus, in order to

determine the optimal regularization multiplierg gprocedure performed in the first step
was repeated with the reduced set of variables. rékalting model with the lowest

AICc score was chosen as the final SDM (SPM

Model evaluation

After its introduction to the field of ecological adelling, in 1997 [137], receiver
operating characteristic (ROC) curve analysis became of the most widely used

methods to assess SDM performance. The value ofaitba under the ROC curve
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(AUC) is the metric used to estimate the predictaecuracy of SDMs, and is

implemented in MAXENT as a measure of model peroroe [33,89].

With presence-absence data, AUC values range frota 0, with a value of 0.5
indicating model accuracy not better than randooh @walue of 1.0 indicating perfect
model fit. However, some authors have questionedatly the AUC metric is used to
measure model performance, especially with presenlyedata (e.g. [138]). One of the
major problems is that when using presence-onlg, geeudo-absences must be used to
calculate the AUC. Given a sufficient number ofymk@absences in relation to the size
of the study area, a reasonable representatidreatvironmental variation of the study
area is achieved and the AUC is still consideradgseful metric for model evaluation
[34,36,139]. However, when using pseudo-absencesnthximum achievable AUC
(AUChay is less than 1. In fact, in that case AkdCis given by 1a/2 where &” is the
fraction of the geographical area covered by thecigs’ true (and unknown)
distribution [34]. This invalidates the use of stard thresholds to indicate good SDM

performance, such as the often used value of{31@]|141].

To overcome that problem, Raes and ter Steege [80dfested a methodology to
assess whether the SDM prediction differs from whiatild be expected by chance
alone. This is achieved by testing the AUC valuewated for the SDM against a null
distribution of expected AUC values based on a eandlataset, the null hypothesis

being that it does not differ from a predictionabed by chance [101].

To create the null AUC distribution, locations randy distributed in the study area, in
the same number of the occurrences used to fiS (n=854), were created without
replacement. For the present study, 500 sets seth@andom points were created and
used to train an equal number of null models, udimg exact same settings in
MAXENT as used to fit the SDMA one-sided 99% confidence interval (Cl) was then
calculated as in conventional statistical analysc, test if the SDM performs
significantly better than expected by chance. Tit#CAvalues of the 500 null models
were ranked and the 495th value (0.99 X 500) waaséhe 99% CI upper limit. AUC
values higher than that upper limit are represergtabf an SDM with accuracy

significantly better than expected by chance alps®.01).
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RESULTS

Model fitting

Comparison of the AICc scores of the 76 competingl@s showed that the best model
was that with a regularization multiplier of 0.6afdle A-Il.1; Appendix II), making this
the starting model. The permutation importanceazhevariable in the starting model is

shown in

Table 3-3 and correlation between variables in f&g8-2. The variabledistance to

shore northness eastnessrugosity and slope were discarded for having contribution
scores <5 (Table 3-3). The remaining variables wetehighly correlated to each other
(Figure 3-2) and were used to build the next sehoflels to investigate the best value

of the regularization multiplier.

Of these new 76 models using the reduced set adblas, the model with the best
AICc score was that with a regularization valuedgf (Table A-11.2; Appendix Il) and
was, thus, chosen as the final SDM (S{pM

Table 3-3: Permutation importance of variable i@ #fiarting model. Variables with a permutation ealu

above 5 were retained to fit the final SDM.

Variable Permutation importance
sst_smmr 49.7
bath 36.7
Inchl_smmr 6.6
dist_shore 3
northness 1.3
rugosity 1.2
slope 15
eastness 0
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Figure 3-2: Frequency distributions of explanateayiables considered for modelling (central diadpna
with ellipse plots (lower left; lépsesindicate density envelopes that contain the sjerifiss of points,
as determined by the 95% probability) and assati#tendall’s correlation coefficients (upper right)
between pairs of explanatory variables. Generatiggiships between the pairs of explanatory vaegmbl
are shown as red trend lines in the ellipse plotsraagnitude of correlation is represented by insirey
text size of the Kendall's coefficients. Red sqsamiepresent correlation values above/below thelateso
cut-off threshold of 0.7. Refer to text for abbions.

Model evaluation

The AUC scores of the 500 null models ranged betw@é12 and 0.662 (mean =
0.633), close to the theoretical expected valueafomndom model (0.5), while that of
the SDM was 0.932 (Figure 3-3). Based on the distribubbthe AUC values of the
null models, the 99% CI upper limit for a modelttbarforms better than random was
set at AUC= 0.651, showing that the SOMerforms significantly better than expected
by chance (p<0.01).
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Habitat suitability

Since the SDMperformance based on the ROC analysis was mutdr biedn expected
by chance, it was considered a valuable model faracterization of the sei whale
summer habitat in the study region. A new model wasiuced with the exact same
settings as SDMexcept regarding the output format that was charfgem “raw” to
“logistic”. The logistic output enables the caldida of habitat suitability probabilities,
conditioned on the environmental variables [89]e3d values were used to create two
types of habitat suitability maps.

In Figure 3-4 habitat suitability values are représd by a colour gradient, giving a
representation of the relative suitability of thabhat throughout the study area. A
highly suitable region is clearly seen inside thdf@f Maine, in the area corresponding
to the Wilkinson Basin region. The model also gitagh suitability scores to the area
along the shelf break. Areas of lower but stillioeable suitability are placed inside the
Bay of Fundy, over the Emerald Basin (Scotian Steeitl over the margin of the Gulf
of St. Lawrence along the Laurentian channel. Intrast suitability clearly decreases
over shallow banks, which can clearly be seen @aworges, Sable Island and Misaine

Banks.
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Figure 3-4: Summer habitat suitability for the sdiale in the study region. Warmer colours (red)
represent areas that are more suitable, whereder cmdours (blue) are less suitable. The isob&tho®

m, corresponding to the approximate position ofshelf-break, is shown as a continuous yellow line.
For some applications a state-structured model beaynore appropriate. The 10%
minimum probability of suitable habitat calculated MAXENT was used to produce
the map in Figure 3-5. Assuming that some errorg exast in the data, this threshold
defines the suitable habitat by including the b&string 90% of the data used in
training the model and thus eliminating most mieorors in the data. The resulting
threshold corresponds to a minimum suitability @tobty of 0.2783. Other thresholds
could be used, depending on management goals afidexace in the data quality.

In Figure 3-5 is clear that over the continental§suitable habitat is found in some of
the deepest areas. Nevertheless, not all deep areascluded in the suitable habitat
defined by the model, which is clear in the casdhef Jordan Basin in the Gulf of

Maine and the Laurentian Channel northeast of thi€ @ St. Lawrence.
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Figure 3-5: Habitat suitability for the sei whalsing a threshold of 0.2783 suitability probability
(transparent red shade). See text for further egpian of threshold calculation. Bathymetry is
represented as shades of blue. The isobath of 5Gfbmesponding to the approximate position of the

shelf-break, is shown as a continuous yellow line.

DISCUSSION AND CONCLUSIONS

Overall model performance and issues

The goal of this study was to produce a spatial ehad the sei whale summering
habitat off New England and Nova Scotia that cdoddused to aid in conservation
management. Since the available systematic suratydearly did not cover the entire
habitat used by the species, it was necessaryeta psesence-only modelling approach.
By carefully choosing ecologically relevant variedland tuning the model, the
resulting SDM was significantly better than expddby chance and can be a valuable
tool for the management of this and other whal&iggan that region.

No model is perfect and there is always space é&dinement. Inclusion of prey
abundance as a predictor would be one of the wiagshieving that in the present case.
The inclusion of prey abundance as a predictor avgnl model accuracy of habitat
suitability maps for the right whale using the MaxEapproach [64]. As mentioned
above, a model of prey abundance was also develfipetthe present work but the
available data was insufficient to cover the ensiredy region. Within a different or

smaller study area, using prey abundance couldrbepsion and would probably

93



improve model accuracy. But that improvement woglome at the expense of
transferability of the ENM since prey data is lakifor most areas. Thus, for the goals
of the present work, the inclusion of prey abunéant the model was considered
counter-productive and was abandoned. Insteadables that probably have low
ecological significance to the sei whale but arkelied to influence prey distribution
and abundance (such as Chl-a concentration and sopographic variables) were
included in the model. As a result, the variabketained in the ENMprobably reflect
not only those important to the whales but alsa¢hihat effect prey distribution and as

a result are influential in shaping the whalestiaeg habitat.

Models are based in underlying assumptions that brigarefully considered for their
plausibility. Probably the strongest assumptiorthi@ model presented here is that the
10 year climatologies for SST and Chl-a concerdratire representative of the entire
period covered by the sei whale sightings data tsdchin the model. Since SST had
the most contribution to the model among the rethivariables, major changes in this
variable over the study period may influence thgults. Large Marine Ecosystems
(LMEs) thermal characteristics are changing, buwtngfes are not uniform and strong
regional variations are noticeable [142]. The dogavhich the SDM was developed in
this study encompasses two LMEs: the Scotian simelfthe NE US shelf. The NE US
shelf is warming slowly but changes in the Scoshelf are considered fast with a net
increase of 0.8 between 1982 and 2006 [142]. It is importantridarstand how this
could have affected the resulting SDM. Of the 8%dspnce points used to train the
model only 192 (22.5%) were positioned over theti@ocshelf. Thus any effects of the
warming of the Scotian shelf over the predictiohthe model are restricted. Moreover,
the net increase of 0.89 is much lower than the inter-annual variabilitatt whales
(and prey) have to experience in the region [l42pnsequently this increase is
probably within the variation tolerated by the aalsa The option to deal with this
temporal mismatch between the climatologies ant gfahe sighting data would be to
use only sightings from the same period as theatbiogies. However, the resulting
sightings dataset would comprise mostly observatioom surveys that were shown to
be spatially biased (Figure 3-1-A). Taken all imnsideration, the spatial bias was

regarded to be more adverse than the bias frormogaaming.

The fact that an area is deemed suitable by an 8888 not imply that it is in fact used

by the observed species. Model predictions are aerthan the geographic projection
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of the environmental conditions most closely assed with the occurrence data,
identified during model training [19]. Even if amea is deemed suitable there can be
factors that preclude its use by the observed spesuch as physical barriers,
competition with other species, inability of occupyall the available habitat (by small
or depleted populations, for example), among ofhgrA clear example is evident in
the present work by the stretch along the margithefGulf of St. Lawrence identified
by the SDM as suitable habitat for the sei whale. Evidencgeofvhale presence in that

area could not be found in the literature.

In a way, this constitutes a Typedofnmissioh error since it can be interpreted as the
model predicting the presence of the species wharefact is not (but it should be
stressed that the model is predicting potential @oidrealized habitat). A commission
error is the converse of Type brfission error, when a model predicts the absence of

the species where it is in fact present [137].

The implications of Type | and Type Il errors foonservation planning must be
understood and weighted when deciding on managepneoédures. If only part of the
suitable habitat identified by the SDM is to bees&d for management purposes,
commission errors may lead to the selection ofsatieat are irrelevant in protecting the
observed species. Moreover, creating managemergumesain areas where the species
IS absent has direct and indirect costs and shbaldavoided. On the other hand,
omission errors may lead to neglecting the seleabiosites that may include essential
habitat for the species. Ideally SDMs would be dgéwaf those errors but in reality
perfect truth cannot be attained by a model [19,1A8us, critically interpreting model
results and deciding on how to balance model ciigglifbased on a desired, subjective,
confidence level) and applicability (regarding thigh extent model results are useful)

is an important part of conservation managemerttioes [144,145].

In the present case the fact that there are no krewords of the sei whale in the Gulf
of St. Lawrence is a strong indicator that we aréhe presence of a commission error.
In many cases, however, this type of error woultdh®oas easily detectable. In fact, one
of the goals in creating an SDM may be identifyireyv areas where a species has not
been detected for lack of survey effort (e.g. [}4B] such cases, other measures can be
undertaken. As mentioned before, the suitability@a calculated by the model can be
used in setting a threshold to down-weight margiadditats [144]. Another approach is

to survey areas identified as potential habitacaafirm the presence of the target
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species. The latter option obviously has costs dite the potential habitat areas
identified by a model are normally much smallemtiiae whole study area, creating an
SDM can be an efficient way of allocating limitachtls.

The model developed here was designed to give a sdgdle picture, both at spatial and
temporal dimensions. The areas identified as deithhbitat are probably oversized at
any given moment, as whale distribution in the flegdareas tends to be patchy as
reflex of prey distribution. Depending on the magragnt goals, models can be
developed at much higher resolution and/or at snalpatial and temporal scales. For
instance, Pendleton et al. [64] developed a predichodel of habitat suitability for the
right whale at 8 day resolution that can aid inatrg near real-time adaptive
management measures. In principle, that can alszhieved with the model created in
the present work. After the model has been traihedn be used to forecast changes in
habitat suitability grojecting in the MAXENT terminology) for new environmental
configurations, as long as the predictors usedam the model are maintained [89].
Thus the model predictions could be updated atdmsjred time scale by projecting
predictions into different environments resultinggnh changes of highly dynamic

predictors such as SST and Chl-a concentration.

Ecological interpretation and consequences of modedsults

The resulting suitability scores from the SPb&learly show distinct areas of high and
low habitat suitability, demonstrating that whatksnot use the whole study area in the
same manner. Thus more efficient management cattéieed by focusing efforts and
resources in specific areas inside the study regibese results can in fact be used to
create cost-effective survey designs that can ingudata quality for future ecological

and population studies of the sei whale in theargi

The MaxEnt approach is more focused in creatingirate SDMs than in unveiling the
form of the relationship of the dependent and mtedivariables. For that goal other
approaches are more appropriate [95]. Neverthetbssranking of the permutation
importance scores of the variables calculated byXEMNT can be viewed as proxy for
habitat preferences, giving some insight into whkatlevant to the animals [64,89]. In
the final model, SST had the highest permutatiopartance score, followed by
bathymetry. These two variables are known to imftigethe sei whale distribution [57]

and it is natural that they contributed the mosth® model. Despite bathymetry not
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being the most important predictor, it still seetesbe important in defining the
preferred habitat of sei whale. According to theMgDthe shallower areas do not
comprise suitable habitat (Figure 3-5), which iegreement with what is known about
the habitat preferences of the species [57]. Nbetss not all deep areas (see for
example the Jordan Basin) seem to comprise suitedtigat, which is natural given the

contribution of the other variables.

