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ABSTRACT 

The current knowledge and data gaps on the biology and ecology of the sei whale 

(Balaenoptera borealis) in the North Atlantic (NA) are reviewed and quantified. Topics 

where investment is necessary to ensure the proper management of the species are 

identified and suggestions are made in how to tackle data deficiencies. State of the art 

ecological research methods are used to characterize the summer habitat of the sei 

whale off New England and Nova Scotia, the migration and foraging behaviour of the 

species in the NA, and to investigate the plausibility of existing stock boundaries. It is 

shown that research on the species has been stagnant for more than two decades. 

Essential aspects of the sei whale ecology and biology are still mainly derived from 

whaling records. Movement patterns and winter distribution are not clear and great 

uncertainty exists about the subdivision of the NA population in further biological units. 

Abundance estimates in the NA are fragmentary and restricted to a small part of the 

known part of the species summering habitat. In order to gain insight in the distribution 

of the sei whale in the north-western Atlantic, a summer habitat suitability model was fit 

to presence-only data derived from aerial and shipboard sighting surveys, opportunistic 

sightings and whaling records. The model predicts high habitat suitability for areas of 

known sei whale aggregation off New England and Nova Scotia but also indicate that 

other areas, especially along the shelf edge, hold suitable conditions for the occurrence 

of sei whales in the summer. Further, the model indicates that the sei whale and the 

right whale (Eubalaena glacialis) habitats partially overlap in the studied region, which 

can translate in possible competition for prey. The migration of the NA sei whales was 

investigated using satellite telemetry. Results show a migratory corridor between the 

Azores islands (Portugal) and the Labrador Sea (LS) during the spring. A Bayesian 

switching state space model was used to investigate the behaviour of sei whales 

monitored by satellite tags and it is shown that the LS comprises a foraging ground for 

the species during spring and summer. The most probable origin of those sei whales is 

the region south or southeast of the Azores, possibly from wintering grounds thought to 

exist off northwest Africa. The results of the study uncovered unknown patterns about 

the distribution, movements and habitat use of the sei whale in the North Atlantic, 

providing new evidence essential to create plausible hypotheses about the stock 

structure of the species. 
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SUMÁRIO 

O estado actual da investigação e lacunas de conhecimento sobre a biologia e ecologia 

da baleia sardinheira (Balaenoptera borealis) no Atlântico Norte (AN) são revistos e 

quantificados. As áreas de investimento necessário para suportar a gestão da espécie são 

identificadas e são feitas sugestões para resolver deficiências de dados. Metodologias 

modernas de obtenção e tratamento de dados são utilizadas para caracterizar o habitat de 

verão da baleia sardinheira no Atlântico noroeste, para estudar a migração e 

comportamento alimentar da espécie no AN e para investigar a plausibilidade das 

actuais áreas de gestão populacional. Os resultados demonstram que a investigação 

acerca da baleia sardinheira estagnou há mais de duas décadas. A maior parte do 

conhecimento sobre aspectos essenciais da espécie baseia-se em dados da baleação. Os 

padrões de movimentação e a distribuição durante o inverno são virtualmente 

desconhecidos e subsiste uma grande incerteza quanto à existência e identidade de 

unidades populacionais no AN. As estimativas de abundância são dispersas e 

restringem-se a uma pequena parte do habitat de verão da espécie. Para compreender 

melhor a distribuição da baleia sardinheira no Atlântico noroeste, um modelo foi 

ajustado a dados de presença obtidos a partir de avistamentos durante campanhas de 

amostragem navais e aéreas, observações oportunísticas e capturas nas águas da Nova 

Inglaterra e Nova Escócia. O modelo prevê a existência de habitat favorável em áreas de 

conhecida agregação da espécie no verão, mas também indica a existência de outras 

áreas favoráveis, principalmente ao longo do talude continental. Existe alguma 

sobreposição do habitat da baleia sardinheira com o da baleia franca (Eubalaena 

glacialis), o que pode resultar em competição alimentar. A migração da baleia 

sardinheira no AN foi investigada utilizando telemetria por satélite. Os resultados 

demonstram a existência de um corredor migratório entre os Açores e o Mar do 

Labrador (ML). Um modelo probabilístico Bayesiano de estados num espaço (state 

space model) foi utilizado para investigar o comportamento das baleias, demonstrando 

que o ML é uma área de alimentação para a espécie. As baleias vistas nos Açores 

provavelmente passam o inverno em regiões a sul ou sudeste do arquipélago, 

possivelmente ao largo da costa ocidental africana. O estudo permitiu identificar 

padrões desconhecidos sobre a distribuição, movimentos e utilização de habitat da 

baleia sardinheira no AN, provendo informação nova e actualizada, essencial para a 

criação de cenários plausíveis sobre a estrutura populacional 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 the Eocene, 52.5 million years ago (Mya), 

and rapidly radiate to attain the peak in diversity during the middle Miocene 

(approximately 16 Mya) [1]. After the Miocene, cetacean diversity decreased 

progressively to the present 90 species (of which one, a river dolphin, is possibly 

extinct) [2]. The extant cetacean are subdivided in two clades, the Mysticeti (the baleen 

whales, with 14 species) and the Odontoceti (the toothed whales, with 76 species), all 

fully aquatic. 

Due to the physical characteristics of their environment and macroevolutionary factors 

most cetaceans became large in comparison to land mammals, with whales attaining the 

largest sizes in the animal Kingdom [3]. Among many adaptations to the aquatic 

environment, cetaceans developed a thick sub-dermal adipose layer that would 

eventually be central in the ecological relation that evolved between those animals and 

Man. 

Their large size means that securing a whale carcass guarantees access to large 

quantities of meat, fat and raw materials. Thus it is not surprising that Man (Homo 

sapiens) and other hominids started exploiting cetaceans as a resource already in pre-

historic times, initially opportunistically as result of strandings [4-7] but soon engaging 

into active hunting and, in a sense, becoming predators of those animals [8-14]. Due to 

the sheer size of the animals and the fact that they are strictly aquatic, cetacean hunting 

is logistically and technically challenging and the activity probably played an important 

role in technological development and seafaring for some cultures [8,10,13,15]. 

Nevertheless, some whale species are markedly more difficult to capture than others, 

due to a combination of anatomy and behaviour, dictating that up to the 1860’s only a 

few species were targeted by most whaling operations. Those were the bowhead whale 

(Balaena mysticetus), the right whales (Eubalaena glacialis, E. australis, E. japonica) 
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the humpback whale (Megaptera novaeangliae), the gray whale (Eschrichtius 

robustus), and the sperm whale (Physeter macrocephalus) [16,17]. 

From the 11th Century onwards, starting in Europe, whaling evolved from a subsistence 

activity to an extractive industry focused mostly on obtaining oil and baleen that were 

used as raw materials for other industries [16,18]. With industrialization whaling 

captures became massive, numbering in the tens of thousands, and started impacting the 

sustainability of the targeted whale populations [19-22]. The mechanization of vessels 

and technological improvements in catching and processing equipment (introduced in 

the mid-19th Century) opened the way to the capture of other species that were until then 

logistically unavailable, giving rise to what is known as “modern whaling” [16,18]. 

Modern whaling was characterized by a rapid decline in whale populations, with species 

being depleted successively according to their relative size, from larger to smaller, a 

reflex of the sole focus of the industry in oil production (larger species yielding more oil 

per individual) [18]. 

Due to the important role of whales as marine predators, collapse of whale populations 

caused by whaling is thought to have affected the functioning of ecosystems across 

entire ocean basins and along the water column [23-27]. Most (if not all) whale 

populations that underwent commercial exploitation are believed to still be under 

recovery but increasing human and environmental pressures threaten that recovery for 

some species/populations [28-30]. Thus, there is still much uncertainty about how whale 

populations will behave in the future. 

Independently of the direction of population trends, fluctuations in whale abundance are 

relevant not only at an ecological level, but also under a socio-economic perspective 

[31]. For example, substantial increases in whale populations will result in sizeable 

reductions of their prey and may directly or indirectly affect many species currently 

targeted by fisheries [23,32]. 

Yet, despite centuries of exploitation, we advanced little in understanding the ecology 

and ecological role of most whale species. As it will be shown in Chapter Two of this 

dissertation, some species (of which the sei whale, Balaenoptera borealis, is a 

paradigmatic example) were essentially neglected by modern ecological science. It is 

thus clear that new approaches to studying whale ecology and to whale management are 

of paramount importance. Some authors (e.g. [31]) go to the extreme of suggesting that 

studies on whale ecology might be more useful in whale and ecosystem management 
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than estimation of whale demography. I disagree, and believe that both approaches are 

complementary and necessary at this stage. 

The sei whale 

The sei whale is one of the eight species in the Family Balaenopteridae, the rorqual 

whales [2]. The taxonomy of the sei whale was a complex affair from the very 

beginning. On February 21, 1819 a whale stranded in the shore of Holstein, Germany, 

and was transported to Hamburg where it was on paid display during two months, until 

the stench drove away even the bravest visitors and put an end to the profitable 

business. It was only then that the eminent scholar from the University of Berlin Karl 

Asmund Rudolphi acquired the decayed carcass and took it back with him to Berlin to 

be studied. Rudolphi published his anatomical notes on this specimen in 1822 [33], but 

erroneously described it as Balaena rostrata Fabricius, 1780 – an early synonymous of 

the common minke whale Balaenoptera acutorostrata. 

In 1823 Georges Cuvier referred to Rudolphi’s specimen as “Rorqual du Nord” but did 

not use a binomial Latin name, and despite noting several anatomical differences it is 

unclear if he suspected that it should belong to a different species [34]. It was not until 

1828 that Réne Primevère Lesson converted the Cuvier’s vernacular designation of 

“Rorqual du Nord” into Latin as Balaenoptera borealis, finally coining the formal 

binomial designation [35]. 

Regardless of his mistake, for a long time the English vernacular designation of the 

species was “Rudolphi’s rorqual”, honouring the original describer of the holotype. 

However, the vernacular name most widely used to designate the species is the 

Norwegian derived "sei whale" (Sejhval), in a reference to the arrival of these whales 

upon the coasts of northern Norway at the same time as the “seje”  or pollock 

(Pollachius virens). 

In the following decades after the description of the species, at least a dozen new similar 

species and subspecies were described, but eventually all were identified as synonyms 

to the sei whale. Currently there are two subspecies recognized, although morphological 

and genetic support for the southern-hemisphere subspecies is weak. The two 

subspecies are: 
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- Balaenoptera borealis borealis Lesson, 1828 referring to the Northern 

hemisphere sei whale. The holotype, the specimen collected by Rudolphi, was 

stored in the Berlin Museum of Natural History but is presumed destroyed as a 

consequence of bombings during WWII. 

- Balaenoptera borealis schlegellii Flower, 1865 that refers to all sei whales from 

the southern hemisphere. The holotype of this subspecies is in the Leiden 

Museum of Natural History. 

Sei whales are around 4.5 m when they are born. As with other baleen whales, adult 

females grow slightly larger than males with sizes ranging from 13.4 to 19.5 m. Males 

range between 12.8 to 18.6 m. The larger sizes are attained by the Southern Hemisphere 

individuals. Adult weights range between 20 to 30 metric tons [36]. They have a slender 

body and lack complex pigmentation patterns. They are dark grey over most of the body 

and white on the underside. The body is often covered with round scars presumably 

from cookie-cutter sharks (Isistius brasiliensis). 

The dorsal fin is tall and falcate, normally making an angle with the back in excess of 

45º. In some individuals the dorsal fin has one or more circular holes near the trailing 

edge, possibly caused by burying parasites [37]. The rostrum is somewhat pointed and 

is slightly pitched, having a single ridge in the middle that runs from the splash guard of 

the blowholes to the tip of the mouth. In the field and at close range, the single ridge on 

the head is the most reliable feature in distinguishing the sei whale from the very similar 

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

Sei whales have 340 to 350 plates of dark grey baleen with light bristles, measuring 

between 75 and 80 cm in length. Some individuals can have some white plates near the 

tip of the rostrum [38]. The ventral grooves (or pleats) that allow the mouth to expand 

during feeding, end well before the navel, unlike what happens in most other 

Balaenopteriid whales (except for the minke whale) [36]. 

Despite their cosmopolitan distribution and having been heavily exploited throughout 

the world by whaling operations, we are still ignorant of many aspects of the lives of sei 

whales. Some whale species came under the focus of intense research over the last 

decades for diverse reasons: for being highly endangered; for having coastal habits 

which increases study opportunities; for being iconic; for being commercially exploited; 

or for a combination of those. The sei whale does not fall into any of those categories. 

Research on the sei whale in the past was mostly fuelled by whaling. When whaling 
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came under intense public scrutiny, the sei whale came out of the research spot-lights as 

a result of the moratorium on all commercial whaling activity declared by the 

International Whaling Commission from the 1985–86 pelagic and 1986 coastal seasons 

[39]. In the last decades, in the North Atlantic (NA), only few localized and short-

termed studies exist that focused on or included this species (some examples are 

presented in the Second Chapter). 

Currently any attempt for science driven management of the species at the scale of the 

North Atlantic is bound to be unsuccessful due to the limited and obsolete nature of the 

data. 

This dissertation examines some aspects of the sei whale ecology in the NA using state 

of the art data collection and analytical techniques. The motivation of the dissertation is 

not only to contribute for a better understanding of the ecology of the species in the NA 

but also to demonstrate that with modern research techniques it is possible to properly 

inform management decisions, even for intractable species such as whales. By careful 

use of state of the art techniques I show how it is possible to obtain much out of little, in 

order to improve our understating about the ecology and ecological roles of whales and 

to aid in the management of these animals and their ecosystems in a cost-effective 

manner. The results provide much needed information about the ecology of the sei 

whale in the North Atlantic and show that similar techniques can be invaluable to the 

study and management of other taxa facing the same problems of data scarcity. 

DISSERTATION STRUCTURE  

This dissertation is composed by four research chapters, plus the General Introduction 

and Discussion chapters. The research chapters are intended to stand alone as 

publishable units and as a result some redundancy in the introduction and methods 

sections can be found. For the same reason, no cross-references are made between 

research chapters, but references to published and “In Press” chapters may be found in 

the text. 

By their nature, some chapters made heavy use of references. For the sake of readability 

references are presented as numbered endnotes to each chapter using the PLoS style. 

The Second Chapter, “The forgotten whale: a bibliometric analysis and literature 

review of the North Atlantic sei whale (Balaenoptera borealis)” was published in 
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Mammal Review (DOI: 10.1111/j.1365-2907.2011.00195.x) and is presented as part of 

this dissertation with acknowledgement to the co-authors, David Janiger, Mónica A. 

Silva, Gordon T. Waring and João M. A. Gonçalves. 

The Fourth Chapter, “Assessing performance of Bayesian state-space models fit to 

Argos satellite telemetry locations processed with Kalman filtering” has been published 

in PLoS ONE (DOI: 10.1371/journal.pone.0092277) and is presented as part of this 

dissertation with acknowledgement to the co-authors, Mónica A. Silva, Ian D. Jonsen, 

Deborah J. F. Russell, Dave Thompson and Mark F. Baumgartner. 

The Fifth Chapter, “Sei whale movements and behaviour in the North Atlantic inferred 

from satellite telemetry”, has been accepted for publication in Endangered Species 

Research (DOI:10.3354/esr00630) and is presented as part of this dissertation with 

acknowledgement to the co-authors, Mónica A. Silva, Gordon T. Waring and João M. 

A. Gonçalves. Results of this chapter were also included in a working paper presented 

to the 64th meeting of the International Whaling Commission Scientific Committee 

(working paper SC/64/RMP6, available from http://iwc.int/iwc64docs), in the scope of 

the discussion over a proposal by Iceland for the pre-implementation of a management 

procedure for the eventual resumption of sei whaling by that country. 

DISSERTATION OUTLINE  

First Chapter: General introduction and dissertation structure 

The First Chapter lays down the motivation of the thesis, describes the form of the 

dissertation and briefly introduces the aims and hypotheses of each of the research 

chapters. 

Second Chapter: The forgotten whale: a bibliometric analysis and literature 

review of the North Atlantic sei whale (Balaenoptera borealis) 

In the Second Chapter, I assess the state of the art in North Atlantic sei whale research. 