The only other variable retained in the SPivasInChl-a. Chlorophill-a concentration
is a proxy for primary production and it probablsHow direct ecological relevance to
the sei whale. However, as mentioned above, prirpasgiuction drives the distribution
and abundance of grazing zooplankton such a€ thi@marchicuswhich in turn drives
whale distribution. The retention of the variableéhe model shows that it still has some
explanatory power but its low permutation imporens probably due to the indirect

influence in the habitat preferences of the seiletha

Some of the most important areas identified inrttoelel were expected to be important
for the sei whale either by the sheer number dftsigs in a given area or by ecological
relevance. The Wilkinson basin came up as a highitable habitat for the sei whale.
Judging by the clustering and number of sightingghie area this was an expected
outcome. The shelf break also seems to comprisertant summering habitat for the
sei whale. Strong shelf-slope fronts develop inaheas southeast of Georges bank and
off the Scotian shelf [147] and may explain thipa@nt affinity of the whales for the
shelf break. The association of marine predatorth virionts is well documented
throughout the literature, namely for pelagic fshe.g. [148,149]), sea turtles (e.g.
[150,151)), seabirds (e.g. [152-154]) and marinenmals, including the sei whale (e.qg.
[127,150,152,155-157]). It is believed that thessoaiations with oceanic fronts
enhance foraging efficiency by concentration ofypthrough convergence or by

increased prey biomass due to elevated primaryygstomh [152].

It comes as an interesting outcome that the varislbbe presumably a proxy for the
presence of the shelf break, was not retainedarSthM. The fact that the model was
able to identify the shelf break as suitable habiteen after the discarding of that
variable indicates that the oceanographic processesnore important to the animals

than the topographic configuration of the bottom.

Part of the habitat characterized as suitabledowbales in this study overlaps with the

feeding habitat of the highly endangered right whalhe southernmost part of the
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Wilkinson basin and the entrance to the Great S@lithAnnel have been identified as
important feeding habitat for the right whale due the dense and predictable
aggregations of the copep@d finmarchicug64,158]. This copepod is known to be the
main prey of the sei whale in the Gulf of Maine 91861] and the coincidence of
feeding habitats unveiled by this study raisesgihestion about how much competition

for prey exist between the sei and right whalehénstudy region.

The North Atlantic right whale is one of the mosidangered cetacean species, with
population effectives numbering on few hundred aténand with an exceedingly slow
recovery rate from past whaling [67]. Calf prodantin the right whale is influenced by
the abundance of. finmarchicusand competition between this whale species with
other predators such as zooplanktivorous fish advhales may be among several

factors slowing down the recovery of the populafib60-162].

Debate about the potential competition betweenasei right whales for the same
resources is not new, but Kenney et al. [162] ssiggethat in the shelf waters of the
U.S. this should not be an issue due to littlerdistional overlap between the two
species. That reasoning is in contrast with thdifigs from this work. The present
work focuses on a much wider scale than that afluieKenney et al. [162] and may
miss some detail at lower scale. On the other hemwhpared to what was available to
Kenney et al. [162], this work benefited from aden sampling period and larger
sightings dataset, as well as a state of the aitdtanodelling tool. It is possible that at
scales in the order of few kilometres some segi@ydetween the two species do exist,
which in practical terms would mean that the whales not competing for the same
prey patches. Nevertheless, the results reportedih@icate that the feeding habitats of
the two species partially overlap at a broaderesdalen if whales are not competing
for the same patches of food, they are probablygushe same prey population.
Interspecific competition between the predatorsCoffinmarchicusin the region are
complex and difficult to quantify, but should be mamoticeable in years of lower
copepod abundance [160]. In fact it seems that etitign may be more detrimental for
individual sei whales than for right whales sinke tatter can feed both at depth and at
the surface, while sei whales seem to feed only riea surface [159,160,163].
Nevertheless, due to its endangered status, thé whgale probably is the species of
more concern regarding effects at a population|léwen competition with other

predators. In face of the results from this stddyther investigation should be carried
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on the potential effects of competition betweena® right whales, as well as with

otherC. finmarchicugpredators in the region.

Conclusions

Between climactic changes and human activities,thiheats to whales are increasing
and tools for their proper management are invatugbb4,165]. It is critical that we
understand how these animals use their habitat, weware impacting that habitat and
how environmental changes may affect them. Thisespecially relevant for
insufficiently studied species such as the sei @lfaf]. In that sense the development
of species distribution models such as the oneepted here are of paramount

importance for their contribution in the developrehproper management measures.

The utility of the SDM that resulted from the pnes#ork seems clear. By knowing
which are the most relevant areas for the aninditect and indirect threats can be
investigated and acted upon if necessary. For ebeamyith the results of the SDiNt

will be easier to access if sei whales are facigitat degradation or loss in the region
or if (and where) they face direct threats suclktap strikes or becoming entangled in

fishing gear [165].

The SDM created in the present work improves odeustanding not only about the sei
whale but also the relationship of this whale véttother important species in the study
region, such as the right whale. This result shbaw coupling SDMs for different

species is beneficial not only to the focal spetiat can also contribute for a more

comprehensive management of the ecosystem.

Some of the limitations of the model and strated@sits improvement have been
identified and depending on data availability mogned models can be created using
the same procedures laid here. Even at its presatet, the model could be easily used
to predict habitat suitability at different spatehd temporal scales including for near
real-time management approaches such as that gagysPendleton et al. [64]. The
inclusion of prey as an explanatory variable wopitdbably improve model accuracy

and efforts should be made on that direction irftibgre.
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FOURTH CHAPTER

Assessing performance of Bayesian state-space madid to Argos

satellite telemetry locations processed with Kalmafiltering

ABSTRACT: Argos recently implemented a new algorithm to ghlte locations of
satellite-tracked animals that uses a Kalman f{lkd). The KF algorithm is reported to
increase the number and accuracy of estimated igusitover the traditional Least
Squares (LS) algorithm, with potential advantagesthte application of state-space
methods to model animal movement data. The perfocmaf two Bayesian state-space
models (SSMs) fitted to satellite tracking datagessed with KF algorithm were tested.
Tracks from 7 harbour sealPHoca vituling tagged with ARGOS satellite transmitters
equipped with Fastloc GPS loggers were used tallztcthe error of locations estimated
from SSMs fitted to KF and LS data, by comparingséhto “true” GPS locations. Data
on 6 fin whales Balaenoptera physalliswere used to investigate consistency in
movement parameters, location and behaviouralsststitmated by switching state-space
models (SSSM) fitted to data derived from KF and ma8thods. The model fit to KF
locations improved the accuracy of seal trips bye2@ver the LS model. 82% of
locations predicted from the KF model and 73% chtons from the LS model were <5
km from the corresponding interpolated GPS positidmcertainty in KF model estimates
(5.615.6 km) was nearly half that of LS estimatek.§+8.4 km). Accuracy of KF and LS
modelled locations was sensitive to precision bat to observation frequency or
temporal resolution of raw Argos data. On aver&@8p of whale locations estimated by
KF models fell within the 95% probability ellipsé paired locations from LS models.
Precision of KF locations for whales was generaligher. Whales’ behavioural mode
inferred by KF models matched the classificatiaanfrLS models in 94% of the cases.
State-space models fit to KF data can improve apaticuracy of location estimates over
LS models and produce equally reliable behavioestimates.

INTRODUCTION

The collection of individual animal movement datashbecome widely utilized by
ecologists in the last decade due to the improvemiethhe underlying technologies and
reduction of operational costs involved in aningdémetry. Of the several technologies
available, one of the most popular is that basedaisllite tags (platform transmitter
terminals, PTTs) using the Argos system [1]. Howevaost satellite tags record
observations at irregular intervals and with coesatlle error, meaning that movements
are observed neither continuously nor with complateuracy. The Argos service
provider assigns a quality index, or location clésS), to each position based on its
estimated precision. The radius of error (assuragddude 68% of positions) for each
LC is: LC 3<250m, LC 2 250-500m, LC 1 500-1500m, @&1500m, and LC A, B and
Z for which no estimate of error is provided [2]owever, attempts to measure spatial
error of Argos locations using either stationaistéeor double-tagging experiments with

free-ranging animals consistently reported largesre than those indicated by Argos.
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Many of these studies also provided error estim&vedocation classes A and B,

showing these could be in the range of tens to tedsdof kilometres (reviewed in [3]).

Varying accuracy and precision, and unevennesgdoesand time of telemetry data can
affect the determination of distribution, habitgeuand behavioural patterns of animals
and severely bias the calculation of movement wwtfB-5]. Therefore, advanced
statistical methods are necessary to account trad@rror and temporal irregularity in
the data and to understand the movement behavidlie oracked animals.

Jonsen et al. [6] proposed a state-space framefwor&nalysis of movement data that
was further developed in Jonsen et al. [7-9], ideorto deal with the biological and
statistical complexities associated with animalckiag data. State-space models
(SSMs) offer a powerful way to infer latent movemé&mm imperfect estimates of
animal locations by allowing uncertainty in botle thbservations and in the movement
dynamics to be accounted for separately in themesibn process. Additionally,
movement models can include behavioural or enviemtal effects, enabling a better
understanding of the interaction between an ansriahaviour and its environment [8-
11]. SSMs have been used widely among ecologistaencurrently one of the tools of

choice for analysing tracking data of several taxd across environments [5,12-17].

Geolocation of animals tracked with Argos systesbased on the Doppler shift of the
tag’s fixed transmission frequency; i.e. the fragueshift of the tag’s signal received at
the orbiting satellite as it approaches and mowesyarom the tag [18]. The system
estimates two possible positions, which are sympaton each side of the satellite
ground track. Until recently, Argos used a nondinéeast Squares (LS) algorithm to
refine the tag’'s position estimates and to seleetane with the minimal residual error.
However, the LS positioning algorithm presenteduenber of limitations and affected
the quality of the tracks obtained. For instancéemvthe LS algorithm could not
complete the refinement routine or check the vilidf the most plausible location
estimate, no position was provided. In additiore fbrocess required at least two
transmissions (also called messages) during aessaikllite pass to compute a position

and at least four messages to produce an erranasti

In May 2011, Argos implemented a new algorithm tlaatounts for movement
dynamics and uses a Kalman filter (KF) to estinpettsitions [1,19]. The algorithm uses
a correlated random walk model to predict the r@odition and its estimated error

based on the previous positions and estimated. éttbien uses the Doppler frequency-
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shift measurements acquired during a satellite pmsgpdate the position predicted by
the model and return a final position. Compareth&oLS method, the Kalman filtering
estimator is reported to improve the accuracy timeged positions and to increase the
number of positions up to 13% [19]. Such improvetsenay have a significant impact
in studies where relatively few messages are redenith each satellite pass, which is

the case for many marine and dense forest species.

Although the new processing algorithm may bringhgigant advantages, it may also

introduce changes in the autocorrelation struobfithe Argos satellite data. Given that
many published SSM applications for animal trackilaga do not currently account for

the potential autocorrelation in location errorgroduced by the new KF algorithm,

models fit to datasets with differing degrees dbaarrelated errors could lead to biased
estimates of movement parameters, behaviouralsstatel their uncertainties. Several
studies have examined the validity of SSMs appteddata obtained with the LS

positioning algorithm and quantified the precisafrpredicted locations (e.g. [20-22]),

none examined how changes introduced by the KFritdign might affect the

application of these models.

The aim of the present work is to assess the pedoce of Bayesian SSMs fit to
satellite tracking data processed with the new I§Bitppning algorithm introduced by
Argos. This work used two real datasets from mata& that differ greatly in their
movement ranges— harbour seaPhdca vituling and fin whales Balaenoptera
physaluy — as SSMs are known to be sensitive to the smfalrovement [20]. Using
data from 7 harbour seals instrumented with ARG@Rllge transmitters equipped
with Fastloc GPS loggers (hereafter GPS/Argos tagsdimated locations from a
hierarchical SSM (hSSM) fit to data processed viktRh and LS algorithms were
compared to the GPS positions obtained from theedamto (1) assess spatial accuracy
of locations from models fit to data derived froack algorithm; and (2) determine how
spatial accuracy varies with observation frequenieyporal resolution and reported
precision of Argos locations. Models fit to fin whatracks could not be evaluated
through comparison with GPS data because whales wsirumented with Argos-only
transmitters. Satellite tracks of 6 fin whales wersed to compare location and
behavioural states estimated from a switching stpsee model (SSSM) fit to the KF
data to those from models fit to the classical Igbdthm. Whale tracks were analysed

113



with different temporal resolutions to test whethad how the quality of tracking data
affected the similarity of the output from SSSM4di LS and KF data.

MATERIAL AND METHODS

Ethics Statement

All seal handling and tagging procedures were edrrout under license number
60/4009 issued by the UK Home Office under the Aalgr(Scientific Procedures) Act
1986. Fieldwork and whale tagging in the Azores evedeveloped under research
permits by the administrative authorities of thet@iwomous Region of the Azores. All
procedures in whales followed the guidelines ofAhgerican Society of Mammalogists
[23].

Data collection and processing

In the interest of clarity the following terminolpgvill be used throughout this work: i)

LS locations/data and KF locations/data refer ® lttations/data provided by Argos
that were derived from the application of the LSl &t algorithms, respectively; and
i) LS or KF model refer to the state-space modiisto data derived from the

application of either the LS or KF algorithm. Aspéined below, the same models
were fit to LS and KF datasets.

Harbour seal data

GPS/Argos tags were deployed on harbour seals enBtien Estuary, south-east
Scotland and around Eday, Orkney between May alyd2D12. Animals were caught
on or close to haul-out sites using hand, seinetaogle nets and subsequently
anesthetised with Zolelilas detailed in Sharples et al. [24]. Tags werechéa to the
fur at the back of the neck using Loctitd22 Instant Adhesive. Tag duration ranged

from 25 to 65 days (median 41 days).

The Fastloc GPS data used in this study were tridiesinvia the Argos system,
providing high resolution at sea locations. The d&dransmissions also generated a
concurrent series of standard Argos locations.rtfeioto conduct this study, messages
from the satellite transmitters were processed Hey Argos service provider (CLS,

Ramonville Saint-Agne, France) using both the L& IR processing algorithms.
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Fastloc GPS positions are more accurate and prdwseArgos locations and in the
present study were assumed to represent the s#aig” position. However, GPS
accuracy is known to decrease when Fastloc calontatire based on fewer satellites
[25,26] and when residual error is high [27]. GR$advere therefore cleaned according
to the Sea Mammal Research Unit protocol wheretilmes estimated with <5 satellites
and with residual errors=0 or >25 were removed.[Z2€sts on land showed that over
95% of the cleaned locations had an error of <§Q7h

As central-place foragers harbour seals haul-odad between foraging trips. Thus, it
was necessary to remove haul-out locations fromdtita before fitting any models.
Although the GPS/Argos tags have a wet/dry sensichwecords haul-out events, only
a subset of these records are received via thesAgsgstem. These animals often range
in near shore waters and the large measuremenmtierfogos observations means such
observations could not be used to define whethkrcation fell on land. Thus, the
Fastloc GPS positions were used to define the ggdone seals departed and returned
to land. Positions within 200 m from all shorelingsre also considered as haul-out to
buffer against errors in GPS positions and bechasieour seals haul-out on intertidal
sandbanks. This procedure may have excluded valit pf a few foraging trips but
this shouldn’t affect algorithm comparison in anyw&onsecutive at-sea locations
between haul-out events thus formed an individaedding trip. A series of trips were
defined within each seal GPS track and, for eaph afl LS and KF locations obtained
between 5 minutes prior to and 5 minutes afterttipewere selected. Only trips with
>30 LS and KF locations were subsequently used fodehfitting. The seal dataset
analysed in the next sections consisted of 1174, GB3 Argos LS and 2083 Argos
KF positions obtained during 31 foraging trips ofdifferent seals (Table A-II.3;
Appendix ).

Fin whale data

The data consisted of Argos-derived surface postiobtained from PTTs (model
SPOT5-implantable, Wildlife Computers, Redmond, Wiagton, USA) attached to the
flanks of 6 fin whales. Whales were tagged off Faiad Pico islands (38°N 28°W),
Archipelago of the Azores (Portugal), in Septenit@99, April and May 2010. All tags
were programmed to transmit on a daily basis, etiety of the day up to a maximum

of 500 messages per day. Details about the taggiethodology, movements and
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inferred behaviours of these whales are describ&llva et al.[28]; here the focus is on
the analyses of model fitting and performance. litkéhe case of the harbour seal data,
location data was requested to be processed withtbe LS and KF algorithms.

The KF algorithm consistently yielded more posisigrer individual whale than the LS
algorithm (Table A-11.4; Appendix II). To compared regular, estimated locations from
the LS model with those from the KF model for eadtale dataset, only the positions
from the KF data that were within 2 minutes of a ji&ition were selected (hereafter
called the KF reduced dataset). A second model fittesl to all KF locations to

investigate how the tracks from a model fittedhe full KF dataset compared to those

from a LS model.

State-space models

State-space models couple two stochastic mod@aess model (transition equation)
that estimates the current state (e.g. locationkeefchvioural state) of an animal given
its previous state, and an observation model #lates the unobserved location states

estimated by the process model to the observedldattions obtained from Argos).

The SSM described in Jonsen et al. [8] uses adiffdrence correlated random walk

(DCRW) as the process model to describe movemeamdrdics. The SSSM also uses a
DCRW as the process model but allows movement pateamto change between two

discrete behavioural states — for example, trargsitiersus area-restricted search (ARS;
[29]) — by including a different DCRW model for ¢af®].

Modd fit to harbour seal data

Initially an attempt to fit a SSSM to the harbowakdata was made but the same
problems noted by Breed et al. [20] using simuldtagks were encountered. These
authors showed that when the scale of movemennhadl selative to observation error
and frequency, the models are unable to accuratgiynate location and behavioural
states. Even though the temporal resolution okt data was reasonably high (Table
A-11.3; Appendix Il), the SSSM provided a poor frgsulting in unreliable location and
behavioural estimates, irrespective of the algoritsed (although models fitted to KF
data behaved slightly better). It is possible timmvements of harbour seals are best
analysed with different models (e.g. [30]) but tevaluation is beyond the scope of this

paper.
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Thus a SSM [8] was fit to the harbour seals’ s@elbcations derived from the LS and
KF algorithms. The SSM was fit as a single hiermahmodel (hSSM) [5] to all trips of
all seals simultaneously, as this significantly royied parameter estimation, especially

for data-sparse trips.

By letting k index each individual harbour seal trip, the titamis equation of the SSM

formulated within a hierarchical framework becomes:

dex~N, (Yt,kT(et,k)dt—l,k ) Z)

whered;; is the displacement between unobserved locatipnsandx..,, andd; is the

displacement between unobserved locatiqrendx:.;. T(6) is a transition matrix that
provides the rotation required to move fradm to d;, wheref is the mean turning angle.
v is the move persistence coefficient (i.e. combiaetbcorrelation in direction and
speed)N; is a bivariate Gaussian distribution with covacematrix). and represents

the randomness in animal movement.

The observation equation accounts for the irregylaand variable errors in the
observed Argos locations. Errors in latitude andgitude are modelled with a t-
distribution using independent parameter estimat$ved for each Argos location
class [8,31]. The same observation equation wesdftio data processed with LS and
KF algorithms. Further details about the SSM amvigied in Jonsen et al. [5,8].

Modéd fit to fin whale data

The Bayesian switching state-space model (SSSMyritbesl in Jonsen et al. [9] was
fitted to the Argos satellite-based location estesaof fin whales derived from the LS
and KF algorithms. The transition equation for 8&SM is similar to that of a SSM:

d¢~N, (thT(ebt)dt—ll Z)

but in this case the movement paramefeaady are indexed by behavioural stéteAt
each displacement, the estimated behavioural stdbecorresponds to the set of

parameter$ andy that provide the best model fit.
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The observation equation used to model the irreflyutdbserved LS and KF fin whale

locations was that same used for the SSM.

Model implementation

Models were fit using R (R Development Core TeaniZ)Ocode provided in the
supplement to Jonsen et al. [5]. The code implesmeBSM and SSSM using Markov
Chain Monte Carlo (MCMC) methods using the prograumst Another Gibbs Sampler
(JAGS).

The hSSM was fitted separately to the harbour skadation data (excluding Z class

locations) obtained from each algorithm using aetstep of 2 hours, corresponding to
the average temporal resolution of the LS data.tRerhSSM fit to the KF and LS

satellite datasets, two MCMC chains for 60.000aiiens were run, dropping the first
50.000 samples as a burn-in and retaining evefysatple from the remaining 10.000
assumed post-converge samples from each chaindtawed sample autocorrelation.
Thus, model parameters and estimates of sealdidosawere calculated using a total
of 2.000 MCMC samples.

The SSSM was fitted separately to the fin whalegadbtained from each algorithm
(after removing Z class positions from both datgsetsing a time step of 3 hours,
corresponding to the average temporal resolutiothefLS data. For each SSSM two
MCMC chains for 45.000 iterations were run, disaagdthe first 40.000 samples and
retaining every 8 from the remaining 5.000 samples from each chfitotal of 2.000

MCMC samples were used to calculate model parameted estimates of whales’

locations and behaviours.

hSSM and SSSM convergence and sample autocorrelatoe assessed by visually
inspecting trace and autocorrelation plots and gughe Gelman and Rubin scale

reduction factor (R-hat) diagnostic available ip&kage boa.

Data analysis

The Argos locations per seal trip greatly exceeitiede of Fastloc GPS, and the latter
were also more irregular in time (Table A-11.3; Aglix I). Therefore, in order to
estimate the accuracy of locations predicted byah& KF models, only those locations
within 30 min of a GPS position were selected et fiThen the “true” position of the

seal at the time of those modelled locations wdsnated by linear interpolation
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between two consecutive GPS positions [32]. Findlhe linear error and absolute
latitudinal and longitudinal errors between each deled location and the

corresponding interpolated GPS position were catedl

To investigate if and how the quality of Argos taktry data affects spatial accuracy of
LS and KF models, location errors from seal tripthwlifferent temporal resolutions,

spatial precisions and frequency of observationseweempared. Linear mixed-effects
models were used, with seal and individual triprasdom effects to account for
behavioural differences among seals and unequgbleasizes across trips. Errors were
log transformed to ensure linearity with continuquedictors. Algorithm (LS vs. KF)

was included in the model as a categorical prediat@l continuous predictors were
number of Argos locations used to fit the modelerage length of time between
locations (hereafter time step), and proportiopasitions of LC 0, A and B (hereafter
LC 0-B). Values of these continuous predictorsdach seal trip are given in Table A-
[1.3 of Appendix Il. A model with interactions be&éen algorithm and all continuous
predictors was fitted to allow investigating if tefect of data quality was consistent

among the LS and KF models.

In the case of the SSSM fit to the whale data,aswnly possible to determine how
well the KF models performed in relation to modi#go the LS algorithm. For each
whale, the medians, inter-quartiles and 95% credihits (95%CL) of parameter
estimates of LS and KF models were compared. Theitladinal and latitudinal
differences between pairs of location estimatemftoe LS and KF models for each
whale were also calculated. For each location ptediby the LS model a probability
ellipse was estimated, determined by the 95%CL iobta from the model. The
proportion of location estimates from the reducdé dodel that fell within the 95%

probability ellipse of the corresponding LS positisas then estimated.

To understand if the KF algorithm introduced sigraht changes in the ability of the
SSSM to resolve behavioural state, the percentdgagoeement in behavioural
classification between the LS and KF models wasutaied. Whale behaviour at each
3-h location was inferred from the output of theS86 Because behaviour is treated as
a binary variable, MCMC samples can only assumev#étheées 1 (inferred as transiting)
or 2 (inferred as ARS)b at each location was estimated as the mean vdldkeo
MCMC samples. The same cut off points as Jonseh ] were used: locations with

119



mean estimates df<1.25 were assumed to represent transithwl.75 ARS, and

between these values were considered “uncertain”.

Finally, the whale tracks from a model fitted te tlull KF dataset were compared to
those from the models applied to LS data. The SS&M fitted to the full KF data

using the same time step as above. For each whaldigtance (in km) from locations
estimated by the full KF model to the track estmdalby the LS model were calculated.
Only data from days when both methods deliveredllgatlocations were used in that

comparison.

Means are presented * standard deviation (SD) d¢maut. All distances were
calculated using a great-circle route. Statistanalyses were performed in R software
using packagesimeandMASS

RESULTS

Accuracy and precision of LS and KF models fit to Arbour seal data

The KF algorithm provided 2083 locations, 1.5 tinmesre than the LS algorithm and
1.8 times more than the GPS transmitted via Arda@ble A-11.3; Appendix Il). The
increase in the number of locations per trip imtieh to the LS data ranged from 12 to
137% with an average of 56%. A total of 368 LS &7& KF model locations were
within 30 min of a GPS position and were used tmgare spatial accuracy of locations
derived from each hSSM (Table 4-1).

Errors in locations estimated from LS and KF modei®wed the same elliptical
distribution in relation to interpolated GPS pasits, with a clear directional bias in the
longitudinal error component (Figure 4-1). Averdgegitudinal errors ranged between
-0.2020.20° (mean=-0.003) for LS models and between 200367° (mean=0.001) for
KF models. Latitudinal errors ranged between -G:Q@8° (mean=-0.002) for LS
models and between -0.100.09° (mean=0.001) for KF models. Overall, the mea
distance of KF model locations to interpolated GRSitions was lower (2.9£2.9km)
than that of LS model locations (3.5+3.0 km) (Taié). About 31% of all locations
predicted from the KF model were within 1km frone timterpolated GPS position and
82% were less than 5 km. For locations predictedhfthe LS model, 24% and 73%
were respectively within 1 km and 5 km from theresponding interpolated GPS

position. The KF model produced smaller mean efimr&7out of 31 trips (Table 4-1).
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Predicted trips from the KF model were 27% (rarigé&i7%) more accurate than trips
derived from the LS model. However, standard deuiatof KF errors were sometimes
higher suggesting that location accuracy variedictamably within the same trip (Table
4-1). Average errors of trips increased as theamgeedistance between locations (step
length) increased. For trips with an average stegth>6 km, the average error of KF

modelled locations was 4.6+0.4 km, and of LS madklbcations was 5.9+1.2 km.
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Figure 4-1 Errors in locations estimated from LS a6F models. Errors in harbour seal locations
estimated from state-space models fit to Least @gud.S) (black) and Kalman filtered (KF) (red) alat
are plotted as offsets from “true” GPS positionsn8ard ellipses were fitted to 95% of LS (blacaie)i
and KF (red line) error points.

Two representative tracks of foraging trips recareted using GPS positions, and LS
and KF modelled locations are shown in Figure fa2yeneral, modelled tracks closely
matched the GPS tracks, especially during peridd$irected movement. Yet, tracks
predicted by the LS model occasionally divergeatyerom the GPS track and tended

to extend over a wider area in periods of tortunmes’ements.
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Table 4-1: Errors in locations estimated from medilto Least Squares (LS) and Kalman filtered id&ta for all harbour seal trips.

Seal Trip LS model KF model Variation in mean errors

N* Mean error (km) Error range (km) N* Mean errém) Error range (km) (%)**

1545 11 8 2.6+1.7 045.1 8 1.7£1.4 013.9 -34
21 9 1.9+2.0 0415.6 8 0.8+0.4 0415 -57

23 5 2.2+¥1.3 1.24.3 6 0.9+0.3 0:61.4 -56

27 14 1.9+2.3 0-18.6 15 22124 017.9 16

28 13 1.5+2.1 0:17.6 13 1.5+1.5 0:55.1 -2

28503 11 12 2.2+¥1.9 0-8.9 14 2.0+£2.3 0:8.5 -10
18 12 3.9+2.4 1P.4 11 3.1+2.7 0:3.3 -23

19 14 4.5+£3.1 0:210.5 14 4.4+3.4 0-83.9 -3

23 8 4.8+1.8 166.8 8 4.2+2.9 038.9 -13

42 5 2.9+1.7 1465 6 24+1.1 143.8 -19

43844 4 15 2.5+2.6 0-10.0 14 1.6£1.6 0:b.7 -36
8 8 1.7+15 0.24.6 8 1.2+0.6 0:21.9 -29

14 10 1.7£2.4 0-18.0 12 1.4+1.7 0:-16.4 -23

16 13 1.5+1.5 0:56.3 11 1.0+0.7 0:2.3 -32

22 14 4.9+£3.7 0:913.6 14 2.5+2.7 0:2.0 -48

43871 7 24 3.6£3.5 032.7 23 3.4+3.4 0-31.7 -5
8 17 5.9+3.6 0:811.8 17 4.31£3.2 0-70.1 -27

13 21 4.9+3.7 0-310.8 20 3.0£2.5 0:D.4 -39

19 20 5.9+2.9 0-611.5 20 45+2.8 0-20.6 -24

120346 24 13 1.9+1.4 0-5.6 13 1.2+0.7 0:-2.6 -37
25 15 2.2+1.7 046.4 15 1.6£1.3 0:24.1 -31

26 5 4.3+2.9 1384 5 3.0£3.2 0.8.7 -30

30 13 2.1+1.4 0:4.9 13 1.1+1.0 0:13.2 -48

32 7 1.7£1.4 064.1 7 1.7£1.9 0:5.9 -1

120349 3 8 4.242.3 7.1 8 4.5£3.5 0:610.8 6
4 8 3.5+2.8 047.9 8 4.2+3.9 0.912.2 20

5 5 3.7x1.7 2.6.1 5 1.9+1.7 0:8.0 -48

6 10 7.7£3.5 1111 10 5.0£3.0 0-8.8 -35

120350 3 13 3.7£3.1 084 13 3.1+2.3 0-13.9 -16
4 14 3.2+3.1 0312.5 13 5.0+4.5 04.5 56

5 15 4.2+2.4 0+47.5 23 4.9+4.3 0:61.4 17

Total 368 3.5+£3.0 375 2.9+2.9

*N: Number of locations used to calculate errordorations estimated from LS and KF models.**Vadatin mean errors was calculated for each trithadifference in the mean error estimated for K& BS models divided by
the mean error of the LS model.
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Uncertainty in KF model estimates, as indicatedigywidth of the 95%CL (measured
in km), was significantly lower than that of LS nebe@stimates (KF model: 5.6+5.6 km;
LS model: 11.6£8.4 km; t-test=-11.41, df=7#%0.001).