This chapter is more than a mere review of published and unpublished information. By 

using bibliometric techniques I show that research on the sei whale is stagnant in 

comparison to other similar species. I also clearly quantify the scientific production by 

subjects and regions of the World, showing where are the greatest deficiencies in 

knowledge and which are the more relevant issues to resolve for the proper management 
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of the species and the ecosystems it integrates. Research and management funding is 

limited and understandably funding agencies want to maximize the outcome of their 

investment and restrict spending to solving essential problems. The approach taken in 

the Second Chapter is the first step in tackling the data deficiency problem posed by the 

sei whale. By clearly showing that existing data on sei whale is insufficient for its 

management and laying down the most appropriate lines of research that should be 

followed to obtain that data, the Second Chapter makes a better case in defending 

investment on this species. 

Objectives 

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

whale. 

2.2 Provide a clear quantification of the knowledge on the sei whale biology and 

ecology and research needs to inform management decisions. 

2.3 Identify lines of research necessary to resolve the data deficiency. 

Hypotheses 

2.1 Existing data on the North Atlantic sei whale is insufficient and inappropriate for 

its proper management. 

2.2 Existing level of research on the North Atlantic sei 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 modelling 

In the Third Chapter, sighting and whaling data are combined to create a model of 

summer habitat suitability for the sei whale off New England and Nova Scotia. To 

achieve that goal a Maximum Entropy algorithm was employed to enable the use of 

presence-only data. Pooling the data from several sources and using low-cost 

opportunistic data enabled the creation of cost-efficient and credible habitat suitability 

maps. The study also unveiled overlap of feeding habitats in the study region and 

potential competition between the sei whale and the endangered North Atlantic right 

whale (Eubalaena glacialis). Finally, the model limitations are discussed and 
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improvements suggested so that it can be properly used when informing management 

decisions. 

Objectives 

3.1 To assess the feasibility of using presence-only data derived from distinct 

sources to develop a habitat suitability model for the sei whale. 

3.2 To provide habitat suitability maps of the sei whale to advance scientific 

knowledge on the species and to inform management decisions. 

Hypotheses 

3.1 Presence-only data of sei whales is sufficient to produce a habitat suitability 

model that performs better than random. 

3.2 Summer habitat suitability for the sei whale is not homogeneous within the study 

region. 

Fourth Chapter: Assessing performance of Bayesian state-space models fit to 

Argos satellite telemetry locations processed with Kalman filtering 

The Fourth Chapter has a more technical nature, but essential to back the analyses made 

in the Fifth Chapter. In the Fourth Chapter the reliability of fitting Bayesian state-space 

models (SSMs) and switching state-space models (SSSMs) to marine mammal satellite 

tracking data processed with a recently released location algorithm (Kalman Filter; KF) 

is investigated. This study is relevant since although SSMs and SSSMs have been used 

to model animal movement and behaviour using an older location algorithm (Least 

Square; LSq), the implications of using these models with the new algorithm were not 

known and could lead to biased estimates of movement parameters and behavioural 

states. The results presented in that chapter show that fitting SSMs and SSSMs to KF 

derived data offer clear advantages over LSq derived data. Since the KF algorithm can 

considerably increase the number of received positions and prolong the tracking 

periods, the results presented in the Fourth Chapter are of the upmost relevance to 

studies where few messages are received, which applies to many marine and dense 

forest species. 
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Objectives 

4.1 To assess the spatial accuracy of locations from models fit to data derived from 

LSq and KF processing algorithms. 

4.2 To determine how spatial accuracy varies with observation frequency, temporal 

resolution and reported precision of Argos locations. 

4.3 To investigate how the quality of tracking data affected the similarity of the 

output from SSSMs fit to LS and KF data. 

Hypotheses 

4.1 Spatial accuracy of locations from SSM models fit to KF processing algorithm 

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

4.2 Data quality has the same effect in the accuracy of the results from SSM models 

fit to LSq and KF data. 

4.3 Parameters of SSSM models fit to LSq and KF data are similar both for location 

and behavioural estimation. 

4.4 Fitting SSM models to KF derived data brings advantages over LSq derived 

data. 

Fifth Chapter: Sei whale movements and behaviour in the North Atlantic inferred 

from satellite telemetry 

In the Fifth Chapter satellite telemetry technology is used to gain insight in the 

migratory and foraging behaviours of the sei whale in the North Atlantic (NA) and to 

address a management problem regarding the stock composition of the population. 

Using a Bayesian switching state-space model (SSSM) whale tracks were reconstructed 

and movement parameters were investigated to infer behaviour. The method enabled the 

distinction of two discrete movement phases, corresponding to migratory and foraging 

behaviours. The study demonstrates that the Labrador Sea is an important feeding 

ground for the sei whale and also resolved the origin of sei whales seen in that region. 

More importantly, the results presented in the Fifth Chapter offer unprecedented view 

about the large scale movements of the sei whale in the North Atlantic, challenging 

some pre-conceived notions and offering much needed information for the proper 

management of the species. The Fifth Chapter is also an example of the power of state 
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of the art techniques in obtaining cost-effective, meaningful data that is useful both to 

gain insight into the ecology of challenging species and to inform management 

decisions. 

Objectives 

5.1 To investigate the migratory destinations and behaviour 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 theories on population structure for the 

species in the North Atlantic. 

Hypotheses 

5.1 Whales seen in the Azores during the spring are en-route to foraging grounds. 

5.2 Known feeding grounds of the sei whale in the North Atlantic are discrete. 

5.3 Migration of sei whales in the North Atlantic is restricted to movements along a 

north-south axis, supporting a latitudinal structuring of the population. 

5.3 Satellite telemetry can be used to identify plausible hypotheses about 

movements and stock structure of whales to inform management decisions. 

Sixth Chapter: Discussion and Conclusions 

The Sixth Chapter reviews the contributions of this thesis to the overall knowledge on 

the North Atlantic sei whale and makes recommendations on future directions to 

generate useful data for the proper conservation of the species. 
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SECOND CHAPTER  

 

The forgotten whale: a bibliometric analysis and literature review of 

the North Atlantic sei whale (Balaenoptera borealis) 

ABSTRACT: A bibliometric analysis of the literature on the sei whale Balaenoptera borealis is 
presented. Research output on the species is quantified and compared with research on four other 
whale species. The results show a significant increase in research for all species except the sei 
whale. Research output is characterized chronologically and by oceanic basin. The species’ 
distribution, movements, stock structure, feeding, reproduction, abundance, acoustics, mortality and 
threats are reviewed for the North Atlantic, and the review is complemented with previously 
unpublished data. Knowledge on the distribution and movements of the sei whale in the North 
Atlantic is still mainly derived from whaling records. Movement patterns and winter distribution are 
not clear. Surveys in some known summering areas show that the species has changed its 
distribution in parts of its previously known range. With the present information, it is impossible to 
determine whether or not the North Atlantic sei whale population is subdivided into biological 
units. Abundance estimates are fragmentary and cover a restricted part of the summering habitat. In 
the North Atlantic, sei whales seem to be stenophagous, feeding almost exclusively on calanoid 
copepods and euphausiids. On feeding grounds, they are associated with oceanic frontal systems, 
but how they find and explore these structures has not been fully investigated. 

INTRODUCTION  

The sei whale Balaenoptera borealis is the third largest member of the Balaenopteridae 

family, after the blue whale B. musculus and the fin whale B. physalus, and is one of the 

least known mysticete whales. The species is cosmopolitan, inhabiting the world’s 

temperate to subpolar oceans, with generally antitropical distribution centred in 

temperate zones. The populations in the North Atlantic, North Pacific and Southern 

Ocean are almost certainly separated, and may be further subdivided into geographical 

stocks [1]. Sei whales are thought to undertake seasonal migrations from low-latitude 

wintering areas to high-latitude summer feeding grounds. The locations of winter 

calving grounds are unknown [2], and summer distribution on the feeding grounds 

exhibits great year-to-year variability [3]. Throughout their range, sei whales occur 

predominately in deep waters. In feeding areas, they are most common over the 

continental slope or in basins situated between banks [2]. Sei whales feed primarily on 

calanoid copepods and euphausiids, although small schooling fishes and squid form an 

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

Due to its smaller size, interest in this species by the whaling industry was low until the 

1950s. After the decline of more valuable species such as blue, fin and humpback 

whales Megaptera novaeangliae, the whaling industry started targeting smaller species, 
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particularly sei whales. Subsequently, sei whales were heavily exploited throughout 

their range and populations decreased drastically [1]. Despite a period of intense 

commercial hunting, and a subsequent declaration by the International Whaling 

Commission (IWC) that the management of all whale populations was dependent on 

comprehensive knowledge of their ecology [4], little information existed on essential 

aspects of sei whales’ life history and ecology. 

By the end of the 1970s, it was recognized that the information available on population 

dynamics of sei whales and Bryde’s whales B. edeni was insufficient for their proper 

management, leading to a special meeting on these species in 1977 [5]. Knowledge on 

the two species increased following that meeting but, subsequently, research interest 

diminished. With the onset of a moratorium on whaling during the 1985–86 pelagic and 

1986 coastal seasons, most of the research effort shifted to other species such as right 

Eubalaena glacialis, E. australis, humpback, blue and fin whales. In addition, more 

research effort was put into studying minke whales B. acutorostrata, the only species 

still killed in significant numbers for scientific and commercial reasons. 

In addition to the low level of scientific and commercial whaling interest in sei whales, 

the costs of studying cetaceans associated with pelagic habitats hindered research on the 

sei whale. Sei whales are also difficult to distinguish from Bryde’s whales where the 

two species’ ranges overlap, and are often mistaken for fin whales, impacting our 

understanding of the species’ distribution and population size. 

Joseph Horwood wrote an influential monograph on the species in 1987, summarizing 

all the knowledge accumulated on the sei whale to that date, which became the foremost 

reference on the population biology of the species. Despite the depth of that work, the 

author stated in the concluding remarks that ‘[it is] obvious that many aspects [of the 

population dynamics] can profit by more research’ [1], after which he indicated 

directions for future research. Despite Horwood’s advice, and possibly due to the 

persistence of the reasons mentioned above, sei whale research has advanced little since 

then. 

As in other regions, research on North Atlantic sei whales has been closely linked to 

whaling. Although commercial whaling ceased in the North Atlantic in 1988, most of 

the literature available still relies on whaling data, and scant new information has been 

published since whaling ceased. 
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This review has three main objectives: (i) to undertake a bibliometric analysis in order 

to quantify the evolution of research on the sei whale, with emphasis on the North 

Atlantic; (ii) to summarize the state of knowledge about the species in the North 

Atlantic, by reviewing historical data, correcting some previous reports based on more 

recent knowledge and reporting the research produced in the last 20 years, including 

new unpublished data; and (iii) to identify knowledge gaps and further research needed 

for the proper management of this species. 

MATERIAL AND METHODS  

Bibliometric analysis 

The Marine Mammal Database and Digital Library of the Natural History Museum of 

Los Angeles County (hereafter designated as MMD) was used to search for 

publications. This database was chosen because it is one of the most comprehensive 

literature databases specialized in marine mammals, with 52039 entries at the time of 

accession (28 July 2010). Records in this database date back to 1665, but there are great 

temporal gaps between entries until the mid-19th century. To avoid bias due to a poor 

representation of older references, the search was restricted to records published after 

1860. 

To enable comparison of the results with those from similar species, search included 

publications on blue, fin and humpback whales as well as on the two forms of minke 

whales B. acutorostrata and B. bonaerensis. The results for the two species of minke 

whales were combined due to the difficulty of separating them in works published prior 

to the late 1990s. The database was filtered by the known vernacular English names as 

well as the current scientific denominations and synonymia for each species in the Title, 

Keywords and Abstract fields. Even though the method may miss some entries, it was 

considered that these false negatives are negligible in the scope of the total number of 

references detected. Moreover, concerning the comparison among species, there is no 

reason to think that the method favours the detection of any specific species in the 

literature over the others. 

The database includes several types of contributions, but only peer-reviewed 

publications and scientific books or monographs were considered. Conference 

proceedings, book reviews, non-peer reviewed technical reports, unpublished 
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documents, unpublished theses, popular articles and similar were rejected. Duplicates 

and false positives (e.g. under ‘sei’ results such as ‘seismic’, ‘seining’, ‘hosei’, etc.) 

were eliminated from the resulting bibliographic listings. Known mistaken species 

attributions (e.g. the Bonin Islands Bryde’s whales that were wrongly reported as sei 

whales for a long time) were also eliminated from the listings. 

Each publication on sei whales was then assigned to a unique oceanic basin, whenever 

that information was available (North Atlantic, South Atlantic, North Pacific, South 

Pacific, Mediterranean, Indian Ocean and Southern Ocean). Publications dealing with 

more than one of the above ocean basins or with global significance (e.g. some 

physiological studies) were assigned to a ‘world’ category, and those with no 

information on oceanic basin were classified as ‘unknown’. Subsequently, descriptors 

were assigned to each publication according to the main focus of the publication. The 

descriptors used were as follows: phylogeny, anatomy, physiology, feeding ecology, 

reproduction/social ecology, distribution/movements, stock structure, acoustics, 

population assessment/management, pathology/natural mortality/ threats, molecular 

biology/genetics, age determination/growth. As a result of the overlapping nature of 

some of the descriptors and depending on the focus of the publication, more than one 

descriptor could be assigned to the same publication. 

All publications were considered as having equal weight since the investigation 

regarded research activity, not the influence of individual publications over the subjects 

investigated [6]. 

The main bibliometric indicator of production used was Price’s Law on scientific 

literature growth. This law is the most widely used indicator for the analysis of 

productivity of a specific scientific field, and states that scientific production follows an 

exponential growth [6]. Failure in the fulfilment of this postulate indicates either that (i) 

a field has reached a saturation point in which the growth changes from exponential to 

linear and can ultimately decrease steadily towards zero or that (ii) artificial boundaries 

preclude the assignment of adequate resources to the progress of the subject under 

investigation. 

A second indicator used in the present analysis is the national participation index (PI) 

for overall scientific production. The PI was calculated as the ratio of the number of 

publications per million people generated by country and the total number of 

publications on the subject for the period. Only the lead author was considered for 
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country assignment of each publication since in many publications the affiliations of the 

co-authors were not mentioned. To calculate the number of publications per million 

people, the mid-decadal country populations were estimated using the average of the 

fifth and sixth year of each decade. All demographics were obtained from the U. S. 

Census Bureau except for the years 1880–89 that were derived from the Great Britain 

General Register Office [7]. 

Literature review 

The literature review included reports from published material and ‘grey literature’ from 

the MMD and from other sources, including the author´s personal and other scientific 

libraries. In some cases specialists were contacted for relevant unpublished information 

on North Atlantic sei whales. Whenever possible, species confusion between sei and 

Bryde’s whales was investigated. Problematic identifications are discussed in the text, 

especially with regard to whaling statistics. 

RESULTS 

Bibliometric analysis 

At a global level, a total of 261 publications were detected on sei whales, 332 on blue 

whales, 515 on fin whales, 867 on minke whales and 954 on humpback whales. 

Research output was negligible prior to the 1940s and has increased more for the other 

species than for the sei whale in the last 20 years (Figure 2-1). In order to assess 

whether the scientific output for each of the species follows Price’s Law of exponential 

literature growth, linear and exponential models were fitted to the data. Only data from 

1940 onwards were used to coincide with the initial growth of scientific literature on 

these species. 

Except for the sei whale, there was a significant growth in research output for all 

species, and the exponential model best explained that growth (blue r2: 0.52; fin r2: 

0.63; humpback r2: 0.75; minke r2: 0.75; P < 0.05 for all species). In some cases, the 

exponential and linear models both had a close fit towards the last 20 years, indicating a 

change from exponential to linear growth as predicted by Price’s Law. 
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Figure 2-1: Numbers of peer-reviewed publications on sei, blue, fin, humpback and minke whales in the 

Marine Mammal Database and Digital Library of the Natural History Museum of Los Angeles County, by 

decade, between 1860 and 2009. Closed circles: sei whale; open diamonds: blue whale; crosses: fin 

whale; open squares: Minke whale; open circles: humpback whale. 