56°30'N

56°15'N

2°45'W 2°30'W 2°15'W 2°0'W

56°20'N

2°45'W 2°30'W

Figure 4-2 Harbour seal tracks obtained from GRfiqw), LS (black) and KF modelled (red) locations.
Estimated locations (circles) and tracks (lineshafbour seals obtained from fitting state-spaceetso
to Least Squares (LS) (black) and Kalman filter€H)((red) data, in relation to the “true” GPS pisit
and track (yellow). A. Example of a trip with highguality of Argos data: trip 7 of harbour seal 843.

B. Example of a trip with lower quality of Argostdatrip 22 of harbour seal #43844.
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Figure 4-3. Trip-averaged error in locations estedafrom LS and KF models relative to Argos data
quality. Relationship between mean errors (xSD shag/vertical bars) in locations estimated frontesta
space models fit to Least Squares (LS) (black) kaidnan filtered (KF) (red) data per harbour sed tr
and quality of Argos telemetry data used to fit thedels: A-B. Number of locations. C-D. Time stép (
between locations. E-F. Proportion of locationd6f 0-B. Different trips from the same seal have the

same symbol.

Effect of data quality on accuracy of LS and KF moels fit to harbour seal data

Observation frequency, temporal resolution andialpptecision of Argos data used to
fit the SSMs varied among seals and trips and keriviee LS and KF models (Figure
4-3, Table 4-1). Expectedly, the increase in nundfdocations that resulted from the
application of the KF algorithm improved the temgdaesolution of the KF data for all
trips. However, it also increased the proportionozfations of lower spatial precision
(Argos LC 0, A and B) in each trip. With few excepis, trips from the same seal
tended to have similar number of locations, timepst and proportion of LC 0-B,

suggesting an individual effect in the quality ofgAs data. This could be due to tag
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(e.g. battery power), instrumentation (e.g. tag@haent) or behavioural-specific (e.g.
surface behaviour and diving time) differences agnseals or to a combination of all
these factors.

Mean errors (xSD) of LS and KF modelled trips wpletted in relation to the Argos
quality parameters described above (Figure 4-3tukecy of modelled trips did not
seem to improve with the observation frequencyeangoral resolution of Argos data,
but mean errors (and respective SD) in LS and Kknaged locations appeared to

increase with increasing proportions of locatiosQ-B.

A linear mixed-effects model was fitted to examihe effects of type of algorithm and
of Argos quality parameters (spatial precision,estation frequency and time step) on
estimated errors of modelled locations. The intevas between algorithm and the
continuous predictors were the first to be dropfsech the linear mixed-effects model
based on AIC results, suggesting that quality ajosrdata influenced the accuracy of
LS and KF models in a similar way. The best fittimgdel indicated that observation
frequency and time step of Argos data had no etirdhe errors of locations estimated
from the models, and only algorithm and proportwinlocations of LC 0-B were
significant (Table A-11.5; Appendix Il). Contrarptwhat was expected, there was little
variability among different seals in addition teettrip-to-trip variability and both the
AIC and the likelihood ratio test indicated thatliidual seal could be dropped from
the model (=3.95x10°, P=0.499), leaving trip as the only random effecteTiest
fitting model predicted larger errors for locatioestimated from LS models compared
to locations from KF models (Figure 4-4, Table AjlAppendix Il). On average, LS
models will estimate locations that are 1.6 kmhfartfrom the true seal position relative
to KF locations. Also, errors (on a logarithmic Is§aare expected to increase as
proportion of Argos locations with lower precisiorcreases, and this relationship was
similar for LS and KF models (Figure 4-4, Table /6] Appendix II).
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Figure 4-4. Predicted error in locations estimdtech LS and KF models. Predicted error in harb@a s
locations according to the best fitting linear niveffects model for A. State-space models fit tdnkan
filtered (KF) data. B. State-space models fit ta$teSquares (LS) data.

Comparison of LS and KF models fit to fin whale daa

Medians and 95%CL of estimated model parametetiseofeduced dataset were similar
across whales and between the LS and KF algoritidath the LS and KF models
distinguished well between the two behavioural nsod&ansiting and ARS), as

indicated by the parameter estimates that aggregatie two non-overlapping groups.

The estimated locations inferred from the KF modpplied to the reduced dataset
differed little from the locations output by the lrBodel. Differences in latitude and
longitude between paired KF-LS locations were @shtaround zero but the latter
showed a wider range of values (range for latituiet-0.7°; range for longitude: -1.2
2.0°) (Figure 4-5). Differences in paired KF-LSdtions were considerably higher for
whale #80716. Removing data from this whale reduitea considerable reduction in
the range of latitudinal (-0-D.2°) and longitudinal (-0-9.4°) distances between KF
and LS locations. Differences in latitude and loundg between paired locations showed
no obvious trend with latitude, longitude, datemer of positions per track, or

behavioural mode (not shown).
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The proportion of estimated locations from the SS&Mlied to the reduced KF data
that fell within the 95% probability ellipse of latons inferred by the LS model varied
between whales but was very high, ranging fromc6200% (mean=88%). Differences
in the width (measured in km) of the 95%CL betwpairs of locations estimated from
the model fit to the reduced KF data and the LS detre also compared. For five
whales, the reduced KF model resulted in lower ayerwidths of 95%CL (paired t-
test: P<0.05 for all whales), although differences werenagally small (mean
difference: -2.2+3.9 km). For whale #80716, howetke 95%CL of the reduced KF
model were significantly wider than that of LS dépaired t-test: t=-11.192<0.001;
mean difference: 76.2+80.3 km).

In 94% of the cases, the behavioural mode infebhgdhe KF model matched the
classification from the model fit to the LS datable 4-2). Agreement was highest for
locations inferred as transiting (98%), followed ARS (93%). Changes in behavioural
classification between the two models were fromditing or ARS to “uncertain” and

vice-versa, but never from transiting to ARS oreviersa.

Table 4-2 Agreement between fin whale behaviouraties inferred by the models fit to Least Squares
(LS) and Kalman filtered (KF) data.

KF model
Transit ARS* uncertain
Transit 353 0 6
)
©
2 ARS 0 524 40
)
|
uncertain 5 6 83

The matrix shows the number of fin whale locatiolassified in each behavioural mode by the LS mtulwere assigned to each of the behavioural
modes by the KF model. *ARS: Area-restricted search
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As expected, the KF processing algorithm yieldedemmositions and improved the
temporal resolution of the 6 whale tracks. Theease in number of locations per track
ranged from 18 to 272% with an average of 75%. 8terage number of daily locations
per whale track varied between-638.6 for the full KF data, compared to 136.8 for
the LS data (Table A-11.4; Appendix IlI). There walso an increase in track duration (3
and 11 days) for two whales but this came at tipeesge of a few gaps (maximum of 3
days) in those tracks (Table A-11.4; Appendix IIn contrast, the KF algorithm
provided several positions within a 5-day gap & t$ tracking data of whale #80716.

The width of the 95%CL of locations estimated bg thll KF model (47.3£76.9 km)
was significantly lower than the width of 95%CL lotations estimated from the LS
model (57.2+113.0 km) (t=2.38=0.017). Still, locations from the full KF modettéd
well the paths inferred from the LS data, excepemvigaps in the LS data exceeded 1
day (Figure 4-6, Figure 4-7). Combining data frolinwdhales, over 49% of locations
estimated by the full KF model were <1 km away frthma tracks derived from the LS
model and 77% were <5 km.
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Figure 4-6. Fin whale #89969 tracks obtained fro#h(black) and KF modelled (red) locations. Estirddtecations (circles) and tracks (lines) of fin yeh&89969
obtained from fitting a switching state-space mottelLeast Squares (LS) (black) and the full Kalnidtered (KF) (red) data. The 95% probability efigs of
locations derived from the LS-based model are shmngreen. A. Complete tracks showing the incraasegack length resulting from the application bEtKF

algorithm (red). B, C, D. Detail of the tracks shiogvthe majority of KF locations within the 95% patility ellipses of LS locations.
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Figure 4-7. Fin whale #80704 tracks obtained fro® (black) and KF modelled (red) locations.
Estimated locations (circles) and tracks (linesYinfwhale #89969 obtained from fitting a switching
state-space model to Least Squares (LS) (black)falhdKalman filtered (KF) (red) data. The 95%
probability ellipses of locations derived from th8-based model are shown in green. A. Complet&drac
showing the increase in track length resulting fith application of the KF algorithm (red). B, CGetail

of the tracks showing the majority of KF locatiomishin the 95% probability ellipses of LS locations

DISCUSSION AND CONCLUSIONS

Since the recent introduction of the Kalman fileri(KF) algorithm for the processing
of satellite tracking data by the Argos system, gberice providers have made this the
default processing method for new transmitters @)Tgiving the user the option to
choose the Least Squares (LS) algorithm in alterathe data processing of old PTTs
that were already being processed with the LS #hgorremains unchanged, unless KF

processing is requested, and stored data from 288@&rds can be reprocessed using
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either method (albeit with additional processingtsh Processing of data with the new
KF algorithm is bound to become more common asRIlds end their life, and data
processed with this algorithm will soon becomedtasmdard for Argos-based tracking.

State-space modelling approaches provide the tgtatigigor needed in analysing
animal movement data, but SSMs are not simple aqdine considerable care in their
use [5]. Understanding the implications of usingadprocessed with the new KF
algorithm is essential when interpreting modellmegults. This is the first time that
performance of SSMs applied to KF tracking data basn directly validated with

known locations of free-ranging animals. This webi@ved by fitting the same model
to Argos satellite locations obtained on 7 harbseals processed with LS and KF
algorithms and by comparing locations derived freach model against the “true”
interpolated positions of the seals obtained bylé@$sPS technology. In addition, the
results of fitting the Bayesian switching stateespanodel (SSSM) to KF data were
compared to those of LS models, using tracking ftata 6 fin whales. Although in the

latter case it not being possible to assess theracg of model-derived locations, it
enabled evaluating how SSSMs fit to KF data peréatnm relation to SSSMs fit to data
processed with the LS algorithm, which until retgwas the standard processing

algorithm used to deliver satellite locations.

This study shows that Kalman filtering consisterngitpvided more estimated locations
per animal track than the LS algorithm, supporpingvious claims by the Argos service
[19]. The increment in estimated locations was trtigl for both species (fin whales:
75%; harbour seals: 56%). Compared to the findimigthe present work, Boyd and
Brightsmith [33] reported only a modest 28% inceeas locations computed with the
KF algorithm. However, their estimate is based atadbtained from static platforms,
while the estimates in the present work and thosm fArgos come from free-ranging
tagged animals. Stationary land tests are closehdd‘ideal” conditions for satellite
communications and are unlikely to adequately e most of the problems known
to affect the transmission of signals from saeelléigs and/or the reception of messages
at Argos satellites, especially for marine taxadéhstandably, the potential benefit of
the KF method should be higher under circumstafegs areas with limited satellite
coverage) and for species more prone to transmisdiificulties, and for which the
frequency of uplinks is usually low. Not surprisiypgthe major increase in estimated

locations was for fin whales that typically haveodhr surface intervals than harbour
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seals, and can be more adversely affected by wash wlue to improper antenna

orientation and poor environmental conditions.

Like Boyd and Brightsmith [33], this study also falithat the majority of additional
locations in KF data came from fixes with only 1gsa&ge (Argos LC B) (fin whales:
29%; harbour seals: 33%) with a very slight inceeiassthe proportion of locations with
4 or more messages (LC 2 and 3) observed onlyifiowhales. If, as a result of KF
processing, tracks acquire a disproportionate nunabelocations with low spatial
precision, this may impact the analysis and intggiion of animal movement data,
particularly when this analysis is based on the satellite positions and doesn’t take
into account variability in measurement errors. liogtions could be even more severe
if the gain in 1-message LC B locations is not hgereously distributed along the
track and depends, for instance, on the geogrdptadion or behaviour of the animals,
therefore being more prevalent in certain areasduoing specific activities occurring in

preferred habitats.

The results of this work demonstrate that the Jorsel. [8] SSM provided a good fit
to the data processed with the KF dataset, desihiee potentially increased
autocorrelation in the location errors imposed ly KF algorithm. The greater spatial
accuracy and precision of locations estimated ftben KF model compared to those
from the LS model was likely due to a combinatidnircreased accuracy in KF-
estimated locations and the higher temporal reisolwf the KF data.

Although the overall difference in mean errors keiw the two algorithms appeared
small (mean error in LS models was 3.5£3.0 companed.9+2.9 in KF model) the
model fit to KF data improved the accuracy of dei@ls by 27% over the LS model.
The linear mixed-effects model indicated that, desgignificant variations in trip
accuracy, errors in locations predicted for LSgnpere significantly larger than those
predicted for KF trips. For both models the largdstviances from true locations
occurred along the east/west axis. This is not peeted since Argos location errors are
strongly biased towards the longitudinal componeefjardless of the processing
algorithm [1,3,31-33], and the SSM does not exgji@ccount for this directional bias.
However, there was no evidence of the non-unifotistridution of extreme errors
documented in other studies [3] suggesting thatnioelel was able to handle this
problem.
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Tracks reconstructed from the models applied to &fd LS data provided faithful
representations of the true seal trajectories medswith Fastloc GPS. However, the
LS track tended to deviate more from the true tratien seals were making short
displacements and frequently changing directions T likely due to the correlated
random walk model employed in the KF algorithm whigould tend to smooth out
uncommonly large changes in direction and/or dspieent. As a result, LS locations
tended to spread over a wider area compared tERh&his was a common feature to
several LS modelled tracks that can have majorigapbns if these data are used to

calculate sizes of home ranges or ARS patches.