For the sei whale, research output is almost stagnant, and the Price’s Law postulate is 

not fulfilled (Linear model: r2 = 0.014; P > 0.1. Exponential model: r2 = 0.08; P < 0.01; 

Figure 2-2). The data points from 1977 to 1978 (corresponding to the outputs of the 

IWC special meeting on sei and Bryde’s whales) were identified as highly influential on 

the fitting of the models by an analysis of residuals, and new models were fitted without 

those data. In the new models, the values for r2 were still low, indicating that most of 

the variance remained unexplained (Linear model r2 = 0.09; P < 0.01. Exponential 

model r2 = 0.13; P < 0.01). 
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Figure 2-2: Numbers of peer-reviewed papers on sei whales published per year. Linear and exponential 

models were fitted to the data to check for compliance with Price’s Law on scientific literature growth. 

Linear model (thick line): y = 0.0318x-58.298 (r2 = 0.014; P > 0.1). Exponential model (narrow line): y = 

1-11e0.0125x (r2 = 0.08; P < 0.01). 

 

The distribution of publications by ocean basin is presented in Figure 3. Nearly one-

third of the literature refers to the Southern Ocean, which can be explained by the 

importance of the modern whaling activity which developed there [8]. Research 

concerning the North Atlantic sei whale is documented in 56 publications (21% of the 

total number). Half of those publications (28) were published after 1986 (when the 

whaling moratorium established by the IWC came into effect), but 50% (14) of those 

either used whaling data or were focused on management for whaling, showing that 

only half of the recent research on the North Atlantic sei whale is independent of 

whaling. 
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Figure 2-3: Peer-reviewed publications on sei whales in the Marine Mammal Database and Digital 

Library of the Natural History Museum of Los Angeles County, USA, by ocean basin (Ocean; n; % of 

total). Ocean basins: IND, Indian Ocean; MED, Mediterranean; NA, North Atlantic; NP, North Pacific; 

SA, South Atlantic; SP, South Pacific; SO, Southern Ocean; W, World; Unk, unknown. 

The research output in subject categories by ocean basin, and for North Atlantic sei 

whales by decade, are presented in Table 2-1 and Table 2-2 respectively. The subjects 

that have received the most attention are related to whaling (distribution and population 

assessment/management). Almost one-third of the publications on anatomy (30%, 13 

publications) and almost half of the publications on distribution and movements (45%, 

31) relate to the North Atlantic but, in contrast, relatively few publications exist on vital 

parameters such as age determination and growth, reproduction and natural mortality of 

the North Atlantic population. 

Distribution/movements is the only subject for which there has been a clear increase 

over the years, in investigations on the North Atlantic sei whale (Table 2-2). In fact, it is 

the only subject that appears to have grown exponentially in accordance with Price’s 

Law since the 1940s, although that result was based on a reduced sample size 

(exponential curve equation y = 0.5771e0.4055x, r2 = 0.77, P < 0.01, n = 31) 

IND; 2; 1%
MED; 1; 0%

NA; 56; 21%

NP; 38; 14%

SA; 3; 1%
SO; 80; 31%

SP; 7; 3%

Unk; 7; 3%

W; 67; 26%
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In the North Atlantic, although researchers from the United Kingdom and the United 

States produced most of the publications on the sei whale during the period 1880–2009 

(17 and 13, respectively), Iceland and Norway have higher PI values (1.97 and 0.07, 

respectively; Table 2-3). 

In the last 20 years, the distribution of publications has tended to be more balanced 

between nations, although the PI values vary widely due to different population sizes. It 

is not surprising that the nations listed in Table 2-3 were all involved in commercial sei 

whaling in the North Atlantic at some point in time, with the exception of the 

Netherlands (represented by a single publication on a stranding). Conversely, all the 

nations involved in commercial sei whaling in the North Atlantic are represented in that 

table, except for Ireland, since whaling was conducted under the British flag before the 

Anglo–Irish treaty and ceased after that treaty. 
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Table 2-1: Scientific literature production (number of published papers) on sei whales, by subject and by ocean basin, for the period 1860–2009 

          Pathology/   
         Population natural Molecular Age 
    Feeding Reproduction/ Distribution/ Stock  assessment/ mortality/ biology/ determination/ 
 Phylogeny Anatomy Physiology ecology social ecology movements structure Acoustics management 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 (number of published papers) on North Atlantic sei whales, by subject and by decade 

          Pathology/   
         Population natural Molecular Age 
    Feeding Reproduction/ Distribution/ Stock  assessment/ mortality/ biology/ determination/ 
 Phylogeny Anatomy Physiology ecology social ecology movements Structure Acoustics management threats genetics 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 North Atlantic sei whale among countries, by decade 

 Canada Denmark and Greenland Iceland Netherlands 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 national participation index, calculated as the ratio of the number of publications per million people generated by country 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 of cetacean origins has rapidly advanced 

with data from diverse fields such as palaeontology, anatomy, stratigraphy and, more 

recently, molecular biology [9]. Immunological and amino acid comparisons made 

between the 1950s and the 1990s suggested a close relationship between the clades 

Cetacea and the Artiodactila [10], supporting early hypotheses about the association 

between these two groups based on morphological data [11,12]. Traditionally, the 

Cetacea clade has been grouped as the Order Cetacea, but most of the post-1994 

molecular studies have placed the cetaceans nested within the artiodactyls, leading to 

the fusion of these two clades into the Order Cetartiodactyla [9,13]. Despite the 

molecular evidence, reference to the Order Cetacea is still widespread among marine 

mammalogists both for convenience and in the interest of taxonomic stability. 

Classification within the Cetartiodactyla is still not fully resolved [13-15] and the clades 

Mysticeti (baleen whales) and Odontoceti (toothed whales), usually referred to as 

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

Despite the intense recent activity in cetacean phylogeny research, few researchers have 

dealt specifically with the sei whale. Two subspecies were proposed by Flower, the 

northern B. borealis borealis and the southern B. borealis schlegelli forms, but both 

morphological and genetic support for a Southern Hemisphere subspecies are weak 

[16]. In contrast, a maximum parsimony phylogeny of baleen whales revealed a 

strongly supported (bootstrap support > 95%) clade for North Atlantic sei whales [17]. 

A prioritized list of species in need of further taxonomic research was produced at a 

cetacean taxonomy workshop held in April 2004 [18]. The list was based on both 

taxonomic uncertainty and conservation status, and taxa were ranked in three categories: 

high, medium and low priority (for taxonomic research). The two forms of sei whale are 

listed under medium priority, both due to taxonomic uncertainty and conservation 

status, indicating that the taxonomic status of the species is still not completely resolved 

and that taxonomic research is needed. 
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Distribution and movements 

In most contemporary references, the main source of information on the distribution and 

movements of the sei whale are records from the whaling industry [1,2,19]. These 

records, in the majority, reflect the preferred whaling areas, which were chosen based 

on several factors including a preference for known grounds, the presence of other 

favoured species, proximity to land stations and prevailing weather conditions. As such, 

these data do not reflect the entire distribution of the species and, in some cases, may no 

longer be accurate. 

The whaling records, however, document the oceanwide distribution of the species. Sei 

whales seem to prefer offshore, temperate waters and seldom venture into the colder 

waters of the polar seas ([1,2]), although larger individuals enter colder waters [20]. 

Influxes into inshore waters may occur apparently in response to prey distribution 

[3,21,22]. 

Sei whales undertake seasonal migrations from low-latitude breeding grounds to high-

latitude feeding areas in both hemispheres [1]. While feeding areas are fairly well 

defined in all oceans, the locations of breeding areas remain unknown. 

Catch data from the Southern Hemisphere and North Pacific suggest that migration is 

structured by sex and age class, and that pregnant females lead the migration both to and 

from the feeding grounds [23-28]. 

Historical distribution 

Eastern North Atlantic 

In the northeastern North Atlantic, sei whales were first captured with the onset of 

modern whaling in Finmark, in northern Norway [29,30]. Thereafter, modern whaling 

spread to other areas, and land stations were created in northern and western Norway, 

the Scottish islands (Orkney, Shetland and the Hebrides), the Faroe Islands, Ireland, 

Iceland, East Greenland, the Iberian Peninsula and northern Morocco [3,31-34]. 

Descriptions of sei whale distribution and movements were largely based on the records 

from these stations. 

Ingebrigtsen [35] is still widely cited to describe the apparent spring–summer migratory 

sequence of sei whales in the northeastern North Atlantic (e.g. by [1,2,26,36]) despite 
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the fact that his assumptions remain unverified. According to Ingebrigtsen [35], sei 

whales wintered in the southern part of the North Atlantic, possibly off southern Spain 

and Portugal and northwest Africa. They then migrated north up the mid-Atlantic and 

off the western continental slope of Europe to the areas around Iceland, Scotland, 

western Norway, and Finmark, and as far north as Bear Island and Spitsbergen. 

The timing and extent of sei whale movements through western European waters has 

always displayed great seasonal and inter-annual fluctuation. Reports of years in which 

unusually large numbers of sei whales occur in an area, often followed by their 

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

Sei whales were captured along the shelf edges around the Scottish islands, from April 

to October with a peak in June [1,31,33]. In Norway, sei whales first arrived at the 

waters off Møre, in the west coast, as soon as late April or early May (but more 

commonly in mid-May). Sei whales were captured closer to shore in the beginning of 

the season, between May and June, apparently moving offshore towards the end of the 

season [3]. In Finmark, they were captured mostly from the western coasts (although 

they were also captured to the east in smaller numbers) from mid-May to August, with 

the largest catches in June [29,30,37-40]. In 1885, sei whales seem to have made an 

incursion in great numbers east of the North Cape – over 700 were captured by 

Norwegian and Russian whalers [41]. In Iceland, sei whales first appeared in late May 

or early June; the peak catches occurred in August or September [1,3,42]. 

Off the Iberian Peninsula, sightings of sei and Bryde’s whales are reported from 

logbooks of sperm whaling expeditions in the North Atlantic in the 19th century, in the 

Atlantic side of the Straits of Gibraltar but, at the time, they were not taken [43]. 

Sanpera and Aguilar [34] reviewed whaling off the Iberian Peninsula during the 20th 

century and described three major whaling grounds: off northwest Spain, off central 

Portugal, and in the Atlantic side of the Straits of Gibraltar. Sei whales were reported 

from the northwestern Spain and Straits of Gibraltar grounds, although some confusion 

over the species identification still persists. In the 1920s, sei whales were declared in the 

catch from the Straits of Gibraltar in small numbers, but the distinction between sei and 

Bryde’s whales may be unreliable. In northeastern Spain, sei whales may have been 

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

Horwood [1] after Tønnessen and Johnsen [8] reported that 66 sei whales were caught 

off the west coast of Portugal in 1925–27, but probably Tønnessen and Johnsen [8] were 
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referring to Spanish catches. Otherwise, the figures do not add up for Portugal, and 

catches are above 100% (749 sei whales are reported, and catches were 93% fin + 

68/749 = 9% sei and blue + an undetermined number of sperm whales). Nevertheless, 

those figures do not agree with more recent reviews of Iberian whaling, which report no 

sei whales [34] or just one sei whale [44] captured off central Portugal, indicating that 

sei whales were never common in the grounds off central Portugal, at least during the 

whaling season. 

From 1930 to 1945, whaling off the Iberian Peninsula was drastically reduced, resuming 

only in the late 1940s. After that period, there are no reported catches of sei whales from 

the central Portugal grounds, but relatively high catches of sei whales were declared in 

the Straits of Gibraltar grounds from 1950 to 1953. That is in contrast with the figures 

for the 1920s catches, suggesting that there could be confusion in the identification of 

sei and Bryde’s whales [34,45]. Off northwest Spain, catches were resumed only after 

the 1950s, and no subsequent catches of sei whales were declared [34]. 

Sei whales were reported, sometimes in large numbers in the beginning of the 20th 

century, from the area from Madeira Islands, past the Canary Islands towards the Cape 

Verde Islands [3]. In the light of present knowledge, it is possible that those sightings 

were primarily of Bryde’s whales (see discussion on current distribution). 

From 1976 to 1979, the unregulated catcher boat Sierra and associated vessels operated 

in the eastern North Atlantic, spending the summer off the Iberian Peninsula and the 

winter off north-western Africa [46]. These vessels used to stay in the region 18–22°N, 

20–25°W from November to May, reportedly in search of sei whales. The catch 

statistics for this operation are fragmented. Regarding sei whales, the only figures 

available are the catch of one whale in 1976 and 110 whales for the year 1978 [46]. 

Although some confusion with Bryde’s whales cannot be ruled out, the fact that a 

distinction is made between Bryde’s and sei whales in the catch for the year 1976 

indicates that some care was taken in differentiating the two species. Up to the present, 

this is the best indication of a well-defined sei whale wintering area in the Northeast 

Atlantic. 
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Western North Atlantic 

Sei whales were seldom taken in the Davis Strait and western Greenland. Only eight 

whales were reported from whaling boats based in western Greenland in the periods 

between 1924–39 and 1946–50. Sei whales were considered rare, occurring only in 

years with warm water intrusions [47]. Around the south-eastern Labrador Sea, sei 

whales were uncommon in inshore waters; however, data from the Fisheries Research 

Board of Canada, collected between 1966 and 1973, indicated the occurrence of sei 

whales in parts of the offshore waters of the Labrador Sea [48]. Whaling off 

Newfoundland was episodic, with long periods of inactivity. Sei whales were taken in 

low numbers since the late 1890s [49]. From 1966, an operation from Blandford, Nova 

Scotia, took a substantial catch of sei whales until 1972, when commercial whaling was 

terminated in Canada [49]. 

In the Labrador Sea, sei whales occurred from the first week of June [49]. Off Nova 

Scotia, Mitchell [48] described two ‘runs’ of sei whales taken by the Blandford station. 

One run began in early June, peaking in June–July, and another began in late August 

and early September, peaking in September–October. Mitchell [48] hypothesized that 

the whales migrated from south of Cape Cod along the continental slope in June and 

July and then returned south in September–October. 

From stranding records along the western US coast, northern Gulf of Mexico and in the 

Greater Antilles, Mead [50] hypothesized that sei whales from Nova Scotia migrate 

south along the Atlantic coast of the US, to winter in the waters of the Gulf of Mexico. 

Current distribution 

In recent years, most of the data on distribution come from sighting surveys, either 

dedicated or opportunistic, and there are a few accounts from strandings and incidental 

mortality. Much of the survey information has not been published in peer-reviewed 

journals and is available only through technical reports, sometimes making it difficult to 

assess and interpret. 

Sei whales seem to be present at low densities over most of the areas covered by 

dedicated sighting surveys in the North Atlantic. However, that could be explained in 

part by the fact that most surveys cover areas over the continental shelves, and sei 

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

In the Mediterranean, sei whales are thought to be occasional visitors – rare sightings 

and strandings are reported from Spain, Gibraltar, France and possibly Tunisia [51]. 

Recent dedicated sighting surveys failed to detect sei whales [52,53], supporting the 

idea that the species is an occasional visitor. 

Eastern North Atlantic 

Over the easternmost part of the North Atlantic, most sei whale sightings during the 

summer are concentrated in the deep waters of the Irminger Sea area between east 

Greenland and west Iceland and, in a lesser extent, in the Faroe–Shetland Channel 

[36,54-58]. 

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

sightings are reported for the Norwegian Sea and near Jan Mayen [59]. 

In the Bay of Biscay, sei whales are observed in late summer and early winter along the 

shelf edge, although with much lower sighting rates than those of most other species 

[60,61]. 

A concentration of sei whales was reported in early summer near the frontal area just 

north and southwest of the Charlie Gibbs Fracture Zone (53°N) during the Census of 

Marine Life survey conducted over the Mid-Atlantic Ridge from 4 June 2004 to 2 July 

2004 [62]. 

During a survey conducted in July 2007 along the continental shelves of Britain, 

Ireland, France and northern Spain, sei whales were only detected in small numbers off 

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

Only two records of sei whales along the Portuguese continental shore could be found. 

In September 1978, a sei whale was stranded in Carrapateira, south-western Portugal, in 

an advanced stage of decomposition which implies it could had been drifting for several 

days [64]. A single sei whale with an estimated length of 9m was sighted 8 nautical 

miles off Sagres (south-western coast of Portugal) in October 2010 by a whale watching 

enterprise (Sara Magalhães pers. comm.). Pictures of the head and body were kindly 

provided, enabling confirmation of species identity. The estimated size of this 
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individual is similar to the size estimated by Lockyer [65] for weaning in the Antarctic 

(8m long). 

In the Azores Archipelago, the species was first recorded in 1989 [66]. Since then, it has 

been shown that the species is a regular visitor to these islands during the spring 

migration; sightings span from early spring to late summer, and relative abundance 

peaks in April and May [67-69].  

The first confirmed record of sei whale presence in the Madeira Islands is from 2002 

[70]. The fact that the species occurs simultaneously with the much more abundant 

Bryde’s whale (that is present from late spring to early autumn) makes it difficult to 

characterize its seasonality in that archipelago (Luís Freitas pers. comm.). 

In the Canary Islands, sei whales are seen only in low numbers in autumn and winter, 

apparently during migration to lower latitudes [71,72]. 

The consistent presence of Bryde’s whales during the summer months both in the 

Madeira and Canary archipelagos (López-Jurado et al. [72], Luís Freitas pers. comm.) 

may have in the past created some confusion due to the difficulty in distinguishing both 

species. The discrepancy between the reports of large numbers of sei whales in that 

region in the beginning of the 20th century mentioned by Jonsgård and Darling [3] and 

the more recent data mentioned above, indicating a less pronounced presence, may in 

part be because Bryde’s whales in the region were misidentified as sei whales in the 

past. 

Along the western coast of Africa, information on sei whales is very limited. During a 

dedicated sighting survey in April 2005, the Atlantic waters contiguous to the 

Mediterranean were surveyed between the latitudes of 20°N and 37°N [53]. During this 

survey, only one sei whale was detected in off-shelf waters. Another dedicated sighting 

survey off southern Morocco between 24°N and 22°N in the Cintra Bay area, 

undertaken from January to February 1996, did not detect any sei whales [73]. 

Off Mauritania, a sighting of a single sei whale was reported in March 2003, during a 

seabird and cetacean survey in offshore waters near the Chinguetti oilfield [74]. 

However, the picture reproduced in the report shows a very falcate dorsal fin more 

characteristic of Bryde’s whale. It is unclear whether this sighting was positively 

differentiated from Bryde’s whale. 
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In mid April 2011, at least two sei whales were sighted in waters off Mauritania by 

naturalists on a touristic expedition vessel (Richard White pers. comm.). Pictures were 

kindly provided and enabled confirmation of species identity. These sightings occurred 

in the vicinity of the region where the unregulated whaling boat Sierra reportedly 

caught sei whales during winter (see discussion on historical distribution above). 

Other records along the west coast of Africa come only from incomplete specimens and 

strandings, most of which have not been positively identified [75-77]. Confirmed 

records include a stranding of an 11-m long individual in Mauritania in 1981, and a 

series of nine baleen plates recovered from the stomach of a tiger shark Galeocerdo 

cuvier captured off Senegal [76]. The Senegal specimen presents a problem in 

interpretation since it is impossible to know where the shark swallowed the baleen. 

Tiger sharks are known to move over great distances [78], and baleen probably has very 

low digestibility and, thus, has long permanency times in the stomach. 

Hazevoet and Wenzel [75] reviewed a stranding of a baleen whale calf in Cape Verde 

that occurred in November 1983 and concluded that it was probably a sei whale, 

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

Western North Atlantic 

In western Greenland, sei whale sighting rates are low and seem to be concentrated in 

two specific areas: the banks at 66°N at Lille Hellefiske and off the southern tip of 

Greenland [57,79,80]. Data from autonomous acoustic recording units deployed in the 

Davis Strait in 2007 showed that sei whales occurred in the area from late July to early 

October (when the equipment was collected) with two peaks: one in late August and a 

second, less pronounced, in late September (Kate Stafford pers. comm.). 

During a July–August 2007 sighting survey in Canadian continental shelf waters along 

the Labrador and Newfoundland coasts, three sei whales were detected [81]. One was 

off southern Newfoundland, and two isolated individuals were recorded over the Nova 

Scotia shelf. 

Off the north-eastern US coast, sei whales concentrate during spring in the deeper 

waters of the margins of eastern and southern Georges Bank, and make episodic 

incursions into shallower waters, including the Great South Channel, Stellwagen Bank 

and the southern Gulf of Maine [21,22,82]. Recently, sei whales have also been detected 



 

35 

with an array of autonomous ocean gliders deployed in the south-western Gulf of Maine 

during summer [83,84]. 

Over 20 cetacean species have been observed during aerial and shipboard surveys 

conducted during all seasons in the oceanic waters of the northern Gulf of Mexico, but 

the only baleen whale reported was Bryde’s whale [85-88]. Records of sei whales in the 

area are restricted to four strandings in eastern Louisiana [86]. 

Several sighting surveys undertaken in the Bahamas and Caribbean in late winter and 

spring did not detect sei whales either in coastal or offshore waters [89-91]. Mignucci-

Giannoni [92] reported two sightings of sei whales in waters off Puerto Rico and the 

Virgin Islands, but it is not clear in which circumstances these sightings were made and 

whether the whales were positively differentiated from Bryde’s whale. 

In the oceanic waters of the Central North Atlantic, the only information available 

comes from a pilot study using yachtsmen sailing from the Caribbean to the Azores in 

1998 [93]. No cetaceans were sighted to the west of a longitude of 43°W or south of a 

latitude of 32°N, but a possible sei whale was reported on June 16, northeast of the 

Azores at 43°50′N, 21°31′W. However, the sample was small (only two out of 50 boats 

reported their results), and the use of untrained observers might explain the low sighting 

rates and uncertainty in identification. 

Recent surveys in the North Atlantic show that sei whales still use some of the areas 

identified from whaling data, and support the notion that after the 1960s sei whales may 

have drastically changed their distribution in some parts of their range [36], having 

apparently either abandoned or been extirpated from areas where they were previously 

recorded with some frequency, such as the Norwegian Sea. 

Information from tropical waters on both sides of the North Atlantic is fragmented and 

imprecise, and the location of the breeding grounds is still unknown. In the offshore 

pelagic habitats of the Central North Atlantic, apart from localized surveys near the 

Atlantic islands, no survey has been conducted. 

Distribution data are both scarce and sparse over temporal and spatial scales, and are 

clearly insufficient to understand the present distribution and movement pat-terns of the 

species over the North Atlantic, particularly with regards to winter distribution and the 

location of breeding grounds. 
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Stock identification 

Although the term ‘stock’ represents the fundamental population unit for most 

management purposes, its formal definition varies broadly in scientific literature and 

management schemes. A typological definition may be unrealistic since it is dependent 

on management objectives [94]. The IWC, for some species and areas, does not clearly 

define ‘stocks’ or ‘management units’, leading to the designation of management areas 

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

Little attention was paid to the definition of stocks in the North Atlantic in the early 

years of the IWC. It was only after 1977 that the current stock boundaries for fin, sei 

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

Eight concentrations of sei whales were identified for the North Atlantic by the IWC 

(southwest Norway, north Norway, Faeroe, Denmark Strait, Labrador Sea, Nova Scotia, 

Gulf of Mexico–Caribbean Sea and southeast North Atlantic). Although Horwood [1] 

interpreted these as a first attempt at stock definition, in fact, the IWC did not suggest 

these areas as necessarily representing separate stocks [95]. Mitchell and Chapman [49] 

presented some evidence of distributional differentiation between the Labrador and 

Nova Scotia sei whales and proposed that these units constituted two different stocks; 

both were considered separate from eastern Atlantic sei whales by the IWC [95]. 

The current IWC boundaries for the management areas of sei whales in the North 

Atlantic (Figure 2-4) were adopted in 1977 based chiefly on statistical convenience and 

historic catch data rather than on scientific evidence of stock structure [95]. 

Horwood [1] suggested a separation of whales taken in Icelandic and Canadian 

operations based on reproductive data (see discussion on reproduction below). 

Daniélsdóttir et al. [96] studied electrophoretic variation in sei whales from Icelandic 

catches from 1985 to 1988 and did not find significant differences in allele frequencies 

between samples from different years, indicating that those samples originated from a 

homogeneous population. No further information is available regarding genetic 

differentiation of sei whales in the North Atlantic. 

Recently, movements of sei whales between the Azores and the Labrador Sea have been 

recorded with the aid of satellite telemetry [97,98]. These movements show that the 

migration patterns of this species may be more complex than previously assumed, 

comprising not only the expected large latitudinal movements but also wide longitudinal 
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displacements. These findings have clear implications for the interpretation of the 

current management areas for sei whales in the North Atlantic. 

Given the weak genotypic information on stock identity, the virtual lack of knowledge 

regarding the location of breeding grounds, and sparse evidence for stock separation on 

the feeding grounds, it is presently impossible to ascertain if the North Atlantic sei 

whale population is subdivided into biological units or if it represents a panmictic 

population. 

 

Figure 2-4: International Whaling Commission stock boundaries for North Atlantic sei whale stocks. (1) 

Nova Scotia, (2) Iceland–Denmark Strait, (3) Eastern. 

Feeding ecology 

The sei whale is the only rorqual species that seems to have evolved the ability to 

capture prey both by engulfment, as do the other rorquals, or by skimming on relatively 

low prey concentrations, as do the right and bowhead whales Balaena mysticetus 

[1,22,99,100]. The ability to switch between feeding strategies results from anatomical 

adaptations of the internal baleen fringe, which is much finer than that of other rorquals 

[30], and of the mouth cross section, which has some features reminiscent of right 

whales [101]. 

This adaptation is reflected in the variety of prey recorded for the species. The sei whale 

has the most extensive list of prey of any baleen whale, including copepods, 

euphausiids, amphipods, decapods, cephalopods and fish, but the prey preferences are 



 

38 

highly dependent on ocean basin and swarming characteristics of the prey, as shown in 

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

Notwithstanding, in the North Atlantic, sei whales seem to be nearly stenophagous, 

feeding almost exclusively on the copepod Calanus finmarchicus and, to a lesser extent, 

on the euphausiids Meganyctiphanes norvegica and Thysanoessa inermis 

[1,30,103,104]. Off Iceland, this pattern seems to be inverted, and euphausiids are 

reported as the main prey, followed by copepods [42,104]. In samples from whales 

taken in the Labrador Sea in 1971 and 1972, copepods were predominant in the stomach 

contents during the early whaling season (June–September); later in the season 

(October–November), they were replaced by euphausiids [105]. This pattern probably 

reflected seasonal changes in the zooplankton assemblage and abundance. Care should 

be taken in extrapolating that information to the present time, since copepods show 

substantial differences in abundance and distribution linked to the phase of the North 

Atlantic Oscillation, which has shifted from predominantly negative in the 1960s to 

predominantly positive since the mid-1980s [106,107]. 

In this ocean basin, even when apparently suitable schooling fish are available, sei 

whales demonstrate a preference for zooplankton [100]. Nevertheless, 2% of Icelandic 

whales examined consumed either sandeel Ammodytes tobianus, lumpfish Cyclopterus 

lumpus or capelin Mallotus villosus [42]. 

Sei whales feeding on copepods seem to prefer the late copepodite stages [22,108]. 

After the nauplius phase, copepods grow through five copepodite stages (CI-CV) and 

develop an oil sac filled with wax esters so that the latter stages have high caloric 

content [109]. In the same manner as for right whales [110], by preying on the late-stage 

copepodites, sei whales probably maximize their energy intake. 

The stenophagy of sei whales found in the North Atlantic contrasts with the more 

euryphagic nature of the species found in other areas. In the North Pacific, for example, 

sei whales seem to switch between prey according to availability [108,111]. In most 

cases, an individual focuses on one prey species during single feeding bouts, and only 

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

Their ability to switch between feeding strategies theoretically allows sei whales to feed 

in the less productive wintering areas (perhaps with lower energetic gain) as has been 

reported for other areas [1,112]. Unfortunately, in part due to the scarcity of information 
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about the winter distribution of sei whales in the North Atlantic, no information about 

their feeding ecology in lower latitudes could be found. 

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

special IWC permit for scientific research, very little research has been carried out on 

the feeding preferences of the species. No data on stomach contents from stranding 

records was found. This is not surprising since sei whale strandings are relatively rare 

due to the pelagic habits of the species. 

Studies on the diet of North Atlantic sei whales using alternative methodologies, such as 

analysis of fatty acids, stable isotopes or faeces, are also scarce. The only information 

on sei whale feeding in the North Atlantic from non-lethal methods comes from an 

analysis of faeces collected during an episodic influx into the southern Gulf of Maine in 

1986 that revealed only mandibles of C. finmarchicus [22]. 

Some synoptic studies of the occurrence of potential prey and sei whales are available 

and support the diet preferences of the species in the North Atlantic. In western and 

southern Greenland, sightings of sei whales in September 2005 were in areas with the 

highest densities of krill M. norvegica and Thysanoessa sp. [80]. 

A concentration of sei whales reported in early summer 2004 near the frontal area of the 

Charlie Gibbs Fracture Zone, over the Mid-Atlantic Ridge, overlapped with the only 

area where concentrations of C. finmarchicus were found in the upper 100m of the 

water column [113]. Similarly, off New England, the preference for C. finmarchicus is 

supported by the consistent synoptic occurrence of the whales with that copepod 

[21,22,83]. 

When preying on zooplanktonic organisms, sei whales show feeding periodicity, which 

seems to be associated with the diel vertical migration of the prey, and take advantage 

of prey concentrations near the water surface between dusk and dawn [1,83]. This may 

be a strategy to maximize foraging efficiency [83]. 

On feeding grounds, baleen whales (and sei whales in particular) tend to associate with 

oceanic frontal systems such as fronts, eddies and upwelling systems [114-118]. In the 

Pacific, sei whales tend to follow and be found in the warmer waters of the major 

mixing zones and tend to be associated with eddies broken from the fronts [114]. 

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

fine scale frontal processes in the North Atlantic [113]. 
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These associations with oceanic frontal systems probably enhance foraging efficiency 

by association with large concentrations of prey because of advection processes or due 

to increased prey biomass related to primary production [113,118]. Nevertheless, the 

ways in which sei whales detect these systems and subsequently exploit them has not 

yet been investigated in detail. Since climactic changes may bring changes in the 

distribution and intensity of frontal systems, it is important to understand better the role 

that these oceanographic features play in sei whale feeding behaviour and how predicted 

changes in climate may impact feeding ecology. 

An affinity with submarine canyons is suggested by a sighting of more than 40 sei 

whales in a multispecies assemblage over and near Hydrographer Canyon in 1980 

[119]. 

Reproduction 

Horwood [1] reviewed information on sei whale reproduction and, since then, no new 

information has become available for the North Atlantic. The most recent reproductive 

research in the North Atlantic was based on data collected in western Norway between 

1951 and 1957 [3], from Iceland in 1967, 1969, 1972–75 and 1977–81 [120], and from 

the north-western Atlantic from 1966 to 1972 [105]. All reproduction studies on sei 

whales have been based on histological and morphological examination of material 

from catches. 

Males 

Male sexual maturity in cetaceans is normally assessed by examination of testes weight, 

spermatogenesis and histological examination of the testes tubules; animals are 

classified as immature, pubertal, active and resting [121]. The most commonly used 

techniques to calculate the body length and age at sexual maturity are not comparable 

for most purposes, and some care should be taken when comparing results from 

different studies [122]. 

Horwood [1] used the body length when 50% of males were sexually mature as to 

define the length at sexual maturity. He estimated lengths at 50% maturity of 12.0m 

from Canada, 12.7m from Iceland and 12.8m from Norway. The values from Canada 

are lower, but he noted that better agreement would be achieved if a different combined 

testes weight at maturity, comparable with that used in the other studies, was used in the 
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Canadian study. The median age at sexual maturity was not calculated in the same 

manner since it was considered prone to being highly underestimated due to selection 

for large whales. Lockyer [123] pooled all the available information to build a table of 

baleen whale reproductive parameters in which the mean length at sexual maturity 

estimated for North Atlantic male sei whales was 12.9m, and the mean age at sexual 

maturity, estimated by ear plug growth layer analysis was 8 years. 