The SSMs were fit as hierarchical models to theab8 KF data, meaning that data
from all seal trips were combined to estimate mquehmeters, leading to improved
location estimates. Probably larger errors wouldobgained if models were fitted
separately to each trip. Yet, there is no reas@xp®ct that the hierarchical formulation
behaved differently when applied to LS and KF datathere is no reason to think that
the comparison between algorithms is not valid.

The same observation equation was fitted to dategssed with LS and KF methods,
thus assuming that the new algorithm did not chamgestantially the distribution or
magnitude of the errors. A recent study demongtréhat both LS and KF location
errors are better described by a long-tailed lograbrdistribution [33]. In the present
work, errors were modelled with generalized t-disitions which are known to be
robust to extreme values [8]. Boyd and Brightsnj#B] also compared mean errors in
KF and LS processed locations showing these diddifter significantly for most
location classes, except for LC 2, for which LSeswere about half the KF errors, and
LC B, for which LS errors were nearly 4 times gezathan KF errors. In contrast,
Argos reported better accuracies with the KF metftwdocations computed with4
(LC 2 and 3) and 2-3 messages (LC A and B) [19&rin case, given the predominance
of LC classes A and B in both datasets, it is likéflat fitting the same observation
equation to LS and KF data might have resultednnogerestimation of KF errors

relative to LS errors, and not the other way around

Regardless of which processing method is used,stiidy showed that accuracy of
modelled tracks was sensitive to precision of #ne mput data. As the proportion of
locations with poor precision increased, the abibf the SSMs to recover accurate

locations was significantly worse. This is consistevith findings from other
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researchers that showed that high measurement motoonly impacts accuracy and
precision of locations estimated from state-spae¢hods [20,34] but can also affect
our ability to discern behavioural patterns and niify habitat use patterns
[4,26,32,35,36].

On the other hand, there was no evidence that wdtsem frequency and temporal
resolution of Argos data influenced the magnituti88®M errors, in contrast to a recent
study that suggested that frequency and regulafitaw data may be as important as
spatial precision for obtaining accurate estimatel®cations from state-space methods
[20]. There are two main reasons for the differeesults between the analysis
performed here and that of Breed et al. [20]. FiBseed’s analysis of model accuracy
was based on a reduced number of simulated tracksich were imposed different
observation frequencies and temporal gaps spanmimguch larger range than the
number of Argos locations and time steps obseraetie seal data (see Table A-II.3;
Appendix Il). Second, in Breed’s study a separ&®&1Svas fit to each simulated track
while here a hierarchical approach was adoptedcd@®wybining information from all
trips to estimate model parameters, potential &ffe€ between-trip data quality likely

were lessened and more accurate location estimatesobtained for all trips.

The results presented here strongly suggest thatcapon of SSSM to the whale

tracking data processed with the KF algorithm wagrapriate and that models fitted
well. Estimated parameters from KF models were w&#myilar across all tracks and to
parameters from the LS model despite the facti@adels were fit separately to each

whale LS/KF-processed dataset.

Paths inferred from both models were also simiathy most of the locations from the
reduced KF model falling within the 95% probabil#ylipses of locations estimated
from the LS model, and the majority of locationsnfrthe full KF model being close to
the whale tracks inferred by the LS model. Simitawhat was observed for the seal
data, the longitudinal bias in Argos errors cautexl reduced KF locations to differ

more from their paired LS positions in the eastivtlean in the north/south axis.

The estimated precision of locations inferred frili® SSSM fit to the reduced KF data
was higher for 5 out of 6 whale tracks, as indiddig the lower average width of the
credible limits. However, the KF model behaved digantly worse than the LS model

in the case of the whale track (#80716) for whiebslthan 2 satellite positions were

received per day. This cannot be accounted fordrations in Argos location classes
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because 28 of 29 positions were assigned the s#ase m both datasets. A close
inspection of the raw KF and LS data indicates that poorer performance of the
reduced KF model was likely associated with thénlyigortuous whale path evident in
the KF data (and not in the LS data) and causethbyway the data regularization
approach used in the SSSM’s observation model detiitthis tortuosity. Because the
interval between raw satellite positions was coersidly longer than the 3-hourly
interval at which the SSSM positions were beingnestied, raw positions have more
weight on model estimates as the model “forcesivddrlocations to exactly match raw
satellite positions. Such an effect tends to beenpponounced with decreasing linearity
of the tracks [37], explaining why uncertainty netmodel estimates was greater for the
more sinuous KF path and the higher discrepancglation to the LS path.

It should be stressed that the application of tRealgorithm increased the total number
of locations in this whale track from 29 to 108¢Seable A-Il.4; Appendix II), resulting
in a remarkable decrease in the uncertainty of S3&dtion estimates (average
95%CL width: 86.0+69.5 km) when compared to the ma8del. Differences in the
remaining tracks were less pronounced but the Ki€gqssing algorithm produced an
overall increase in number of locations obtained andecrease in the uncertainty of
SSSM estimates.

Estimates of behavioural mode from the KF mode¢admwell with inferences from the
LS model — with 94% of whale locations being asstjthe same behavioural category
in both models — indicating that the KF algorithid dot introduce appreciable changes

in the ability of the SSSM to recover latent bebavs from satellite positions.

These results lead us to conclude that applicaifonidely-used Bayesian state-space
models [5] to Argos satellite locations processédith @ KF method is appropriate and,
as was the case of the SSM fit to harbour seal dataproduce more reliable location
estimates than when LS data are used to fit thee saodels. Also, behavioural modes
could be equally well detected from SSSM fit to Vehmacking data processed with KF
and LS methods. Since the KF algorithm generalgldg more positions and longer
tracks, there may be clear advantages in usingfheodel over the LS model. This is

especially true in telemetry studies of species spand prolonged periods underwater
or under dense vegetation cover, for which the rema daily fixes is generally low,

precluding examination of movement and behaviouraofmals in more detail.

However, as seen here, the KF algorithm can inert@s number of positions of lower
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precision (LC B) by nearly 30%, which in turn cargdade accuracy of modelled
tracks. Even with LC B positions estimated by tHedethod being several times more
accurate than LS locations of equal class [19,88len accuracy and precision are
critical for the analysis, researchers may consideroving 1-message positions before

fitting state-space models.
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FIFTH CHAPTER

Sei whale movements and behaviour in the North Atlatic inferred from satellite

telemetry

ABSTRACT. The stock structure of the sei whaRalaenoptera borealjsin the North
Atlantic (NA) is presently unknown, despite contiluwhaling from the mid-ninetieth
century until the moratorium on commercial whalimgplemented by the International
Whaling Commission in 1986. The proper managemettieospecies in this ocean basin is
dependent on the creation of plausible hypothdsisitathe stock structure and movements
of animals, but available data is both outdated amsifficient to achieve that goal.
Between 2008 and 2009 the tracks of eight sei vghakre obtained with the aid of satellite
telemetry, seven during the spring migration ande dn late September. Using a
hierarchical switching state space model the behaof the whales and the role of distinct
areas in the life history of those animals wereestigated. Two distinct phases
corresponding to migratory and foraging movemergsewdentified. A migratory corridor
between the Azores and the Labrador Sea (LS) @&lgledentifiable from the data. Inside
the LS behaviour consistent with foraging was obesarfrequently, lasting from eight to
132 hours. The data challenge the notion that riaraf this species in the NA follows a
north-south axis at either side of the basin arasthat whales seen in the Azores make
transverse migrations, possibly linking the feedimgunds in the LS to breeding grounds
off northwest Africa. Those findings raise new hifpgses about the stock structure of the
NA sei whale and contribute to filling the data gam the natural history of the species.

INTRODUCTION

The sei whale Ralaenoptera boreal)scan be found in all oceans, predominantly in
deep waters or near the continental slopes of teatgpéo subpolar waters. Commercial
harvesting in the North Atlantic (NA) began sometinn the second half of the
nineteenth century with the debut of modern whaliSgnilar to most other baleen
whales, sei whales were heavily hunted worldwidél uhe implementation of the
International Whaling Commission (IWC) moratoriunm @ommercial whaling, in
effect from the beginning of the 1986 whaling seafh2]. In the NA, nearly 17.000
animals were taken during commercial whaling angpide pre-exploitation population
levels being unknown, catches are assumed to hexldol a substantial population
decline with subsequent effects on distribution aigphificant changes in the size and
age composition of the population [3]. There areewent population estimates for the
entire population. Estimates from restricted arnedgcate that current population may
be over 10.000 animals [4].

After the introduction of the moratorium on commalcwhaling, the Scientific
Committee of the IWC started a process to revséndrvest control rules in order to
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overcome the problems with earlier approaches manidve the management of whale
resources. This new approach, the Revised ManagdPnecedure (RMP), aims to be a
robust management tool even under the uncertaimatiEsit historical and present
population dynamics of whale stocks. The concepbaals and form of application of

this management-procedure are fully described oy BlDonovan [5].

Under the RMP, uncertainties regarding stock stmectare examined through
population simulation under various scenarios PJor to the adoption of the RMP a
set of simulation trials must be run, focusing jgatarly on the uncertainties about how
stocks mix spatially and temporally. These simaolai need accurate and up to date
information to create plausible alternative hypetgeabout stock structure, mixing and
other uncertainties such as non-natural mortafty [

Currently, stock boundaries are already defined thy IWC for several whale
populations worldwide. Unfortunately, data usedestablish stock identity in the past
(catch distribution, length distributions, mark-apture, and biological parameters) is
not always appropriate to define biological stoffis Thus the plausibility of existing

stock boundaries has to be reassessed prior tenmngiting the RMP.

Based largely on catch data, the IWC identifiechea@pncentrations of sei whales in the
NA: southwest Norway, north Norway, Faeroe, Denmatlait, Labrador Sea, Nova
Scotia, Gulf of Mexico—Caribbean Sea and southeasi6,7].

The limited evidence of stock identity for sei wémlin the NA was reviewed by
Horwood [7] and Mitchell and Chapman [8]. Basedsaasonality and mark-recapture
data, Mitchell and Chapman [8] suggested that tt@oks occurred simultaneously in
summertime off the Canadian Atlantic, termed thalftador stock” and the “Nova
Scotia stock”. They further suggested that whalesfthe Nova Scotia stock had their
distributional range along the North-American coatital slope from Nova Scotia to
somewhere off or south of Florida (Fig. 1 in Mitttlend Chapman [8]). A possible link
between sei whales in the Labrador Sea and the Bdn&irait was held “less likely but
entirely possible” [8]. Horwood [7] reviewed thelaaations of length at sexual
maturity reported for whales taken in Norway, Can&dff Nova Scotia; Mitchell &
Kozicki 1974) and Iceland. He noted that althouugg values were similar for females,
those reported for males from Canada were lowar tbaNorway and Iceland (12.0,
12.8 and 12.7 m, respectively). However, he algtarked that better agreement would

have been achieved if the methodologies used irCtmeadian study were similar to
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those used in the other two studies. Despite acletging that the reproductive data
was limited, he suggested a segregation betweelesvbaught off Iceland from whales
caught off Canada and the United States.

Regardless of the meagre evidence for stock steicimd the admission that the
identification of stocks for this species in the MAs very difficult, three stocks were
adopted by the IWC in 1977 (Figure 5-1 A). Theserewapparently designed to
accommodate existing whaling operations and to matmundaries of ICES fishing

areas instead of trying to reflect actual poputastructure [6].

Migration behaviour of the species in the NA isoajmorly understood and existing
theories, discussed by Prieto et al. [4], are lyigipleculative and based in what can be
called the “rook paradigm” migratory movements whales are believed to be
developed at either side of the ocean basin inrth1south axis, resembling the strict

movements of rooks on a chess board.

In the western NA Mitchell and Chapman [8] suggedteat whales belonging to the
purported Nova Scotia stock migrate along the Nartrerican shelf-break from and to
unidentified wintering grounds at lower latitud€®r the eastern NA, the most widely
cited theory is based on Ingebrigtsen [9], who sgtgd an offshore movement between
wintering grounds placed somewhere off northwestcAfand feeding grounds around
Iceland, Scotland, western and Norwegian Sea. Nyation theory for the purported

Labrador stock exists.

The existing data on the NA sei whale are outdatetiprobably biased for being based
chiefly on whaling records [4]. Moreover, in thecddes that followed the moratorium
on commercial whaling the stock structure of thecggs may have been affected by
population fluctuations, competition with other wahapecies, distribution shifts of prey
and environmental changes. To appropriately marihge species in the NA it is
imperative to obtain up-to-date information on adpects of its biology and ecology,
particularly regarding the stock structure.

In the present work the movements and behaviowebfwhales were studied using
satellite telemetry technology, in order to chagdee their migratory movements and
identify foraging areas. The results presented laeee valuable for the creation of
plausible hypothesis about the population dynanutghis species in the NA as
required by the RMP and other population managesstestiegies.
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MATERIAL AND METHODS

Ethics Statement

Fieldwork and whale tagging were developed undeseasch permits by the
administrative authorities of the Autonomous Regainthe Azores. All procedures

followed the guidelines of the American SocietyMdmmalogists [20].

Data collection

Satellite-monitored platform transmitter termingdBTT) housed in surgical grade
stainless steel (model SPOT5-implantable, WildGtfemputers, Redmond, Washington,
USA) were implanted in 14 sei whales off Faial dpdo islands, in the Azores
archipelago, Portugal (38°N 28°W; Figure 5-1 A). aMls were tagged from May to
June in 2008 and 2009, except for one whale thattagged in late September 2009
(Table 5-1). Tagging procedures were similar taséhdescribed in Olsen et al. [15] and
Silva et al. [18]. Tags were deployed from a 12tberfglass boat using a compressed
air gun (model ARTS/RN, Restech, Norway), similar that described in Heide-
Jargensen et al. [19], and set at 10-13 bar presslirtags were cleaned with 70%
ethanol to remove contaminants from manufacture fdling and then sterilized
under UV light and stored in sterilized sealed bagsl use. Prior to implantation the
tip was covered with gentamicin sulphate creamctdbath as antibiotic and lubricant.
Tags were attached to the back of the individwaiserior to the dorsal fin, with a four-

bladed tip and held in place with 4 sets of barxs @&backward-facing petals.