The evidence for seasonal cycles in spermatogenesis is equivocal for sei whales. Data 

from the northwest Atlantic suggest a seasonal cycle with increased activity towards the 

end of the summer [105]. The recent use of hormonal techniques in samples originating 

from Icelandic whaling showed a rise in hormonal activity during July–September, 

supporting a seasonal breeding cycle [124]. Results for the Southern Hemisphere do not 

support that hypothesis since no seasonal cycles in spermatogenesis were found [23,28]. 

That could be due to a low sensitivity of anatomical and histological methods to these 

cycles but could also reflect physiological differences between populations. 

Females 

Several methods and datasets have been used to estimate dates of conception of sei 

whales. Results indicate that conception occurs over a range of months, with a peak in 

June and July in the Southern Hemisphere, in November and December in the North 

Pacific and in December and January in the North Atlantic [1]. Based on the average 

length at birth (4.5m), the gestation period in the North Atlantic was calculated to be 

10.7 months [120]. 

Lockyer and Martin [120] calculated a pregnancy rate of 0.40–0.44 and an ovulation 

rate of 0.59 for Icelandic sei whales, which is in disagreement with the ovulation rate of 

0.26 calculated for the northwest Atlantic by Mitchell and Kozicki [105]. This 

discrepancy might be due to the method of calculation used by Mitchell and Kozicki 

[105], in which the zero corpora classes are included in the regression of corpus 

number at age, thus rendering that estimate not directly comparable with others [123]. 

An ovulation rate of 0.26 and low pregnancy rate of 0.30 were interpreted by the 

authors as indications of a 3- to 4-year cycle, while all other studies from the North 

Atlantic and other oceans indicate a 2-year cycle [1,123]. However, it is noteworthy that 

after accounting for the bias against lactating females, Rice [125] estimated a true 

pregnancy rate of 0.36 suggesting a 3-year pregnancy cycle for the great majority of 
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female sei whales. Using hormonal methods, Kjeld [124] found an apparent pregnancy 

rate in mature females of between 0.37 and 0.38, but when indecisive results were 

accounted for, that value rose to 0.41, closely agreeing with the results from Lockyer 

and Martin [120]. 

Two studies from the North Pacific indicated the existence of age-specific fecundity 

within the populations studied [24,125]. Lockyer and Martin [120] did not detect 

evidence for age-specific ovulation in Icelandic females up to 45 years old. 

Using the same approach as described above for males, Horwood [1] calculated the 

body length at 50% mature for females to be 13.1m for Iceland, 13.1–13.4m for Canada 

and 13.4 m for Norway. As with males, he did not carry out the same analysis for age. 

Lockyer [123] estimated the mean length at sexual maturity for North Atlantic female 

sei whales to be 13.3m and the mean age at sexual maturation (tm) to be 8 years. 

Several studies on ear plug transition phase reported a decline in tm over time for sei, fin 

and minke whales. Although the calculations may be affected by several types of biases, 

at least for some cases, there is evidence for a real decline in the age at sexual 

maturation [123]. 

For the Icelandic catches, Lockyer and Martin [120] analysed the data for mean and 

confidence limits separately in groups of cohorts to avoid biases associated with using 

linear regression to describe the trends (see Lockyer [123] for discussion). They 

detected a significant reduction in the tm between the periods pre- and post-1940, in the 

order of 1.7 years. 

It has been hypothesized that the decline in whale populations, due to intensive 

exploitation, may have led to a lower intra- and interspecific competition for prey that, 

in turn, may have led to faster growth rates inducing precocious puberty [126,127]. 

Although the trends of decreasing age at sexual maturation seem, at least partially, to 

reflect the effect of intensive exploitation, the implications of that decline are still 

uncertain [123]. 

After the cessation of sei whaling in the North Atlantic, few further studies on 

reproduction were undertaken, and those that were undertaken were based on whaling-

derived samples [124]. If, as it seems, there was an effect of exploitation on the 

reproductive parameters of the population, cessation of whaling may have reversed it, at 

least partially. However, other factors may have also influenced those parameters, such 
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as a rearrangement of the North Atlantic ecosystem owing to changes in whaling, 

fishing (including overfishing) and hydrometeorology [128-130]. Consequently, it is 

unlikely that reproductive ecology of the sei whale in the North Atlantic remains 

unchanged. Since ecological and management models normally need reproductive 

components, it is important that new studies using recent samples are conducted to 

provide more up-to-date figures. 

Recently, gonadal steroid hormones have been used to determine pregnancy in marine 

mammals [131]. The dramatic differences in the concentration of these hormones in the 

blubber [132] and hormonal metabolites in faecal samples [133] of pregnant and non-

pregnant cetaceans opened the possibility of assessing the pregnancy status of large 

numbers of free ranging cetaceans without the need for capture. There are some 

complications with the use of these techniques, since sometimes covariates are required 

to discriminate pregnancy fully [134], but in general results are reliable. The work by 

Kjeld et al. [135] using blood samples from sei whales caught in Icelandic whaling 

operations was important in establishing ground values for steroid hormones of North 

Atlantic sei whales backed by anatomical and histological methods. That work proved 

that hormonal methods not only complement anatomical and histological methods but 

can in some instances actually be more sensitive. Nonetheless, the authors also pointed 

out disagreements between serum oestradiol values between sei and fin whales, 

advising further study. 

No hormonal studies on the sei whale using tissues other than blood have been 

published, but based on studies of other species there is no reason to think that data on 

reproduction could not be obtained from non-lethal techniques such as biopsy sampling 

or faecal collection. A hormonal study using blubber and skin from sei whales is 

necessary in order to test whether, and to what extent, the reproductive rate of the 

species can be assessed using these techniques. It must be acknowledged that 

recalculation of reproductive parameters using only hormonal techniques would be both 

technically and logistically challenging and may not be practical presently. 

Nevertheless, in the absence of other data sources, the feasibility of using hormonal 

methods should at least be investigated. 
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Abundance 

There is no information on the pre-exploitation abundance of sei whales in the North 

Atlantic. The total catch of sei whales by modern whalers in the late 19th and 20th 

centuries has been estimated to be 16.933 [136]. That figure is, however, probably 

affected by some confusion in the identification of sei and Bryde’s whales and does not 

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

As discussed above, sei whales appear to occur at low densities over most of the areas 

covered by systematic sighting surveys in the North Atlantic either because the surveys 

encompassed areas not frequented by sei whales or were carried out during a season 

when they are scarce. Here, only the most recent estimates based on cetacean surveys 

specifically designed for abundance estimation are presented. Previous estimates based 

on tagging from mark-recapture programmes [49] are considered inadequate given that, 

for such programmes to be effective, large numbers of animals have to be tagged and 

recaptured in each sampling period [137]. Similarly, estimates from early line transect 

surveys are likely to be negatively biased due to poor sampling design and failure to 

correct for submerged animals and ship avoidance [137]. 

No population estimate for the entire North Atlantic is available. Some estimates have 

been made for restricted areas of the eastern and western North Atlantic (Table 2-4). 

These abundance estimates cover only parts of the known summering habitat of North 

Atlantic sei whales, and where data are available, it is uncertain what fraction of the 

population was surveyed. If separate ecological units exist in the North Atlantic, it is 

possible that in some areas they overlap both spatially and temporally and have been 

treated as a single unit in abundance estimates. 

A series of synoptic multinational sighting surveys in the north-eastern and central 

North Atlantic (NASS) were conducted in 1987, 1989, 1995 and 2001, from late June to 

early August, with some differences in area coverage between years [58,138]. 

Abundance estimates for sei whales were produced from the NASS surveys for the 

years 1987 and 1989, but the areas and survey periods differed between these 2 years. 

For the 1987 survey, a first estimate of 1243 sei whales was calculated by 

Gunnlaugsson and Sigurjónsson [139] but, due to timing and coverage area, the 

estimate was considered to represent only part of the population previously targeted by 

Icelandic whalers. During 1989, the survey was undertaken later in the season (mid-July 
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to mid-August) and extended to blocks farther south from the blocks surveyed in 

previous years. An abundance estimate of 10300 sei whales (coefficient of variation; 

CV = 0.268) was calculated for that survey; the data from 1987 were reanalysed using 

the same methodology yielding an estimate of 1293 sei whales (CV = 0.603). The 

difference between the two estimates was interpreted as being caused by the substantial 

survey effort made in 1989 in the area south of the area surveyed in 1987. The estimate 

for 1989 for a comparable area to the 1987 survey was 1590 whales (CV = 0.4) similar 

to the estimate for 1987 [36]. 

During the multinational Cetacean Offshore Distribution and Abundance in the 

European Atlantic survey (CODA), conducted in July 2007 along the British, Irish, 

French and northern Spanish continental shelves, sei whales were only detected in one 

of the four survey blocks off northwestern Spain; the sei whale abundance estimate for 

that block was 366 whales (CV = 0.33; Anonymous [57]). 

Three recent abundance estimates are available for parts of the Canadian and US 

Atlantic Exclusive Economic Zone during the summers of 2002, 2004 and 2006. The 

2004 estimate (386; CV = 0.85) is considered the best estimate for the Nova Scotia 

stock, although it is considered conservative because of uncertainties about population 

structure and whale movements between surveyed and unsurveyed areas [82]. 

Acoustics 

Very few accounts of the acoustic characteristics and behaviour of the sei whale exist. 

Baumgartner et al. [84] reviewed the scarce literature available and added some 

information from their own research, resulting in only five published reports describing 

sei whale calls. The current knowledge about sei whale call characteristics is 

summarized in Table 2-5. Recordings made in different areas and seasons present much 

dissimilarity that could be a result of geographic separation and population-specific 

acoustic characteristics, or because different types of calls have distinct ecological 

functions [84,141]. 
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Table 2-4: Recent abundance estimates and CVs for the North 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 Gulf of St. Lawrence (United States, Canada) August 2006 207 0.62 Waring et al. [82] 
Iceland–Denmark Strait (excluding southernmost blocks) June–July 1987 1293 0.60 Cattanach et al. [36] 
Iceland–Denmark Strait (including southernmost blocks) July–August 1989 10300 0.27 Cattanach et al. [36] 
CODA block 3 (northwestern Spain) July 2007 366 0.33 Anonymous [57] 

CV, coefficient of variation; CODA, Cetacean Offshore Distribution and Abundance. 

Table 2-5: Summary of acoustic characteristics of known sei whale calls 

    Phrase   
 Minimum Maximum Average composition   
Type of call frequency (Hz) frequency (Hz) duration (s) (parts) Area Reference 
       

FM down-sweep 34.0 82.3 1.38 1–3 New England, United States Baumgartner et al. [84] 
FM up-sweep – 3k 0.7 7–10 Nova Scotia-Newfoundland Thompson et al. (1979) in 
      Baumgartner et al. [84] 
FM up-sweep 1.5k 3.5k 0.03–0.04 10–20 Nova Scotia Knowlton 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 orca have been reported to prey on all great whales and are 

considered their only significant natural predator [143,144]. The contribution of large 

cetaceans to the diet of mammal-eating killer whales is difficult to infer [145]. 

Reciprocally, the scale and ecological significance that predation by killer whales have 

on large whale populations is still a matter of debate in the scientific literature [146]. 

There are relatively fewer reports of killer whale predation on sei whales than on other 

species of large whales [143,145], but that does not necessarily mean a lower incidence 

of predation since predation could be occurring farther offshore and be more difficult to 

detect. 

Parasites have been known to cause major health problems in marine mammals [147] 

and are considered one of the most important sources of natural mortality for sei whales 

[1]. Helminth parasites can cause severe complications, especially when infecting the 

liver, urinary and respiratory systems and brains [147-149]. 

From a small sample from Iceland (n = 24) Lambertsen [150] found a high incidence of 

the Acantocephalan Bolbossoma spp. in the colon. In the Antarctic, sei whales presented 

a high incidence of infection with several species of helminth parasites; most infections 

were restricted to the genitalia, stomach and intestine [151]. Nevertheless, the 

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

Marine mammal viral diseases have started to be investigated only recently but can 

induce high mortality rates and be persistent at a population level [147,152]. Very little 

information exists on the occurrence of viral diseases in sei and other baleen whales, 

and there are no records of epizootics in baleen whales [153]. The only evidence for 

viral diseases in North Atlantic sei whales comes from Lambertsen [150], who found 

inflammation consistent with a viral pathogen in the lungs of 14% of the sei whales 

examined in Iceland, but could not detect the causative agent. 

An unknown disease with an incidence of 7% in sei whales off California caused the 

shedding of baleen plates, which impaired their ability to feed [154]. There is no 

evidence for the same condition in North Atlantic sei whales. 
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Estimates of sei whale natural mortality rates have been impeded by several sources of 

bias. The estimates have been based on catch at age techniques that are likely to 

underestimate rates and may not be representative of the populations studied [1]. A 

wide range of mortality rate estimates, between 0.05 and 0.1, have been presented with 

large confidence limits. 

Lockyer [155] estimated mortality rates for Durban and South Georgia in the Southern 

ocean from age-frequency distributions and calculated that natural mortality in Durban 

was in the range of 0.047–0.066. For South Georgia, she argued that, though the amount 

of pelagic whaling for the area was difficult to assess, the natural mortality rate varied 

between 0.054 and 0.068. 

For the eastern North Pacific, Rice [125] used a similar approach to calculate mortality 

rates for animals with at least eleven earplug layers (the mean number at sexual maturity 

estimated for that population) and estimated a total (natural plus human-induced) 

mortality rate of 0.088 for females and 0.103 for males, but did not try to calculate the 

natural mortality rate. 

Based on age-frequency distributions, Lockyer and Martin [120] calculated 

instantaneous total mortality rates from 0.092 to 0.096 (males) and from 0.103 to 0.104 

(females) for sei whales from Iceland but cautioned that these rates suffered from some 

sources of bias, including the irregular catching history of the species and a preference 

for larger (and hence older) animals in the catch. Natural mortality was not calculated in 

this study, and the authors only allude to an estimate of 0.06 from the Southern 

Hemisphere. The same authors also suggested that the age distributions within the catch 

might not be representative of the whole population due to geographic segregation of 

feeding grounds [120]. 

Human-induced mortality and threats 

In addition to direct exploitation, expanding anthropogenic activities in the marine 

environment probably impact sei whales, such as fisheries, shipping, pollution, military 

activities, and deep-water hydrocarbon extraction. 

Fisheries. Entanglement in fishing gear is a major source of mortality for many species 

of small and large cetaceans, particularly great whales occupying coastal habitats in 

heavily fished regions [156]. Sei whales primarily occupy pelagic habitats and are, 
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therefore, less likely to encounter static fishing gear than coastal species such as 

humpback and minke whales. Serious injury and mortality of sei whales due to 

entanglement in fishing gear off the northeast United States and New Brunswick, 

Canada, have been reported though at a much lower rate than for right, humpback, fin 

and minke whales [157]. 

Fisheries may also have ecological impacts on marine mammals through the large-scale 

removal of animal biomass from marine ecosystems, which can induce direct and 

indirect competition for resources between fisheries and marine mammals [158]. The 

ways in which fishery-induced changes to the marine ecosystem may affect marine 

mammals are complex and have proved to be difficult to test [158]. Nevertheless, in 

theory, the rapid removal of biomass from marine ecosystems could eventually lead to a 

collapse or change in the community structure that can reflect at several ecological 

levels with unpredictable consequences including to the great whales [153]. The feeding 

strategy of sei whales should provide them with flexibility to switch between planktonic 

and fish prey. However, in the North Atlantic, the sei whale seems to be stenophagous, 

so the species’ adaptability to rapid changes in prey assemblages in this ocean is 

questionable. 

Ship collisions. Enhanced monitoring in recent years has resulted in an increasing 

number of ship collisions with great whales being documented, which have been 

attributed to increases in shipping traffic as well as to the increasing size and speed of 

ships [159-161]. Between 1970 and 1990, it is estimated that between 13% and 20% of 

the strandings of great whales in the United States, Italy, France and South America 

were caused by collisions with ships [159]. Sei whales are also affected by this 

increasing phenomenon [159,161,162]. Although reports of collisions with sei whales 

are comparatively less common than reports of collisions with other, more coastal, 

species [159], that could be due to the low probability of detecting an event when it 

occurs offshore. The ocean-wide impact of ship strike rates on sei whale mortality is 

poorly understood but may be significant due to increases in merchant shipping traffic. 