In 2008 the tags were programmed to transmit elvety of the day, every other day, in
an effort to prolong battery life. In 2009 no dutycle was applied to the tags, since the
experience gained in the previous year demonstritat] battery duration was not
critical for deployment longevity. All tags wereggrammed to transmit a maximum of

500 messages per day.

All procedures followed the guidelines of the Ancan Society of Mammalogists [20].
Fieldwork and tagging were developed under resepeshmits by the administrative

authorities of the Autonomous Region of the Azores.
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Figure 5-1: A — Sei whaleBalaenoptera borealijstracks derived from raw ARGOS locations. Tagging
locations are shown in the inset. International WMigaCommission stock boundaries for the species in
the North Atlantic are shown as narrow lines. B ierbrchical switching state-space model derived
locations of sei whale®alaenoptera borealisshowing inferred behavioural modes. The red dhshe

is a schematic representation of the main brancthefNorth Atlantic Current, showing the quasi-

stationary large meander callidrthwest Corneand referred in the text
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Table 5-1: Sei whal®Balaenoptera borealisatellite tag deployment results.

Tagging position First Position received

Delay from

- Last Last position received o ; iati
QRGOS Tagging date Lat| Long t':rgf]ts mission " ‘ Long transmission Lat ‘ Long glosi?ign\;ahd t?%?:gr% itsoslicgﬁt Laa?ygetlme
80696 26/05/2008 38.22(0328.4538 06/06/2008 49.069?—36.7285 24/07/2008 59.988P—49.7940 226 11 62
80690* 02/06/2008 38.348228.4837 21/08/2008 38.348?-28.4837 28/09/2008 54.888*3-51.5532 25 80 119
80692 06/06/2008 38.425028.5358 14/06/2008 49.230#-37.1016 22/06/2008 51.349'7-45.2351 43 8 17
80695 07/06/ 2008 38.434328.6001 07/06/2008 38.069?—30.3996 28/06/2008 57.383#—42.0129 172 0 22
80711 02/05/2009 38.368928.5578 02/05/2009 38.388}5—28.6070 29/06/2009 62.976P—53.0349 935 0 59
80701* 15/06/2009 38.254428.5218 15/07/2009 38.254{4-28.5219 17/07/009 57.321#-49.3946 8 30 33
80717 17/06/2009 38.440728.7285 17/06/2009 37.633#-24.6526 19/08/2009 58.919’3-42.2075 753 0 64
80712 21/09/2009 38.639928.9803 09/10/2009 37.397?—23.9318 25/10/2009 31.912?—17.0369 20 18 35

* whales not included in fitting the hSSSM
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Switching state-space model

In order to analyse the movements and behaviouagded whales a model-based
stochastic approach was adopted, by fitting a Hageswitching state-space model
(SSSM; [17,21]) to Argos-derived locations processdath the Kalman filter [22].

Locations processed with the Kalman filter wereignred over those processed with the
classical nonlinear Least Square algorithm [22¢eiSilva et al. [23] showed that state-

space models fit to locations processed with thiena filter perform better.

The SSSM allows for simultaneous correction of tmcaerrors and estimation of a
behavioural state. In order to accomplish that,38&M couples two models. The first
is a process model (a first difference correlamadom walk) that predicts the future
state of an individual given its current state,dobsn the previous state of the data. The
process model is complemented by an observatiorehufdthe time series data that
relates the unobserved location states predictethdyrocess model to the observed

positional data.

In heterogeneous landscapes it is assumed thaatpredwill change their movement

path in response to prey density, increasing theming rates to stay within the prey
patch, a behaviour that is often referred as agstiicted search (ARS; [24,25]). The
SSSM allows indexing the movement parameters byawetral states through the

inclusion of a process model for each behavioutates[21]. By assuming that the

correlated random walk describing two distinct hetvaral states (transiting or ARS)

differ only in values of mean turning angle and m@ersistence (autocorrelation in
speed and direction), the SSSM can model switchggden those states by calculating
the probability for these changes through a Markioain model (see Jonsen et al. [17]
for further background details).

In this study the SSSM was fitted as a single natviaal model to the combined data of
several individuals [17]. By using a hierarchicalitshing state-space model (hSSSM)
information from all individuals can be pooled toma efficiently estimate parameters
at both the individual and population levels [2B].this hierarchical framework, the
movement process for each individual whale modelled by

ik ~No(YorkT (Bbr i O-14,2)
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where d; and dare the differences between the unobserved losation, x.,and X,
Xt.1, respectively,T(0) is a behaviour specific transition matrix desiergpthe mean
turning angle §) necessary to move fromdo d, y the move persistence parameter,

N, is a bivariate Gaussian random variable descriliimg stochasticity of the

movement process with covariance mafixthe subscripbt denotes the behavioural
state. At each displacemdnthe behavioural statetakes a value corresponding to the

set of parametei® andy providing the best model fit.

The same priors on movement parameters as in Jethse#n[17] were used, under the
assumption that transit behaviour is characterlzgdurning angles close to 0° and a
higher autocorrelation in speed and direction tlaming ARS behaviour. This
assumption is rooted in behavioural studies (g€2j7;28]) and have been broadly
utilized in similar studies (e.g.: [18,29,30]).

The hSSSM was fitted using a time step of 4 haanglue that comprises 90% of the
transmission intervals recorded in the raw datguifé 5-2). Models were fit using R (R
Development Core Team 2008) code provided in Joreteral. [17]. The code
implements the hSSSM using Markov Chain Monte C&&€MC) methods via the
software Just Another Gibbs Sampler (JAGS). Fohd#SSM two MCMC chains
were run for 50.000 iterations, dropping the fi#&.000 samples as a burn-in and
retaining every 8 sample from the remaining 5.000 assumed post-cganee samples
to reduce sample autocorrelation. Thus, model peten® and estimates of whales’
locations and behaviours were calculated usingah 66 2.000 MCMC samples. Model
convergence and sample autocorrelation were askbgsasually inspecting trace and
autocorrelation plots and using the Gelman and iRdizignostic available in R package

‘boa’.

148



2000
1800
1600
1400
1200
1000
800
600
400
200

0 || — — J— I — — —

0-4 4-8 8-12 12-16 16-20 20-24 24-28 28-32 32-36 >36
Transmission interval (hours)

Number of locations

Figure 5-2: Transmission intervals of Argos derigeuniface locations from the sei whalBslaenoptera

borealis used in fitting the hierarchical switching stapace model.

Whale track analysis

Whale behaviour at each modelled location was liefefrom the output of the hSSSM.
Although only two modes are modelled by the hSS8M, means of the MCMC are
presented as continuous values between 1 and 2sarhe cut-off values as Jonsen et
al. [31] were used and it was assumed that a melaavinural modé<1.25 represented
transiting behaviour, and a valle1.75 represented ARS. Any locations with mean
behavioural mode 1.2B<1.75 were considered uncertain. These cut-off salae
considered conservative and were used to ensurd dstinction between the two

behaviours [31].

In the lack of real time confirmation, it is impdds to be sure that all ARS
classifications translate into active foraging. Beheless, it is well established that
ARS generally corresponds to foraging in marinedaters [28,32-34]. Another
possibility is that ARS indicates resting or breggdbehaviours [29]. However, since all
but one animal were tagged during the known feediegson, it is unlikely that
breeding behaviour was captured in the data. Thuthe present work ARS was
considered to be predominantly indicative of forggfor all animals tagged during
their northbound migration. Thus for the sake dddability, ARS will be hereafter

referred to as ‘foraging’ for all northbound whales
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Based on data about travel direction and speedeatell during fieldwork all

individuals were assumed to be on migration wheazy tWere tagged. The migratory
phase was assumed to have ceased when three oicamsecutive locations within a
track with a behavioural mode>1.25 were encountered. Foraging bouts were defined

as three or more consecutive locations with behaalonodeb>1.75 [29].

Movement parameters and statistics were calculate® software using packages
‘geosphere’ and ‘circular’. Means are presentedth wit standard deviation (SD).

RESULTS

Satellite tags were deployed on eight sei whale20@8 and on six in 2009 but data
were received from only four whales in each yeapldyment data for working tags

are summarized in Table 5-1.

Argos position estimates are assigned a level afiracy within seven classes: 3, 2, 1,
0, A, B, and Z. Locations are tagged as class Znwhe algorithm fails to converge
[22] and thus were considered invalid. Locationslinother classes were considered
valid and used in the analysis. A mean of 273+3®ations were received from each
tag. Mean tag lifetime (from implantation to lasarismission received) was 51.4+32.9
days and valid locations were received for a meaiog of 31.0+23.2 days. Reception
of the first transmission from the working tags ledean delay of 18.4+27.0 days in
five of the tagged whales, rendering incompletekisafor those individuals. All
individuals but one (80712) were tagged between Bfad/June, during the migration to
higher latitudes. Hereafter we will refer to thasenorthbound individuals. Individual
80712 was tagged in late September, presumablyngluhe migration to wintering
grounds. All northbound individuals moved to thebtador Sea and the signal of the
whale tagged in September was lost in the regiotwden Madeira and Canary
archipelagos (Figure 5-1 A).

The data from two individuals were not included whiting the hSSSM: individual
80701 due to the small number of valid locations8Jnand individual 80690 because
the data included several large temporal gapsltm@gun a mean transmission interval
of 37.2+48.6 hours with a maximum interval of 1&8fts.

In general there was a good distinction betweenki®lmavioural modes, as indicated by

the parameter estimates that aggregated in twooxerlapping groups (Figure 5-3).
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Transiting comprised most of the 1292 locationsiirdd by the hSSSM (43% of
locations), with foraging accounting for 29% of $keolocations and 28% of locations
remaining as uncertain. No ARS behaviour was dedefctr individual 80712, although
some behavioural estimates were classified as tamce(Figure 5-1 B). For the
northbound individuals, foraging was only deteatedth of 48° N and west of 34° W.
In total, 27 foraging bouts were identified, lagtifrom eight to 132 hours (mean:
48.3+39 hours). Eventually all individuals crosgsbd North Atlantic Current into the
Labrador Sea basin where 63% of the foraging beaete detected (Figure 5-1 B). At
least five of the individuals crossed the Northa#itic Current between 51°N and 53°N
in the vicinity of a quasi-stationary large meandéthat current known aorthwest
Corner, positioned at ~51°N, 44°W just outside the 400Babath (Figure 5-1 B; [35-
37]).
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Comparison of movement parameters on- and off-riggravas conducted for only the
individuals with complete tracks (80695, 80711, B®7 and 80717). Movement
directionality was calculated separately for whalagged in late spring and early
summer (northbound) and the whale tagged in latanser (southbound). Transit
speeds were similar between the migration and affation phases (Figure 5-4). In
contrast and as expected, the movement directignais considerably higher during

migration (Table 5-2; Figure 5-5).

Table 5-2: Sei whaleBalaenoptera borealismovement parameters during migration and off-atign.
Please refer to text about the northbound and boutid annotations. Means are presented with
11 standard deviation.

Migratory phase Off-migration phase
Mean transiting speed (km/h) 7.410.4 6.2+0.8
Direction of travel during transiting (northbound) 328.8+21.3° 345.5+80.0°
Direction of travel during transiting (southbound) 134.1+14.8° 145.4+102.2°
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Figure 5-4: Notched boxplots of transit speedsdfvhalesBalaenoptera borealjsgduring migration and
off-migration. The notch defines the 95% confidemterval on the median.
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Figure 5-5: Distribution of direction of travel eéi whalesBalaenoptera borealjsduring migration and
off-migration. Crosses and hatched bins correspmahectively, to data values and frequenciesavitr
direction during migration. Squares and hollow biefer to off-migration travel direction. Area ofi is
proportional to the group frequency. Refer to téoxt explanation of Northbound and Southbound

annotations.
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DISCUSSION AND CONCLUSIONS

Behavioural phases

The results clearly show two distinct phases in tteeking data of northbound
individuals with uninterrupted tracks. Before thecorrence of state estimates with
values b>1.25 in northbound individuals, whales kept a neatbnstant travel

orientation, consistent within and among individualThis type of persistent,
straightened-out movement is characteristic of atign [38]. Once state estimates with
valuesb>1.25 occurred, overall movement directionality @ased and travel direction
among individuals ceased to be similar. Even whetransit, whales showed frequent
changes of travel direction and transiting behavisas often interrupted by foraging

bouts (Figure 5-1 B), indicating that animals weodonger migrating [38].

These results indicate a well-defined migratoryridor between the Azores and the
Labrador Sea. Whales tagged in completely diffecartiasions followed very similar
tracks ending their migration in a relatively regted area. Those results are further
backed by Olsen et al. [15], who report on a sealetiagged in the Azores in April

2005 that also moved to the Labrador Sea.

Interpretation of the data from individual 80712n®re problematic. The directional
movement between the Azores and Madeira is alssistent with migratory behaviour.
Between Madeira and the Canaries the animal chathgelavel direction several times
and although no ARS was detected some modelledtidosawere classified as
uncertain. Given that these data are from a simglevidual, trying to interpret this

apparent change in behaviour would be highly speieg and we will refrain from it.

Locations with behavioural state valubsl.75, interpreted as foraging, were only
detected north of 48°N in the vicinity of the wkllown oceanographic feature called
Northwest Corner The Northwest Cornerns characterized by the interaction of the
warm waters from the North Atlantic Current withider waters from the Labrador Sea
[35-37]. It has been hypothesized that whales c@nacean current patterns and water
mass characteristics as directional cues or “guistsp [39]. The sudden change in the
flow characteristics of the current at the vicinitf the Northwest Cornerin
combination with the drastic temperature and sglinariations may serve as cues that

trigger the initiation of foraging behaviour.
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The role of the Labrador Sea as feeding ground andelation to other known

feeding grounds

It is believed that the reason for the large mmnramovements of baleen whales from
calving/breeding to feeding grounds is relatechirtrequirement of large quantities of
high-energy prey found only in highly productivelctavaters [40]. In the North
Atlantic sei whales feed primarily on the copep@Gdlanus finmarchicusand it is
expected that they will favour areas with high cantcations of that prey as preferred
feeding grounds [3].

In the past the Labrador Sea was among the knoedirfg grounds used by sei whales
in the North Atlantic [41]. However, since the gatl970’s information on sei whale
presence and ecology in that region is virtually-eaistent. Sei whales disappeared
from or became rare in other known feeding groundbe northeastern North Atlantic
where they were once common [3] but little inforroatwas available for the Labrador

Sea in that respect.