Noise. Human-generated noise in the oceans has been recognized as a potential threat to 

large whales since the early 1970s, but it was not until recently that the problem started 

receiving more attention [163]. 

Ocean noise levels have shown a continued increase in association with increasing 

human activities such as commercial shipping, seismic surveys, military activities, 
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scientific research, etc. It has been estimated that in many parts of the world, between 

1950 and 2000, there was an overall increase in low-frequency noise from shipping of 

in the order of 16dB [164]. 

Direct mortality caused by anthropogenic noise is a controversial issue, but the potential 

risk seems to be higher in deep diving cetaceans and less pronounced for baleen whales 

[165-168]. 

Acoustic interference, or masking, can have detrimental effects on cetaceans by 

interfering with conspecific communication as well as by reducing their ability to detect 

other biologically important sounds and abiotic sound cues [163]. Effects may be short- 

or long-term and may contribute to reduced survivorship and reproductive success as a 

result of persistent degradation of acoustic habitat over an animal’s lifetime [163]. 

The acoustic repertoire of sei whales is poorly described (Baumgartner et al. [84], this 

review), and the way they use their acoustic environment is virtually unknown. These 

parameters require further research to evaluate the impact of human-induced noise on 

sei whale ecology. 

Contaminants. Currently, there is no evidence that organochlorine and heavy metal 

contaminants pose a major threat to baleen whales. Existing data on mysticetes support 

the view that feeding at lower trophic levels results in smaller contamination burdens 

than found in most odontocetes that feed at higher trophic levels [169]. Studies 

comparing contamination by organochlorine compounds in odontocetes and mysticetes 

from the same areas show levels of contamination at least one order of magnitude 

higher in the odontocetes [170-173]. That holds true for the North Atlantic sei whale, as 

has been shown by a study of Polychlorinated biphenyls (PCB) and 

Dichlorodiphenyltrichloroethane family compounds (DDTs) using samples from sei, 

fin, sperm Physeter macrocephalus and pilot Globicephala melas whales, white-sided 

dolphins Lagenorhynchus acutus and harbour porpoises Phocoena phocoena from the 

north-eastern North Atlantic, where sei whale total DDTs and PCB concentrations (mg 

kg-1) were from 14 to 136 times and from 23 to 146 times, respectively, lower than those 

of the odontocete species [170]. Heavy metal contamination also tends to be lower in 

mysticetes and in the sei whale in particular; differences 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 likely to have detrimental 

impacts on marine mammal populations [175]. Climate change is predicted to affect 

cetacean distribution, timing and range of migrations, abundance, mortality, 

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

Rates of temperature change in marine ecosystems have not been evenly distributed 

globally. Some of the more drastic increases in sea surface temperature have been 

reported for regions of the North Atlantic, including the Newfoundland–Labrador, west 

Greenland, Scottish and Icelandic shelves as well as the Faroe Plateau [178]. These 

regions include much of the known sei whale summer habitat. 

Marine ecosystems have a critical thermal boundary, where a small increase in 

temperature triggers abrupt ecosystem shifts at multiple trophic levels [179]; that 

process may already be causing ecosystem reorganization in marine copepod 

biodiversity in the North Atlantic [130,179]. In the north-eastern North Atlantic and 

adjacent seas, there has been a shift in the copepod assemblage: warmer water species 

are moving poleward more than 10° in latitude, and there is an associated decrease in 

the number of subarctic and arctic species. West of the Mid-Atlantic Ridge, especially 

in the Labrador Sea, the trend is opposite: an increase and expansion to the south of the 

cold water species is taking place [130]. Those changes may have special implications 

for sei whales given that copepods seem to constitute their main prey in this ocean 

basin. Nevertheless, it is difficult to predict if sei whales will suffer or profit from these 

changes due to uncertainties about the ecosystem reorganization and about sei whales’ 

ability to cope with prey assemblage changes in the North Atlantic. 

Resumption of whaling. Commercial sei whaling in the North Atlantic ceased in 1986 

after the moratorium in commercial whaling implemented by the IWC. Under special 

scientific permits, however, Icelandic whalers captured 70 sei whales between 1986 and 

1988. Aboriginal subsistence hunters in Greenland were allowed to take two whales in 

1989 and one in 2006 [136]. 

The resumption of commercial whaling in the North Atlantic is still a contentious issue 

within the IWC, and the possibility of operations targeting 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, Horwood [1] identified research projects 

required to fill critical knowledge gaps, which in his opinion could be conducted using 

non-lethal techniques and existing data. Topics were as follows: 

(i) stock identity and genetics; (ii) distribution and migration; (iii) reproduction and 

mortality; and (iv) abundance estimation. To date, little progress has been made on 

these recommendations. 

The bibliometric analysis undertaken in the present work shows that research on the sei 

whale has been almost stagnant for the last 20 years. There was a clear departure from 

the growth expected from Price’s Law on scientific output. According to Price’s Law, if 

scientific output on a subject does not follow exponential growth, either the field has 

reached saturation, which is clearly not the case, or not enough resources are being 

assigned to research. 

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

sei whale is meagre and in most cases outdated. Furthermore, much of the research 

carried out over the last two decades relies on old whaling data, and little effort has been 

directed to applying current methodologies to understanding sei whale population 

biology. 

Meanwhile, some paradigms on population management and conservation have 

changed. The impacts of human activities are no longer restricted to single species and 

locations but have become global and transverse entire ecological communities. For 

example, as fishing pressure on several marine species increases, the lack of sustainable 

fishery management is a threat not only to the species being harvested but also to the 

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

As a result of these changes, it has been argued that marine research has shown a major 

shift in orientation to face an ever increasing environmental deterioration, and is now 

driven by the urgency to understand and ameliorate disturbed marine ecosystems, with 

implications for research priorities and the allocation of funds [181]. An example of that 

shift is a change in the focus of cetacean research from basic biological and ecological 

issues to conservation-related topics [182]. One problem with this new paradigm is that 

it works against species or ecosystems for which there is little or no ongoing research. 

Since it is not possible to detect if they are facing conservation problems, investment is 
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channelled away to other pressing issues, even if in reality they are in trouble. These 

species or ecosystems may end up being ‘forgotten’ by science, the general public and 

decision makers. That can create a paradox in which our ignorance about a resource 

puts it at risk by diverting investment to conserve other resources. 

To avoid that paradox, it is important to focus efforts on gaining more information on 

those species and ecosystems for which our understanding is severely limited as is the 

case with cryptic species such as the sei whale. 

The current research needs for the North Atlantic sei whale still include those identified 

by Horwood more than 20 years ago. To them are added the need to understand (i) the 

role of this species in the ecosystems it integrates into, and (ii) how changes in this 

ocean’s marine environment will affect the species. The existing scientific knowledge 

on sei whales, largely derived from historical whaling data, is insufficient for making 

sound scientific and management decisions. This information is critically important 

given current human impacts on the marine environment and the likelihood of large-

scale ecosystem changes due to climate change. 

Research on the sei whale has been hindered in the past in part by its pelagic nature, 

which makes the study of the species both logistically difficult and expensive, com-

pared with other more coastal species. With the aid of the most recent techniques to 

derive and analyse data, such as satellite telemetry and passive acoustic monitoring, it is 

now possible to conduct cetacean research efficiently even in pelagic habitats, and some 

of the research goals mentioned above can be achieved with fairly low human and 

financial investment. Other goals demand more investment but are essential to fill the 

data gaps. Among the most important are population assessments using synoptic 

multinational surveys that cover a wide latitudinal and longitudinal range and the clear 

definition of stock identity within the North Atlantic. 

Overall, it is essential to bring research on North Atlantic sei whales out of its stagnancy 

and into the 21st century to ensure proper management of the species and the 

ecosystems it integrates with in the North Atlantic Ocean. 
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THIRD CHAPTER   

 

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

England and Nova Scotia using presence-only modelling 

ABSTRACT: The waters off New England and Nova Scotia hold an important 
summering habitat for the sei whale (Balaenoptera borealis). This region is also one of 
the busiest shipping areas in the world and holds important fishing grounds, resulting in 
enhanced pressure over marine fauna, including whales and other marine mammals. 
Despite those threats, until now there has been no characterization of the habitat 
suitability for the sei whale throughout the region. Sighting surveys for the highly 
endangered North Atlantic right whale (Eubalaena glacialis) have collected accessory 
data on other species, including the sei whale, but have a deficient coverage of the region. 
Other complementary sources of occurrence data exist but do not contain absence data. In 
order to characterize the habitat suitability for the sei whale in the region, data from 
several sources, including aerial and shipboard sighting surveys, opportunistic sightings 
and whaling records, were pooled together to develop an habitat suitability model for the 
species during the summer. A Maximum Entropy algorithm was used in order to allow 
the use of all available data. Results of the model show that not all the region comprises 
suitable habitat for the sei whale enabling a more efficient allocation of management 
resources. The results further show some overlap between summer habitats of the sei and 
right whales, and attention is drawn to the potential competition of the two species. The 
limitations of the model are discussed and suggestions for future improvements are 
provided. 

INTRODUCTION  

Understanding the dynamics of organisms distributions is one of the pillars of 

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

difficult and expensive to obtain and in the majority of the cases only a fraction of the 

real habitat has been surveyed. 

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

reflexes in the distribution of organisms. Natural spaces are progressively being 

permeated and fragmented as result of virtually all human activities, including (but not 

exclusively) land clearing, urbanization, opening of new terrestrial and marine 

communication routes, intensification of traffic over land, water and in the air, 

manipulation of water resources, exploration and exploitation of live and mineral 

resources both on land and at sea [2]. The rate of change in distribution and population 

fragmentation has increased over the last few decades for many terrestrial and marine 

habitats, in response to climactic changes (regardless of their causes) [3-5]. Marine 

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

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

With the increasing human influence in natural ecosystems at a global scale and the 

realization of the intrinsic economic and social value of those ecosystems to human 

welfare, detailed and reliable information about the spatial distribution of organisms 

becomes essential for creating robust resource management frameworks [15-18]. In face 

of the lack of data in sites that have not been surveyed this critical information can be 

provided through the fitting of species distribution models (SDM) that relate biological 

records to relevant independent spatial environmental variables [19-21]. 

There are several approaches to fitting SDMs (also commonly referred in the literature 

as ecological niche models: ENM [22]) with different levels of complexity, 

requirements and assumptions, making the choice of the appropriate method for each 

situation a non-trivial matter [20,21,23]. The most widely used approaches in SDM 

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

1) Heuristic models (also known as envelope models), that characterise sites that 

are located within the climactic niche occupied by a species regardless of other 

biophysical and biotic variables, of which BIOCLIM is the most eminent; 

2) Statistical, including generalised linear models (GLM), generalised linear mixed 

models (GLMM) and generalised additive models (GAM), multivariate adaptive 

regression splines (MARS), among others, that are extensively used for the 

strong statistical foundation and proven ability to realistically model ecological 

relationships; 

3) Bayesian approach, based on inductive learning process carried out using Bayes 

theorem, such as the BAYES algorithm;  

4) Machine learning techniques stemming from informatics science and including 

artificial neural networks (ANN), boosted regression trees (BRT), random 

forests (RF), and maximum entropy (MaxEnt) [note: “MaxEnt” is used 

throughout to denote the modelling approach while “MAXENT” is used to 

denote the software]; 

5) Evolutionary computation, such as the genetic algorithm for rule-set prediction 

(GARP) modelling environment that uses machine learning approaches but is 

particular for using a genetic algorithm. 
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Table 3-1: Main species distribution models (SDM) categories 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 presence-only data. 

 

With the multiplicity of approaches to developing SDMs it is not surprising that there is 

much discussion and confusion in the literature about the strengths and weaknesses, as 

well as the utility, of each approach (e.g. [23,38-43]). Only a handful review and 

synthesis articles have tried to put some order in the apparent confusion and clear 

misconceptions [19,20,44-46].  

One fundamental difference between some of the above approaches regards to the goals 

of the SDMs [20,47,48]. For some applications with strong ecological focus SDMs may 

be used to gain insight into the causal drivers of species distributions. However, in 

many studies with focus on conservation and space management the main goal is 

accurate prediction of distributions, regardless of the ecological processes involved. For 

the former case, approaches in the “Statistical” family in Table 3-1 are the most 

appropriate but they tend to be data hungry and difficult to implement. On the other 

hand, when the goal is to produce accurate predictions of distributions, machine 

learning and Bayesian approaches have been shown to have a very good predictive 

ability even in face of scarce or non-systematic data [20,23,48]. Although being first 

received with some scepticism among classical ecologists and still fuelling some 

discussion for being perceived as “black boxes” (sensu Fraser [49]), they have steadily 

gained acceptance and are increasingly found in the ecologist’s toolbox 

[20,35,38,48,50]. 

Another aspect to take into account when considering SDM approaches is the nature of 

the dependent variable. Traditionally SDMs were created using only presence-absence 

data, describing known occurrences (presence) and known absences, collected under 

specifically designed surveys. The advantage of presence-absence data is enabling 

analyses of biases regarding the surveyed locations and calculating the probability of 

detection of vagile species at any given moment, i.e. the prevalence of the species [51]. 

Although being widely accepted as the best practice in SDM, some discussion exists 
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about the potential that presence data has of introducing confounding information in 

some situations (e.g. [52,53]). Notwithstanding, in many cases records consist of 

presence-only data (telemetry data, museum/historical records, platforms of 

opportunity, citizen science). In fact, for some rare or cryptic species, or species in 

remote areas and extreme environments, presence-only records may be the sole data 

available. Notwithstanding, modelling of presence-only data is still a challenge. 

Formerly this problem was only addressed by envelopes and distance measures [24,25]. 

More recently the use of pseudo-absences (the artificial creation of absences, using 

randomly selected sites where the species of interest has not been detected) became 

widespread, despite the potential for bias introduction. In an effort to reduce bias, new 

methods for the choice of optimal pseudo-absences are constantly being proposed 

[23,36,51,52,54-56]. Few approaches to SDM were created with the main purpose of 

handling presence-only data (Table 3-1), the most prominent being the maximum 

entropy method (MaxEnt) proposed by Phillips et al. [34]. 

Numerous marine species, including marine mammals, present some of the challenges 

that are addressed by presence-only methods such as the MaxEnt approach. Many have 

low detectability, occur in remote sites difficult to survey (e.g. at depth, amid sea ice, in 

remote ocean areas), are rare or cryptic. Undertaking systematic surveys for marine 

species involves high operational costs which can make obtaining absence data 

prohibitively expensive. Moreover, obtaining reliable absence data for marine taxa is 

difficult, if not impossible, for many species. Nevertheless, for many of those species 

presence-only data exist or can be obtained at much lower cost. That is the case for the 

sei whale (Balaenoptera borealis). Sei whales occur mainly in pelagic habitats and are 

seldom recorded by dedicated surveys [57]. Additionally, 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 potential sightings. Thus the sei whale is a clear 

candidate for the use of approaches such as MaxEnt which allow using data obtained 

from non-systematic surveys and opportunistically. MaxEnt has been tested more 

extensively with land species but a growing body of literature demonstrates that the 

approach can be successfully applied to marine species as 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 North Atlantic was first reported in 1902 [66] 

and since then it has been established that the species uses the waters off New England 

and Nova Scotia as a feeding habitat during the summer [57]. 

The same region is also the summering habitat for the endangered North Atlantic right 

whale (Eubalaena glacialis; hereby referred only as right whale). The region harbours 

some of the busiest commercial ports in the world resulting in an intense ship traffic 

[67]. In addition, it includes very important fishing grounds and marine development 

sites. The development of those anthropogenic activities has been shown to be a major 

threat to the conservation of the right whales using the area, which elicited the 

implementation of several management measures including the investment in dedicated 

sighting surveys to obtain reliable demographic and distribution data [68,69]. Those 

data enabled the development of spatially explicit habitat models for the right whale, 

used in developing spatial/temporal management actions aimed to decrease threats 

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

Data on the occurrence of other species were also obtained during those surveys. 