The data from this study data not only positionvgeales inside the Labrador Sea but
also show that they spend considerable time fogagihile there. Most of the 27 ARS
bouts detected occurred when whales were well withe Labrador Sea and lasted
from two up to five and half days. At least foudividuals eventually moved to the
waters just south of the Greenland shelf, wheérefinmarchicus dominates the
mesozooplankton biomass in spring and early suné@43]. In light of that evidence
it is reasonable to assume that the tagged whabe®dnto the Labrador Sea because

that region still plays an important role in thigieding ecology.

As summer progresses, or in response to changinditams, it is conceivable that
some individuals move to other feeding groundsyiten the Labrador Sea. High
densities of sei whales have been reported in aseasheast of Cape Farewell,
Greenland [44,45]. Based on data from summer siglgurveys undertaken southeast
and east of Greenland, Sigurjonsson et al. [44yssigd a movement of whales from

areas located southwest of Greenland to the DenStaak.

Few of the satellite tags transmitted into late sw@m resulting in an incomplete
representation of the whales’ movements duringféleeing season. Nevertheless, two
whales (80695, 80717) were apparently heading elstape Farewell when their
signals were lost respectively on June 28 and Auf@@s 2008. A link between sei
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whales in the Labrador Sea and in the Iceland-Dekr8#&ait cannot be indisputably
established based solely on the data of the pretedy. However, that hypothesis is
compelling based on the available data.

One of the arguments used to suggest the exisnteo sei whale stocks off the
United States and Canadian east coasts was théiaieaus occurrence of this species
in the Labrador Sea and off New England and Nowati&aluring spring and early
summer [12]. A similar pattern emerged from ouradd@iagged sei whales arrived to the
Labrador Sea as early as mid-May and some anineed in that area at least until
mid-September. Sei whales are known to use thersvatiethe Gulf of Maine as a
feeding ground between spring and early summer. [Ait)s the Gulf of Maine and the
Labrador Sea seem to comprise two discrete feegliognds, utilized simultaneously
by sei whales. Nevertheless, it is not possiblepeculate if whales frequenting those
feeding grounds belong to distinct biological s®ak sub-stockssénsuJackson and

Pampoulie [10]) based on existing data.

Relation to purported wintering grounds

It is not possible to know where the whales thatewtagged in the Azores originated.
However, it seems unlikely that whales originatirgm hypothesized wintering
grounds located somewhere off the American coasidvoead to the Azores and then
veer to the Labrador Sea, which would add thousarfiddlometres to the journey.
Unless the Azores constituted an important feedtagon during migration, this detour
would result in important additional energy expémeai to migrating individuals for no
evident advantage. In the present study no fora@eigaviour was detected for sei
whales in the vicinity of the Azores. Additionallghoto-identification and behavioural
data suggest that sei whales have short residemes tnear the islands and seldom
engage in foraging activities (author’s unpublistdata). In view of that, the most
plausible hypothesis is that sei whales migrathmgugh the Azores in spring/summer

originate somewhere south or southeast of the @etdgo.

The whale that was tagged in late September (80ft®ed southeast and signal was
lost between Madeira and Canaries archipelagosbhgisen [14] was the first to
allude to a sei whale wintering ground off northtees Africa. Between 1976 and 1978
the unregulated catcher bdaierra captured more than 100 sei whales in a small area

just north of Cape Verde archipelago during wiratied spring months [47], supporting
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the notion of a northwestern Africa wintering grduiMore recently, the presence of sei
whales in the same area during early spring waBromed, offering further evidence for

a wintering ground in the region [3]. It is likellgat the whale tagged in late September
was on its southbound migration towards winteringugds placed somewhere in that

region. However, further work is needed to confihat result.

It is tempting to draw a line and conclude a lirdtviieen the presumed wintering area
off northwestern Africa and the Labrador Sea fegdjround. Although this seems to
be a likely possibility, such assumption may bewv#id. In a scenario of multiple
biological stocks, due to its position in the cahtdorth Atlantic it is conceivable that
the Azores is frequented by whales from one staglg the spring migration and from

another during late summer and autumn.

Concluding remarks

There are still great gaps in our understandinghef distribution, movements and
population structure of the sei whale in the Noattantic [3,11]. The results herein
shed some light on the movements and behaviousioflsales that migrate through the
Azores. From these results, it is possible to dssnat least one theory about stock
structure; the data indisputably shows that seileghan the Labrador Sea are not

isolated as proposed by Schmidly [13].

Understanding the implications of overlap and ngxof biological stocks in feeding
grounds is a major consideration for the managementhaling activities [5,48]. The
data from this study indicate, although not indigply, that sei whales using the
Labrador Sea feeding ground may also use other krfeeding grounds to the east.
Additionally, prior to going to the Labrador Se& tiwhale that was tracked in the study
by Olsen et al. [15] visited the Charlie Gibbs Fuae Zone, at a longitude of ~30°W,
where large aggregations of feeding sei whales baea reported [45]. The combined
results reported by Olsen et al. [15] and in thislg give some support for the idea of a
continuum of the feeding grounds located in theradbr Sea with other feeding
grounds located southeast and east of Greenland, thp Denmark Strait, as suggested
by Sigurjénsson et al. [44]. Whether this resuitsixing of different stocks remains to
be investigated.

The data also support the idea of a discrete fgegtiound located off the Gulf of Maine

and Nova Scotia. Investigating if there is any éegof genetic differentiation between
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animals utilizing that feeding ground and other Wwnofeeding grounds such as the

Labrador Sea and the Irminger Sea (southwest tH#ride should be a priority.

The telemetry data show a clear migratory corridorsei whales between the Azores
and the Labrador Sea. This result is relevant nbt for management within the IWC.
Injury and mortality resulting from ship strikegpresent a major conservation problem
for many cetacean species [49]. Information on geographical and temporal
distribution of migration corridors is essentialréaluce ship strikes [50].

This work shows that satellite telemetry can beoaerful tool to study data-poor
species such as the sei whale and contribute #orcteation of plausible hypotheses
about population structuring. In that aspect, itingortant to continue and expand
studies on the movement and migration of the seaillevin the North Atlantic to better
understand the distribution and isolation of bragdand feeding grounds as well as to
clearly identify migratory routes and aggregatioreas. But despite the great
potentialities of satellite telemetry, this techiegs limited if not combined with other.
In the case of the North Atlantic sei whales inigding the genetic structuring within

the ocean basin is essential.
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SIXTH CHAPTER

Discussion & Conclusion

DiscussION

This final section reviews the outputs of the reseachapters, summarizing the
significant findings and ideas that were presettegughout this dissertation. It is often
the case with long and complex documents, sucltademic theses, that a conducting
line is veiled by seemingly disparate sections @nd the author’s responsibility to

restore some sense of order to the reader. Thaertigion focuses on the North Atlantic
(NA) sei whale, and obviously that is the coincidelement in all chapters. But if there
is another word that stands out in this dissemaiitgprobably ismanagemerdgippearing

59 times in the text of the preceding chapterst ®hardly a coincidence. For long, the
main driver of research on the great whales (thevbkale included) has been the need
to recover and manage depleted whale populationgsged rooted in decades, in some

cases centuries, of bad resource management [1].

The Second Chapter clearly shows how managemestigung have driven the research
on the sei whale. The results of the bibliometmytfee publications on the NA sei whale
show that most of the literature produced during #nalysis period is related to
whaling issues. It is also paradigmatic that thakp& publications about the species
occurred in 1977, as a result of a special meethghe International Whaling

Commission (IWC) on sei and Bryde'8dlaenoptera edepiwhales to discuss the
management of whaling for those two species [2]. shewn by the bibliometric

analysis, once the moratorium on whaling was puplace and management of the
species was no longer considered as pressing aep#ie scientific investment on the

sei whale became stagnant.

However, in the following decades to the whalingratorium the conditions in the
marine environment degraded, human activities énditeans intensified and the climate
changed considerably, posing new threats to catacga5]. It has been argued that
these new threats comprise a new type of whalijg 3&ll in the Second Chapter
another potential threat is advanced: limited on-eristent research. The title of that
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chapter encloses that concept by suggesting tedatk of research can bring a poorly

studied species, such as the sei whale, into olblivi

The sei whale is probably as likely to be affedbgdhe threats mentioned above as any
other whale species. Nevertheless, since significdewer resources were devoted to
studying the sei whale in comparison to other wisplecies, there is no way of knowing
how the species is coping with those threats. Efdhere are clear signs that the
species is being negatively affected by some, lpioakhose threats, we are unable to

notice since we are not looking for these signs.

With the progressive and increasing degradatiorthef marine ecosystems research
priorities and fund allocation for marine (and cei@n) research became chiefly
conservation-oriented [6,7]. In today’s world, tieemsecologyandmanagementome

hand in hand, more so in the case of cetaceanst anthcitly expected that ecological
studies can in some way contribute to the managermkrnhe subject species or

ecosystems.

However, restricting resource allocation only tee tmost endangered species is
counterproductive and does not minimise the totahlmer of extinctions in the long
term [8]. Wilson et al. [8] advocate that we shouldtead focus on preventive
conservation, allocating resources to protect tresatgst number of non-endangered
species. This is why exercises such as that dotleiBecond Chapter are essential. The
first step in preventive conservation is to underdtif we have enough information to
properly manage the resource. If not, we must wgtded the reasons that are impairing

us of gaining that information and act to solventhe

Unfortunately, despite the shift of ecological sasdfocus to conservation issues, much
of the policy and management decisions are ski#ravithout the support of scientific
literature [9,10]. Much of the time, relevant infoation exist in the scientific literature

but policy/decision makers find it difficult to late or simply intractable [10].

Bridging the gap between conservation policy angtr®e is one of the greatest
challenges in natural resource management. Thatcgmaonly be achieved if a good
communication between policy/decision makers andensist is established,
guaranteeing that management policies are suppdagedgorous, relevant science
[11,12]. To that goal it is essential that inforroatis presented in a simple but accurate
way, and that problems are accompanied by reabsijgestions on lines of action to
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solve them. Following that spirit, in the end oétBecond Chapter the main research
needs necessary for a proper management of thehsée are listed and solutions for
obtaining the data are offered. Some of these isakitpoint to the use of recent
techniques to derive and analyse those data irsiaetf@ctive manner. Consequently,
the Second Chapter becomes not only an in-depibwenf the current knowledge on
the NA sei whale, but it also offers clear guidafmefuture actions in the study and
management of the species, becoming a valuablentadufor decision and policy

makers.

One of the most cost-effective ways of gaining newwledge about a resource is to
mine for existing data and use innovative techrsque extract new, valuable
information from that data. That is what was atteedpand accomplished in the Third

Chapter.

Species distribution modelling (SDM) can be a pdulenanagement tool [13]. In fact,
recently the focus of cetacean habitat modelling dteanged from model development
and refinement to using models as a heuristic toadupport ecological insight and
marine spatial planning [14]. However, obtaininggance-absence (PA) cetacean data
for modelling is difficult and extremely expensividditionally, obtaining those data
can be unrealistically time-consuming for some ngan@ent issues [12]. In a recent
study [15], it has been shown that the accumulaieé covered by dedicated line-
transect surveys for cetaceans undertaken overriadpef 30 years (1975-2005)
covered less than 25% of the world’s ocean surféiwethe Atlantic, coverage is
concentrated in the coastal waters, clearly migssprting the potential habitat of
pelagic species, such as the sei whale [15].

Nevertheless other sources of data for modellingteWith the growing usage of the
marine habitat by scientific and non-scientific nsseghe number of reliable cetacean
sightings is increasing and those become availéiileugh diverse sources (e.g.
http://seamap.env.duke.edu; http://mms.data.npaahttp://www.marine-life.org.uk/;

http://data.marinemammals.gov.au). Much of thost @dae presence-only (PO) and
although not being as desirable as PA data forigeasd habitat modelling, still carry

valuable ecological information [16]. The advantagend drawbacks of using PO
approaches to SDM have been discussed in the Thiepter. Here it suffices to say
that as long as the data and the PO-SDM limitatemes understood, these can offer

cost-effective, ready to use approaches for managedecision and policy making.
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In the Third Chapter that concept is exemplifiedty fitting of a credible SDM to sei
whale records in the waters off New England and @&N&¢otia. When discussing the
results of that model, great emphasis is put on litsitations and possible

improvements.

This brings us back to the importance of commuivoabetween policy/decision
makers and scientists. For some management apgtisasimple approaches may be
desirable, since they are cost-effective and diister to implement [12]. Nevertheless,
it is of great importance that the limitations bbse approaches are clearly understood
and judged against the goals that are being sougit.instance, in setting the
boundaries of a management area, managers woubdlgyobe only interested in the
state model (suitable versus unsuitable habitat)eldped in the Third Chapter.
Nevertheless, it has been shown that the thresais®d to define suitability may have
created some amount of commission errors. Managast be aware of that issue and
the options that exist to tackle the problem. Tthesoptions to deal with the problem
are also clearly stated in that chapter: 1) refjinthe model, both spatially and
temporally, preferably with the inclusion of anathexologically meaningful variable
(prey); 2) collecting more data to improve modehletion; 3) changing the suitability
threshold to down-weight marginal habitats and @)t (mentioned but implicit) to
combine any or all of the prior. All options havedvantages and drawbacks. For
example, the first option would come at the experfseme and transferability and the
second would come at the expense of time and afilg@acial costs. Without further
knowledge, the third option could create the opjgoproblem (omission errors). We
can think of scenarios in which the time or funawsolved in improving model
construction and checking are not available, owimch commission errors would be

preferable to omission errors and vice-versa.

In essence, the point being made in the Third Gmaphd reinforced here was
brilliantly summarized in only nine words by thédand influential statistician George
Box: “Essentially all models are wrong, but some arseful” [17]. That is a
fundamental concept in evidence-based conservattioy. Still in Box’s words, “the
practical question is how wrong do they [the mojdieés/e to be to not be useful”. Here
iIs where the importance of understanding the fulplications of model limitation
becomes essential. As long as there is a good comation between scientists and

managers and model limitations are understood kyyewe, decisions will be made in
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an informed way and will represent a great improeetmover otherwise subjective
resolutions [9,10,12].

Understanding the limitations and improving modslsccomplished by continuously
challenging our assumptions. In the Fourth Chapierapplicability of well-established
Bayesian state-space models (SSMs) to fit satedlieEmetry data derived from a new
positioning algorithm is challenged. At the root tfat work was a very simple
question: can we have the same confidence in gdtseof fitting SSMs to the data of
the new positioning algorithm (Kalman filter; KF¥ ave had with the old algorithm
(Least squares; LSq)? Or, using Box’s terminologill our models become more
wrong? This question was fundamental if we are aketfull advantage of the
improvements reported for the new algorithm: mouwsigon fixes and improved

position accuracy.