However, since surveys were optimized to cover the right whale habitat they may be 

sub-optimal for other species and need to be complemented with other sources of data 

to be representative of the true habitat of those non-target species. 

Here a SDM is developed to characterize the summer habitat of the sei whale off New 

England and Nova Scotia. Data combines sightings made during aerial and shipboard 

surveys specifically designed for the right whale, sightings from opportunistic records 

and capture positions made by whaling operations. The combination of these data cover 

a much wider area than any of the sources by itself and probably yield a better 

representation of the true summer habitat of the sei whale in the region (Figure 3-1-A). 

Since not all sources contain absence and effort data, the MaxEnt approach was used. In 

addition, by using that approach it was also possible to use data obtained 

opportunistically during the sighting surveys, when no effort was being recorded 

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

Maximum entropy concepts and application to species distribution models 

It is well known that the concept of entropy (“S”) is intrinsically connected to the 

second law of thermodynamics (hence this being also known as entropy law). 

The term was coined by Rudolph Clausius, who built upon the work of Sadi Carnot 

(after whom the Carnot cycle was named) and Émile Claperion on the conversion of 

heat energy to mechanical work [70,71]. In a series of memoirs and lectures posteriorly 

compiled in one volume [72], Clausius introduced and developed the concept of 

entropy, which was later considered his most important single contribution to science 

[73]. 

The concept of entropy stemmed from the investigations of Clausius on the Carnot 

cycle. It was first derived as a state function (or magnitude in the words of Clausius) 

involved in the calculation of the energy flow under a thermodynamic process. The 

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

 
�� = ���  (1) 

  
where Q denotes the heat content (later termed internal heat energy in molecular 

theory) and T the temperature of the system.  

In Clausius’ own words, “We might call S the transformational content of the body (…) 

[but] I propose to call the magnitude S the entropy of the body, from the Greek word 

τροπή, transformation.” [74]. 

Clausius proved that in isolated systems (systems that do not receive energy from the 

exterior) S tends to be spontaneously maximized or, in other words, that these systems 

tend to evolve towards thermodynamic equilibrium. Since there is no evidence that the 

universe can be an open system, this proof becomes a universal law which was 

highlighted by Clausius at the end of his Mechanical Theory of Heat [74]: 
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“(…) we may express in the following manner the fundamental laws of the 

universe which correspond to the two fundamental theorems of the 

mechanical theory of heat. 

The energy of the universe is constant. 

The entropy of the universe tends to a maximum." 

For certain applications entropy may be interpreted as a measure of the states that a 

system may take, which can be viewed as a measure of order (or disorder). In that view, 

the maximization of entropy leads to a maximum number of states, which most of the 

time translate into a minimal organization (but see [75,76] for examples on the 

contrary). That has led to the common misconception about entropy being the same as 

disorder, a qualitative entity. Styer [75] illustrates how trying to define the qualitative 

character of entropy may prove full of pitfalls and shows how a single definition may 

not be possible. That is in great part because entropy is a quantitative rather than 

qualitative measure. 

From its onset in the thermodynamics theory, entropy rapidly found its way into other 

fields becoming fundamental in the development of physical chemistry, statistical 

mechanics (which was started by the works of James C. Maxwell, Ludwig Boltzmann 

and Josiah Gibbs as the molecular theory of gases) and quantum mechanics. 

As part of his work on the molecular theory of gases, Ludwig Boltzmann was 

responsible for creating the means to compute the entropy based on counting the 

number of available microscopic states of particles (microstates). That became known 

as the Boltzmann principle [77] and is translated by the following equation1: 

 

� = �ln� (2) 
 

Here k is the thermodynamic unit of measurement of entropy, or Boltzmann constant 

(1.33X10-16erg/°C). Nevertheless, as it will be seen below, k is an arbitrary constant 

which determines the units in which entropy is measured and can assume other values. 
                                                 
1 As a side note, Boltzmann’s tombstone is peculiar by having his entropy equation engraved at the top. At the time of his death, in 
1906, the atomic theory was still under debate and it was not before 1909 that the experimental proof of the Brownian motion by 
Jean Perrin [78] settled the matter. Boltzmann was fiercely antagonized by many of his peers during his career due to his ideas and 
died before his statistical theories on mechanics and thermodynamics could be validated experimentally. The inscription of the 
entropy equation on his tombstone acts both as a posthumous vindication against his detractors and as a testimony to his significant 
contribution to science.  
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� is the total number of microstates of the particles in a system (the kinetic energy of 

each molecule) that are compatible with the macroscopic state of that system. 

The mathematical principles developed in statistical and quantum mechanics had a 

profound impact in the applications of entropy theory, since they are applicable in any 

statistical system outside the realm of physics and chemistry. 

The applicability of those principles in other fields was perceived by Claude Shannon 

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

The drive behind Shannon’s work was the creation of a framework for encoding and 

maximizing the information transmitted by a communications system without loss of 

fidelity. By adapting the thermodynamics principles to information theory, he showed 

how fidelity in message transmission could be represented as a probability function of 

the distributions of the possible messages generated at the source and the messages 

recovered at the receiving point. 

Shannon perceived the equivalence of the quantity S in statistical mechanics with the 

uncertainty over the true content of a message.  

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

 

� = −�� � ��ln �� (3) 
 

where �� is the probability that particle i will be in a given microstate. That equation, 

known as the Boltzmann-Gibbs entropy, has the exact formulation as Shannon’s 

uncertainty (not surprisingly also represented as S), with the only difference being that 

in the latter �� stands for the probability for the value of a given information bit [79].  

Building on Shannon’s work, in 1957 Edwin T. Jaynes published two key articles that 

would revolutionize information theory and, later, many other fields. In his two 

companion articles Information theory and statistical mechanics, I; II [81,82] Jaynes 

reformulated and simplified the mathematics behind the statistical mechanics principle 

of maximum entropy, leading to extensions of the theory and allowing for its use in 

inference based on partial information.  

The basic concept behind Jaynes’ Maximum Entropy Principle (MEP) is simple to 

understand and aims to single out the least biased distribution that better approaches the 
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“true” distribution: “Given a model of probability distributions, choose the distribution 

with highest entropy” [83].  

Jaynes intuited that the problem in drawing inferences from partial information was one 

of finding a probability assignment that avoids bias and at the same time includes all the 

existing information. He elegantly structured the solution to that problem in the first of 

his two seminal articles of 1957 [81]. 

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

probabilities: 

Problem: A quantity is capable of assuming discrete values ��  (� = 1, 2, … , �); 

we are ignorant of the corresponding probabilities ��, but know the expectation 

value of the function f(x): 

 

〈�(�)〉 = � ��
�

�� 
�(��) (4) 

 

What is the expectation value of the function g(x)? 

This is a known problem of specification of probabilities with limited or no information 

and it seems unsolvable since there is no information to define the probabilities ��, 
because Equation (4) and the only other known condition, the normalization condition 

 

� �� = 1 (5) 
 

have to be supplemented by (n – 2) additional conditions before 〈#(�)〉 can be found. 

Jaynes proceeds by recalling Shannon’s information theory and its uncertainty 

magnitude, expressed by Equation (3) (which Jaynes synonymises to entropy for 

clarity) and showing, by way of logical reasoning, that using the information given by 

the entropy of the probability distribution is the solution for making inferences on the 

basis of partial information. 

The reasoning is that by using the probability distribution which has maximum entropy 

within the constraints of existing information, one can ensure that no arbitrary 

assumptions of information are made when choosing among concurring solutions. That 
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follows from Shannon’s proof [79] that S as formulated in Equation (3) is a quantity that 

is positive, which increases with increasing uncertainty and is additive for independent 

sources of uncertainty. The distribution with maximum entropy is the only one that 

makes no assumptions from the existing data, but gives weight to all the information 

that is present. 

It remains to show how to maximize the entropy in order to single out the unbiased 

distribution. The basic process of maximizing the entropy proposed by Jaynes is 

sketched below.  

In order to maximize (3) subject to the constraints (4) and (5), Jaynes resourced to the 

Langrangian multipliers $, %, obtaining 

 

�� = &−$−%�(��) (6) 
 

Substituting the constants $, % in (4) and (5), one obtains 

 

〈�(�)〉 = − (() ln *(%) (7) 
 

$ = ln *(%) (8) 
 

*(%) = � &−%�(��)
�

 (9) 
 

Jaynes then shows that this can be generalized to any number of functions f(x), which 

yields the maximum entropy probability distribution as  

 

�� = &��.−/$  �  (��) + ⋯ + $2 �2 (��)34 (10) 
 

in which the constants are determined from 
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〈�6(�)〉 = − ((78
ln * (11) 

 

$9 =  ln * (12) 
 

It follows that the maximum entropy of the distribution reduces to 

 

�2:; = $9 + $  〈� (�)〉 + ⋯ + $2 〈�2(�)〉 (13) 
 

where the constant k in (3) is set to 1. 

Summarizing, the MEP offers a useful method to draw inferences from partial 

information while ensuring that no unconscious arbitrary assumptions are made in the 

process. That has obvious impact in scientific inference, as it helps overcoming the 

arbitrariness involved in decision making under the Principle of Insufficient Reason, or 

Principle of Indifference, (i.e.: if under severe uncertainty, all the states should be 

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

In the years that followed its publication, the principle became well established and 

found numerous applications not only in information theory but also in physics, 

biological systems, ecology, demography, economy, geosciences, astronomy, medical 

sciences, among others [83,85-87]. If the principle is easy to understand, methods for 

entropy maximization and its applications comprise a complex and rich field of 

investigation, even deserving a dedicated, indexed, peer-reviewed monthly Journal 

(Entropy; published by MDPI; ISSN 1099-4300, CODEN: ENTRFG). Alternative 

measures of information entropy and ways of maximizing it are constantly being 

developed, dependent on diverse axiomatic foundations. An excellent and fairly recent 

review is given in Beck [86]. 

Recently Phillips et al. [34] and Dudík et al. [88] devised a way of applying the MEP to 

SDMs using presence-only data, implemented through a software called MAXENT 

(freely available through http://www.cs.princeton.edu/~schapire/maxent). In their 

method the unknown probability distribution �� in equation (4) is denoted by π and is 

drawn over a finite set X of points (that for practical purposes correspond to pixels in 
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the study region). The distribution π assigns a non-negative probability π(x) to each 

point x in X, totalling 1. The approximation to π is given by another probability 

distribution =>, which entropy’s is given by 

 

�(=>) = − � =>(�)ln=>(�)
;∈@

 (14) 
 

The probability distribution => respects a set of constraints derived from the species 

occurrence data, expressed as a set of functions (transformations) of the explanatory 

variables (features in the MAXENT terminology) [89]. This is achieved by making the 

mean of each feature to closely match the empirical average over the presence sites. 

From the MEP it follows that among all probability distributions that satisfy those 

constraints, the one with the maximum entropy will be the most unconstrained or, in 

other words, that will produce the least under-specified model [81,88]. The full methods 

of implementation are described in Phillips et al. [34] and Dudík et al. [88] and further 

developed in Dudík et al. [90] and Phillips and Dudík [89]. At this point it is relevant to 

point out that the MaxEnt approach also applies to presence-absence data, in which case 

the method provides estimates of a quantity that is monotonously related to the 

probability of presence of the modelled species, conditioned on the environmental 

predictors [87]. 

It is clear that this approach tends to closely match the training data, an effect known as 

“overfitting” that limits the generalization ability of the model [91,92]. To handle that 

effect, MAXENT allows the setting of an error bound around the samples empirical 

feature means, denoted as AB in equation (15)2: 

This regularization parameter AB acts over feature ℎB in equation (15). The feature ℎB 

has variance DEFℎBG over the H presence sites. Since AB corresponds to the width of the 

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

                                                 
2 In the notation used by Dudík et al. [92] the regularization multiplier is denoted by the Greek letter lambda (λ). However, to avoid 
confusion with the notation used before in this work, here the letter gamma (γ) was used instead. 

AB = AID2FℎBGH  
(15) 
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the desired confidence level set by A that will vary according to the type and complexity 

of feature classes that MAXENT tries to fit. 

The gammas in equation (15) allow smoothing the distribution (making it more regular, 

thus the term regularization parameter) and comprise a specific type of regularization 

called L1, also known as the Lasso or elastic-net penalty, that is a common approach to 

model improvement [92-94]. In MAXENT it can be set manually. However, in order to 

simplify model fitting and to avoid bias inherent to the data a set of feature class-

specific tuned parameters is pre-loaded in the program based on results from modelling 

a large multitaxa dataset using presence-absence data covering 226 species, 6 regions 

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

Since complexity of the functions describing the environmental variables comes at the 

expense of an increased sample size, depending on the size of the dataset the feature 

classes considered are limited by default in the program (for smaller datasets only 

simpler functions are used). Nevertheless, that can also be overridden by the user. 

The program MAXENT became publicly available in 2004 and since then it has become 

one of the preferred methods of modelling species distributions with presence-only data. 

It has been shown that it not only successfully models species distributions as it is 

among the highest performing methods even when compared with more established 

methods including those using presence-absence data [23,95,96]. It has been used with 

diverse aims, including finding correlates of species occurrences, mapping current 

distributions, and predicting to new times and places [33]. 

However, the MaxEnt approach has not been free of criticism. Being in the machine 

learning model family (Table 3-1) the MaxEnt approach has often been classified as a 

“black box” (e.g. [41,97]). The term “black box” was first used to designate models that 

failed to describe internal sources of variation [49] and is often applied to refer to 

statistical models that do not quantify the influence of the independent variables in the 

model and a confidence measure of that contribution. That hardly applies to the MaxEnt 

method since quantitative information about the relative contributions of the 

explanatory variables can be calculated in several ways [98]. Even MaxEnt not being 

the best option when it comes to understand the habitat preferences of a species [95], 

outputs of a model ran using the MAXENT software can include up to four variable 

contribution measures depending on the specifications of the model.  
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The term “black box” is also widely used when referring to methods that give little or 

no option for model manipulation. In that regard it must be noted that the MAXENT 

software does offer a series of tuning options that allow optimization of model 

specification. Nevertheless, a recent review has shown that most users tend to ignore 

that and opt to use the default values in the program [98]. Critics to the MaxEnt 

approach have also referred the reduced availability of inferential and model checking 

tools in the MAXENT program [41], which was partially acknowledged by the creators 

of the software [34]. Nevertheless, several approaches for internal model performance 

assessment and for model evaluation have been suggested and can be used in 

conjunction with MAXENT (e.g. [99-104]). 

Recently it has been suggested that the MaxEnt approach is mathematically equivalent 

to a point process model (PPM), often implemented as GLMs [98,105,106]. If that 

equivalence is confirmed, there are important implications: 1) It cannot be argued that 

MaxEnt performs worse or better than a PPM since as long as the methods are applied 

in the same manner the results should be identical; 2) MaxEnt cannot be dubbed as a 

“black box” method, since it can be reexpressed as a PPM; 3) model checking can be 

made using traditional tools available for GLM, GAM and other well established 

approaches to SDM [98,107]. 

Dependent variable 

Occurrences of sei whales were obtained from the North Atlantic Right Whale 

Consortium database [108,109]. The North Atlantic Right Whale Consortium database 

(NARWCd) is a centralized archive of survey and sighting data held by the University 

of Rhode Island that receives data from every organization and agency conducting 

surveys for right whales, from Florida to Atlantic Canada. The NARWCd also includes 

historical records of captures by whaling activities and opportunistic sightings as well as 

data on other marine mammals and sea turtles. All sightings are georreferenced and 

coded according to origin of the record and reliability of the identification. 

Identification reliability is divided in three categories, increasing from 1 (unsure) to 3 

(definitive) with an additional value of 9 when that information is unknown or has not 

been recorded. 

For sei whales four sources of records were available: aerial surveys, shipboard surveys, 

whaling and opportunistic sightings. All sources were combined and only sightings with 
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an identification level of 3 were used, resulting in 1133 records (Figure 3-1-A), 

spanning from 1966 to 2008. Aerial surveys contributed with 56.13% (636) of the 

records, whaling with 25.68% (291), shipboard surveys with 16.24% (184) and 

opportunistic sightings with 1.94% (22). From sighting surveys (aerial and shipboard), 

both on- and off-effort sightings were considered, with off-effort records accounting for 

39.51% (324) of the sightings. Multiple occurrences within the same environmental grid 

cells were removed using ENMTools [103], reducing the number of occurrences to 855 

records. One record was outside the modelled area and was discarded, resulting in a 

final number of occurrences of 854 (Figure 3-1-B) that were used through the modelling 

process described below. 