Satellite telemetry is a powerful way of investiggtthe ecology of whales (e.g. [18])
but due to the time they spend submerged, satalbiieks are restricted which reflects
in the number of positions calculated by the positig algorithms. Sei whales present
further challenges for this technique. The studgspnted in the Fifth Chapter was the
first at a worldwide level to systematically useeflde telemetry to study sei whales.
On average, sei whales produce less daily tranemsghan blue and fin whales
(author’s unpublished data). That is attributaloldhte smaller size of the sei whale in
comparison with the blue and fin whales and to iggespecific swimming behaviours.
Sei whales are shallow swimmers that show only allspart of their backs when
surfacing and dive without a pronounced archingditgg to sink instead of wheel-over
as other rorqual whale species usually do [19].t Hedaviour combined with a less
than optimal positioning of the tag at the top bé tback probably decrease the
opportunities for transmissions from the tags, #iace that will be more pronounced

while the whales are on migration.

Using a positioning algorithm that produces moxediis highly desirable when fitting
the SSMs to sei whale data. Nevertheless, sincecltaages in the autocorrelation
structure of the data produced by the new algorithere unknown it would be
inappropriate to fit those models without firsttieg their performance in relation to
that of models fit using the LSq algorithm. The ules show that it not only is
appropriate, as in some instances there are imprents in doing so. Nevertheless, it is

also shown that the increased number of positioastgd by the KF algorithm comes at
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the cost of a great number of positions with lowtsd precision (1-message positions).
Again, the limitations of the data and the mode& an important issue that must be
understood for proper use of the results. If theirdd application of the model is at a
reasonably large scale in relation to the low spatiecision of the 1-message positions,
the model is still a useful one. But when a higlesel of accuracy and precision are
desirable, the number of fixes available for madglimay have to be sacrificed in

favour of a better model.

The results of the investigation in the Fourth Gbapaved the way for the work
presented in the Fifth Chapter. By knowing that SSduld be safely fitted to data
derived from the KF processing algorithm, it wasgble to take the most of the sei
whale satellite telemetry.

The Second Chapter shows that we are ignoranteofstbck structure of the North
Atlantic sei whale, the location and extensionhdit current breeding or feeding areas
(apart from some known feeding grounds) as wethas migratory behaviour. Satellite
telemetry is one of the new research techniquesctra provide a cost-effective mean
for obtaining data to partially or entirely answsyme of those questions. Knowing
where and when are fundamental questions in ecological and pojulatlynamics
studies and since cetaceans often move to rema@ienss telemetry studies are
invaluable in obtaining data on those aspects [B0Rurthermore, movement metrics
can often be used to infer behaviour even if omyifional data is being collected [22].
The value of satellite telemetry in answering fundatal ecological and management
questions with a relatively low level of investmeist well illustrated in the Fifth
Chapter.

Two seasons of work using satellite telemetry tm giasight into the movements and
behaviour of sei whales were enough to answer sqomestions that remained
unanswered for decades. More importantly, thesa skatved to disproof prior beliefs
about the migratory habits of the species in the Blfowing that their migrations are
not restricted to latitudinal displacements. Theplication of that discovery for
management of the population is tremendous. Ith®sve that even with the partial
information obtained, plausible scenarios of stgtkicture can be drawn from the
telemetry data. Those scenarios can be improvedfubher investment on this

technigue in combination with molecular populatieahniques.

170



Another way in which satellite telemetry can befulkés in characterizing habitat
preferences and even in creating SDMs. That was atteimpted in the present
dissertation because the available data is cl@aslyfficient for that. Nevertheless, with
sufficient data, modelling spatial patterns anddping reliable SDMs from satellite
telemetry is entirely possible (e.g. [23]). As dissed above, obtaining accessory or
alternative data to high cost PA data is sometionesial for management purposes and
satellite telemetry can be one of these data ssurce

However, satellite telemetry can also be invaluaiblemaking dedicated sighting
surveys viable. For instance, it was previously tiomed that sighting survey effort
covering the pelagic waters of the NA is nearlysearstent [15]. As a result detections
of sei whales by many sighting surveys probablyresgnt only a fraction of the
population and of their habitat [24]. Realisticalgven if investment in surveying was
increased it would be unfeasible to cover all toeeptial habitat of the sei whale which,
in practical terms, corresponds virtually to théirenNA. But there is no need to cover
that vast area to obtain a representative samplénefpopulation. That is where
distribution models based on satellite telemetry td@acome instrumental, by yielding

data that can be used to plan and conscribe sefff@y only to representative areas.

CONCLUSION

Perhaps the most advisable and the expected isgbigon would be that | argue for the
relevance of this dissertation in advancing of khewledge on the sei whale ecology
and its contribution for the proper managementat species. | believe, however, that
it is much more significant that others do so.dast in lieu of a conclusion, | prefer to
express how the work conducting to this dissemationtributed to the realization of the

dimension of my ignorance by transcribing Thoredwrsberjack song [25]:

“Men say they know many things; But lo! they havertawings — The arts and

sciences, And a thousand appliances; The windddoats Is all that anybody knows.
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APPENDIX |: SUPPLEMENTARY FIGURE

177



178



ArcToolbox

ArcToolbox
€9 30 Analyst Tools
€3 Additional Conversion - Generic Tools
&3 analysis Tools
Q Cartography Tools
&3 conversion Tools
Q Data Interoperability Tools
Q Data Management Toaols
Q Editing Tools
Q Geocoding Tools
Q Geostatistical Analyst Tools
a Linear Referendng Tools
a Marine Geospatial Ecology Tools 0.8349
= a MAXENT Data Preparation
= ﬁg Crop environmental rasters
}'ﬂ Crop rasters
= By Readjust environmental rasters
}'ﬂ 0a.Create coverage by mask
}ﬂ 0b.Create coverage by erase
§Dﬂ 1.5ample rasters to points
P 2.Create ASCII for Maxent
5312 Batch evaluate codependency betwen variables
opa Batch raster to ASCII
opa Extend raster boundaries
535' Minimun Distance to Raster
pa Resample rasters
Pa Reversed mask
&3 Multidimension Tools
&3 Network Analyst Tools
&3 Parcel Fabric Tools
£ schematics Tools
&3 server Tools
@ Spatial Analyst Tools
£3 spatial Statistics Tools
Q Tracking Analyst Tools

Figure A-1.1: Set of custom tools (expanded tree view) develdpethe software ARcGIS 10.1 (ESRI®) to aid in
data preparation for habitat modelling.
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Table A-1l.1: AICc scores of 76 competing modelsdiaoice of best regularization
multiplier in MAXENT starting model. The models aranked in
ascending order by AICc score. The best model,ie@drmover to the next

step in the modelling process, is that with lowd§ic value.

Regularization multiplier AlCc score

0.6 19057.82561
0.4 19072.68445
1 19111.10388
0.8 19130.85241
1.2 19191.05751
14 19192.0377

1.8 19196.54977
1.6 19218.29417
2 19230.17725
2.2 19233.15815
2.6 19255.9552

24 19256.26834
2.8 19265.01326
3.2 19265.81407
3.6 19278.54801
3 19282.8583

3.4 19288.23847
3.8 19309.00544
5 19326.98729
4.6 19328.15169
4.4 19330.39441
4 19333.32204
4.2 19333.55801
5.2 19336.83566
5.6 19344.67011
4.8 19346.58652
5.4 19347.49091
5.8 19349.84496
6.2 19354.20989
6 19363.64311
6.4 19368.09245
6.6 19374.25135
7 19379.58925
7.4 19386.70518
7.2 19392.51429
6.8 19392.9634

7.6 19405.82958
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Regularization multiplier

7.8
8
8.2
8.4
8.6
8.8
9
9.2
9.4
9.6
9.8
10
10.2
10.4
10.6
11
11.6
10.8
114
11.2
11.8
12
12.2
12.4
12.8
13.2
12.6
13.6
13.8
13
134
14.2
14.4
14
14.6
14.8
15
0.2
0
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AlICc score
19410.38031
19426.81892
19428.83932
19442.05887
19445.99686
19448.67653
19455.78026
19465.5606
19470.29946
19485.56611
19488.49868
19501.83676
19508.03215
19518.64471
19537.64248
19540.97192
19544.4545
19545.29964
19545.44073
19550.31205
19554.61577
19556.91287
19558.81706
19558.97128
19569.88212
19571.92427
19574.00095
19578.94203
19579.18359
19583.82746
19585.79368
19592.81109
19594.46094
19594.46547
19605.74507
19607.56282
19612.28759
19935.96905
24102.46104



Table A-11.2: AICc scores of 76 competing modelsdioice of best regularization
multiplier in MAXENT final model. The models arenkad in ascending
order by AICc score. The best model, used in tied fnodel, is that with

lowest AlICc value.

Regularization multiplier AlCc score
0.4 19236.33416
0.6 19266.84255
0.8 19319.63652
1.0 19347.56471
1.2 19359.57164
0.2 19364.53634
1.4 19396.18215
1.6 19447.8216
1.8 19448.35144
2.0 19467.97905
2.2 19499.36973
2.4 19518.03649
2.6 19530.1969
2.8 19555.75593
3.2 19573.81929
3.0 19577.77114
3.6 19592.71477
3.4 19600.89412
4.0 19609.1645
3.8 19621.8182
4.2 19623.09025
5.0 19624.55954
4.6 19634.28248
4.8 19638.01

4.4 19640.00728
5.4 19656.09675
4.6 19664.6823
5.2 19670.69725
5.8 19684.07708
6.0 19684.73175
6.4 19702.49415
6.2 19702.64747
6.6 19704.54692
6.8 19712.88077
7.0 19722.6006
7.2 19732.55665
7.6 19752.15805
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Regularization multiplier

8.0
7.8
7.4
8.6
8.2
8.4
8.8
9.0
9.2
9.4
9.6
9.8
10.0
10.2
10.4
10.6
10.8
11.0
11.2
111.6
114
11.8
12.0
12.4
12.2
13.2
13.0
12.6
13.6
13.8
12.8
14.4
14.0
14.2
14.6
13.4
14.8
15.0
0.0
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AlICc score
19754.3049
19755.43017
19761.65418
19772.96468
19774.99206
19780.1381
19782.86121
19796.7877
19806.57427
19807.80474
19819.57087
19826.05603
19844.76206
19854.54989
19862.47139
19874.49989
19875.45438
19887.48228
19890.33507
19893.8308
19900.34296
19904.00416
19905.0456
19907.51876
19907.80067
19912.84707
19915.29113
19916.63655
19920.53827
19922.26088
19923.00844
19927.24273
19927.80189
19928.50148
19941.66856
19948.80196
19973.55955
19974.48818
19995.9475



Table A-11.3: GPS, Least-Squares (LS) and Kalmideréd (KF) data obtained for each seal trip.

Seal Trip GPS data LS-Argos data KF-Argos data
Trip duration (h) N* Time step (h)**  N* Time stgf)**  LC 0-B*** N* Time step (h)** LC 0-B***
1545 11 54 28 2.0 42 1.3 76.2 66 0.8 80.3
21 70 25 2.9 46 15 65.2 66 1.1 74.2
23 69 21 35 34 2.0 41.2 43 1.6 48.8
27 87 50 1.8 54 1.6 51.9 66 1.3 53.0
28 49 32 1.6 37 1.3 43.2 45 1.1 55.6
28503 11 56 36 1.6 44 1.3 81.8 68 0.8 88.2
18 42 31 1.4 31 1.4 77.4 46 0.9 82.6
19 59 43 1.4 41 15 85.4 63 0.9 88.9
23 30 31 1.0 33 0.9 87.9 47 0.6 87.2
42 46 23 2.1 33 1.3 72.7 55 0.8 80.0
43844 4 96 33 3.0 30 3.3 66.7 54 1.8 79.6
8 47 30 1.6 32 15 50.0 43 1.1 55.8
14 39 35 1.1 31 1.3 61.3 45 0.9 71.1
16 70 63 1.1 61 1.2 49.2 77 0.9 57.1
22 81 44 1.9 44 1.9 65.9 55 1.5 72.7
43871 7 97 77 1.3 77 1.3 87.0 124 0.8 91.9
8 63 57 1.1 43 15 86.0 76 0.8 90.8
13 82 76 1.1 58 1.4 82.8 102 0.8 85.3
19 67 63 1.1 48 1.4 83.3 79 0.9 88.6
120346 24 50 41 1.2 47 1.1 74.5 65 0.8 80.0
25 38 43 0.9 48 0.8 81.3 68 0.6 86.8
26 29 34 0.9 37 0.8 75.7 51 0.5 824
30 45 37 1.2 44 1.0 75.0 61 0.7 82.0
32 26 21 1.3 33 0.8 60.6 37 0.7 62.2
120349 3 91 18 5.4 39 2.4 87.2 62 15 95.2
4 100 20 5.2 35 2.9 88.6 69 15 95.7
5 83 20 4.4 41 1.9 90.2 97 0.8 95.9
6 49 20 2.6 34 15 88.2 79 0.6 94.9
120350 3 108 35 3.2 51 2.2 72.5 83 1.3 83.1
4 73 29 2.6 39 1.9 79.5 78 1.0 87.2
5 66 58 1.2 72 0.9 81.9 113 0.6 90.3
Total 1957 1174 1.7 1339 1.5 73.8 2083 0.9 81.8

*N: Number of locations®*Time step: Average time between locations peg.tri*Proportion of locations of LC 0, A and B.
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Table A-1l.4: Argos Least-Squares (LS) and Kalm#aréd (KF) data obtained for each fin whale udedfit the switching state-space

models.

LS-Argos data

KF-Argos data

o
Whale Track duration (days) N* ’r\)/loes?tri]ons /day Track duration (days)  N* Mean n° positions/day
80702 18 213 11.8 18 253 14.1
80704 23 258 11.2 34 333 12.3
80707 19 215 11.3 19 254 134
80713 3 17 5.7 3 30 10.0
80716 18 29 1.6 18 108 6.8
89969 52 1604 30.9 55 2125 394
Total 133 2336 12.1 147 3103 16

*Number of locations
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Table A-II.5: Parameter estimates from the besin{jt linear mixed-effects model for

errors in modelled locations.

Fixed effects Random effect
Variable Factor Estimate SE P Variance SD
Trip 0.09 0.303
Intercept -1.780 0.393 <0.001
Algorithm LS 0.439 0.078 <0.001
Proportion LC 0-B 2.865 0.483 <0.001
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