 

 

Figure 3-1: A – Sei whale records in the study area during summer from 1966 to 2008 (n=1133), 

according to type of sources. B – Records used in MAXENT models after data clean-up (n=854). The 

main topographic features mentioned in the text are shown and bathymetry is represented as shades of 

blue. The 500 m isobath, corresponding to the approximate position of the shelf-break, is shown as a 

continuous yellow line. 
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Explanatory variables 

Several candidate predictor variables were chosen as potentially having explanatory 

power for the distribution of whales. Choice of the candidate variables was done by a 

combination of revision of the literature to identify the variables that are believed to 

drive whale’s movements [57], identification of proxies for prey distribution and data 

availability. 

Candidate variables originated from different sources with varying resolutions (Table 

3-2). 

Variables were treated in a Geographic Information System (ArcGIS 10.1; ESRI, Inc.; 

hereby referred as ArcGIS) as raster datasets. Prior to processing all rasters were 

projected to an Equidistant Cylindrical projection with datum WGS84. Some variables 

were derived from other and suffered some pre-processing, explained below. All rasters 

were then resampled to adjust cell size for the chosen resolution (0.01666667 arc-

minutes) and to achieve correct alignment. Finally all variable layers were clipped to the 

same extent and exported to ascii file format for use in MAXENT. In order to facilitate 

this process, a set of custom tools was developed using the Model Builder facility in 

ArcGIS (Figure A-I.1; Appendix I). 

The relevance of using each of the chosen variables as predictors of whale distribution 

and specific processing steps for each raster are briefly explained in the following 

sections. 

Table 3-2: Explanatory variables used in the construction 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 lnchl_smmr ln(mg/m3) 0.01667 arc-minute [111] 
Summer sea surface temperature sst_smmr °Centigrade 0.01667 arc-minute [111] 

*Derived from Depth; **Downsampled to 0.01667 arc-minute 

Geomorphological 

Geomorphological data were all derived from the ETOPO-1 digital elevation model 

(DEM; [110]). The geomorphological data layers used were depth, aspect (decomposed 

in two variables: northness and eastness), slope, rugosity and distance to shore. Apart 
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from depth that was measured directly from the DEM, all other geomorphological data 

had to suffer some transformation prior to being processed for use in MAXENT.  

Aspect measures the geographic orientation of terrain surfaces and is relevant in ecology 

since habitat quality may vary depending on terrain orientation. Exposure to sunlight or 

predominant currents, water temperature and type of substrate are some of the 

characteristics that can be influenced by aspect in the marine environment and that can, 

in turn, drive the distribution of organisms. Slope measures the inclination of the terrain 

in respect to a reference surface (in this case the geoid representing the Earth). Similarly 

to terrain aspect, terrain slope can also affect the quality of the habitat for different 

organisms. It is well known that terrain slope affects a plethora of oceanographic 

phenomena, including vertical and horizontal water and particle transport, creating 

phenomena such as up- and down-welling with reflexes on primary and secondary 

productivity.  

Aspect and slope rasters were created using the DEM Surface Tools extension in 

ArcGIS [112,113]. Although ArcGIS offers tools to calculate slope and aspect, there is 

no option to choose the algorithm on which these calculations are based. Jones [114] 

compared several algorithms that are used in the computation of slope and aspect and 

found that the Fleming and Hoffer’s method with the derivation by Zevenbergen and 

Thorne [115] using four neighbouring cell values was consistently the most accurate. 

Unlike the standard ArcGIS tools, the DEM Surface Tools extension offers the option to 

choose between different algorithms, including Fleming and Hoffer’s method using a 

four cell neighbourhood, which was the method chosen to create the slope and aspect 

rasters used here. In this work slope was calculated in degrees. Slope can also be (and is 

often) expressed as a percentage of change in steepness. Nevertheless while the change 

in steepness expressed in degrees is linear, percent slope will increase non-linearly, 

being 0% at 0⁰ and rapidly approaching infinity near 90⁰ (100% change is attained at 

45⁰). Aspect presents another type of problem, by being a circular measure (unlike with 

what happens with slope which can vary only between 0⁰ and 90⁰, aspect can take any 

value between 0⁰ and 360⁰). Two approaches can be used to cope with that problem: 1) 

to categorize the values, or 2) to calculate the “northness” and “eastness” components of 

the orientation values, which will vary between -1 and 1. Here the second approach was 

used. To create the northness and eastness raster datasets, aspect values were first 

converted to absolute radians (in ArcGIS, flat areas, with no clear orientation are 
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represented as -1 making this transformation necessary). Northness and eastness were 

calculated by computing respectively the cosine and sine of each grid-cell value of the 

resulting absolute radians raster dataset.  

Terrain rugosity translates terrain complexity, which can drive organisms’ distribution 

in several ways, for example by offering sheltered areas and hiding places, creating 

local micro-climates, or affecting ease of movement. In aquatic environments it can 

further create turbulence, advecting sediment and other particles into the water which 

will in turn influence turbidity and productivity conditions and may create niches to 

some organisms [116]. Most traditional methods of computing rugosity are indices 

directly derived from terrain slope (e.g. [117]; [118]). More recently Sappington et al. 

[119] proposed a vector rugosity measure (VRM) of terrain that computes rugosity as 

the variation in three-dimensional orientation of grid cells within a neighbourhood, 

incorporating both the aspect and gradient components of the terrain. This is a more 

inclusive way of measuring the heterogeneity of the terrain and has the further 

advantage of being more independent of slope than traditional methods, enabling the 

simultaneous utilization of both measures in modelling. 

The final geomorphological variable derived from the ETOPO-1 DEM was distance to 

shore. Cetacean distribution can be often linked to the distance they are from shore (e.g. 

[120-122]). As a result, that variable is often included in habitat modelling for those 

animals. Nevertheless, the ecological significance of the variable must not be taken at 

face value. For species that in some way depend on land, distance to shore may have a 

clear ecological significance. For instance, the at sea distribution of polar bears, 

pinnipeds and marine birds may be influenced by the energetic cost involved in round 

trips from haul-out sites and colonies to foraging grounds (e.g. [123-125] and references 

therein). Cetaceans, on the other hand, live an exclusively aquatic life and the ecological 

meaning of distance to shore is not so clear. The variable can in many cases represent 

only a proxy to other relevant variables, such as depth, position of the shelf break, 

turbidity, prevailing currents, or other (e.g. [126-129]). In fact, the distribution 

according to distance to shore for the same species in different regions sometimes varies 

widely [130], indicating that the variable may be dissociated from the ecological 

mechanism(s) driving the distribution. Here the variable was included in the candidate 

explanatory variables for being a traditional variable in this type of studies. 
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The raster dataset representing distance to shore was created using the Spatial Analyst 

tools in ArcGIS. First, a shoreline was derived from the ETOPO-1 DEM using the 

Countour tool in Spatial Analyst to create a contour line for bathymetry 0. Then, a 

constant raster was created having the same boundaries and dimensions of the 

remaining datasets, and the shortest distance of the centroid of each grid cell to the 

shoreline was calculated using the Euclidean Distance tool in Spatial Analyst. 

Remote sensed 

The distribution of the sei whale is known to be in some way related to sea surface 

temperature [57]. Remotely sensed sea surface temperature (SST; °C) was derived from 

standard mapped images (level 3, seasonal summer composite 1998-2008, 4.6 km 

resolution) collected by the Moderate Resolution Imaging Spectroradiometer (MODIS) 

instrument aboard NASA’s Aqua satellite and obtained from the Ocean Color 

Discipline Processing System [111].  

An attempt to use in-situ data from one of the chief preys of the sei whale in the North 

Atlantic, the copepod Calanus finmarchicus, was made using a kriging approach. 

Nevertheless, the resulting map did not cover the entire study area, or even all the sites 

with known occurrences of the sei whale. Thus that map was not used in modelling the 

sei whale distribution since it would introduce undesired bias in the models. Instead the 

natural logarithm (ln) of Chlorophyll-a concentration was used as a proxy for primary 

productivity. Remotely sensed near-surface primary productivity indicated by 

Chlorophyll-a concentration (Chl-a; mg/m3) data was also derived from data collected 

by Acqua MODIS, with the same resolution and for the same period as SST.  

Model fitting 

All models were fitted using MAXENT 3.3.3k. Unless otherwise stated, settings were 

left at their default values. During test trials it was verified that the default 500 iterations 

were not sufficient to guarantee model convergence. Thus the number of maximum 

iterations was set to 5.000 for all models. To speed-up data processing, MAXENT was 

set to use two processing threads and was allocated 2 GB of RAM memory. Due to the 

large number of models, MAXENT was run using scripts and not the graphical user 

interface. When no independent data exist to test model performance, it is common 

practice to withhold a part of the presence data to test model performance [33]. 
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Nevertheless, since model performance was tested using the methodology proposed by 

Raes and ter Steege [101] (see below), all sei whale sightings were used to train the 

models. 

The choice of number and type of explanatory variables is fundamental to model 

performance. As a rule of thumb, the best model is the one which combines simplicity 

(in terms of the number of model parameters) with predictive ability, i.e., the most 

parsimonious model [87,131]. A very complex model in terms of number of 

explanatory variables and parameters is said to be saturated and tends to overfit the data. 

Thus, an important part of the modelling process is to investigate which, among those 

available, is the set of explanatory variables that will produce the most parsimonious 

model. This includes eliminating highly correlated variables. Ecologically, two or more 

highly correlated explanatory variables are bound to be analogous representations of the 

same phenomenon acting over the modelled organism. Therefore, including correlated 

variables goes against the parsimony principle. Additionally, the correlation nature may 

differ in other scenarios (other region or time), which will reduce the transferability of 

the model [132]. 

As referred previously, MAXENT includes a regularization parameter that balances 

model fit and complexity. In MAXENT, different default regularization values are 

included, according to the type of features used in calculating the model parameters. 

These were based in a large dataset [89] but may not be appropriate for all systems and 

should be tuned to achieve better model performance [104]. Tuning can be done 

individually or through a regularization multiplier that acts over all default 

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

Tuning of model complexity followed the methodology proposed by Warren and Seifert 

[104] and Warren et al. [132]. As a first step, a set of 76 models was built with all 8 

variables, varying the regularization multiplier from 0 to 15 in steps of 0.2. Output 

format was set to raw and models were compared using the sample corrected Akaike 

information criterion (AICc) scores [107,133] calculated using ENMTools. Only the 

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

As a second step, the contribution scores of each environmental predictor variable in the 

starting model were inferred by the permutation importance of the variables, assigned 

by MAXENT. The permutation importance is calculated by randomly permuting the 

values of each variable on training and background data; the model is then re-evaluated 
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on the permuted data and the metric represents the resulting drop in training AUC 

normalized as percentage. These scores were used in conjunction with the spatial 

correlation to select the final set of environmental variables. Testing for correlation 

between predictor variables was performed by calculating the Kendal’s tau correlation 

coefficient in R (R Development Core Team 2012). The Pearson’s correlation 

coefficient is commonly used as an indicator of correlation in spatial data analysis 

literature. Nevertheless, that coefficient is sensible to outliers and non-normality [134]. 

Rank-based coefficients are more appropriate in these cases, as they are distribution-

free. Spearman’s rho is widely used as a non-parametric measure of correlation but Xu 

et al. [135] have argued in favour of the use of the Kendall’s method over Spearman’s 

when in presence of large sample sizes. High collinearity between any two predictors 

was assumed to be present when the absolute value of the correlation index exceeded a 

value of 0.7 [132,136]. 

Variables with a contribution score <5 in the starting model were discarded. The 

variable with the highest score was retained and any other variables correlated with that 

were also discarded. This process was followed with the remaining variables until all 

were either discarded or included in the final set of variables (hereby called the reduced 

set). 

Finally, a new set of models was created with the reduced set of variables to determine 

the optimal value of the regularization multiplier. Although that was performed earlier 

as the first step to determine the ideal set of variables, and even though MaxEnt does 

not estimate interaction terms for variables, there may be interactions between those 

variables in how they affect regularization (Warren, pers. comm.). Thus, eliminating 

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

variable be re-estimated, with a different number of parameters. Thus, in order to 

determine the optimal regularization multiplier, the procedure performed in the first step 

was repeated with the reduced set of variables. The resulting model with the lowest 

AICc score was chosen as the final SDM (SDMf). 

Model evaluation 

After its introduction to the field of ecological modelling, in 1997 [137], receiver 

operating characteristic (ROC) curve analysis became one of the most widely used 

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

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

With presence-absence data, AUC values range from 0 to 1, with a value of 0.5 

indicating model accuracy not better than random and a value of 1.0 indicating perfect 

model fit. However, some authors have questioned the way the AUC metric is used to 

measure model performance, especially with presence-only data (e.g. [138]). One of the 

major problems is that when using presence-only data, pseudo-absences must be used to 

calculate the AUC. Given a sufficient number of pseudo-absences in relation to the size 

of the study area, a reasonable representation of the environmental variation of the study 

area is achieved and the AUC is still considered a useful metric for model evaluation 

[34,36,139]. However, when using pseudo-absences the maximum achievable AUC 

(AUCmax) is less than 1. In fact, in that case AUCmax is given by 1-a/2 where “a” is the 

fraction of the geographical area covered by the species’ true (and unknown) 

distribution [34]. This invalidates the use of standard thresholds to indicate good SDM 

performance, such as the often used value of |0.7| [140,141]. 

To overcome that problem, Raes and ter Steege [101] suggested a methodology to 

assess whether the SDM prediction differs from what would be expected by chance 

alone. This is achieved by testing the AUC value calculated for the SDM against a null 

distribution of expected AUC values based on a random dataset, the null hypothesis 

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

To create the null AUC distribution, locations randomly distributed in the study area, in 

the same number of the occurrences used to fit the SDM (n=854), were created without 

replacement. For the present study, 500 sets of those random points were created and 

used to train an equal number of null models, using the exact same settings in 

MAXENT as used to fit the SDMf. A one-sided 99% confidence interval (CI) was then 

calculated as in conventional statistical analysis, to test if the SDMf performs 

significantly better than expected by chance. The AUC values of the 500 null models 

were ranked and the 495th value (0.99 X 500) was set as the 99% CI upper limit. AUC 

values higher than that upper limit are representative of an SDM with accuracy 

significantly better than expected by chance alone (p<0.01).  
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RESULTS 

Model fitting  

Comparison of the AICc scores of the 76 competing models showed that the best model 

was that with a regularization multiplier of 0.6 (Table A-II.1; Appendix II), making this 

the starting model. The permutation importance of each variable in the starting model is 

shown in 

Table 3-3 and correlation between variables in Figure 3-2. The variables distance to 

shore, northness, eastness, rugosity and slope were discarded for having contribution 

scores <5 (Table 3-3). The remaining variables were not highly correlated to each other 

(Figure 3-2) and were used to build the next set of models to investigate the best value 

of the regularization multiplier. 

Of these new 76 models using the reduced set of variables, the model with the best 

AICc score was that with a regularization value of 0.4 (Table A-II.2; Appendix II) and 

was, thus, chosen as the final SDM (SDMf). 

Table 3-3: Permutation importance of variable in the starting model. Variables with a permutation value 

above 5 were retained to fit the final SDM. 

Variable Permutation importance 
sst_smmr 49.7 
bath 36.7 
lnchl_smmr 6.6 
dist_shore 3 
northness 1.3 
rugosity 1.2 
slope 1.5 
eastness 0 
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Figure 3-2: Frequency distributions of explanatory variables considered for modelling (central diagonal) 

with ellipse plots (lower left; ellipses indicate density envelopes that contain the specific mass of points, 

as determined by the 95% probability) and associated Kendall’s correlation coefficients (upper right) 

between pairs of explanatory variables. General relationships between the pairs of explanatory variables 

are shown as red trend lines in the ellipse plots and magnitude of correlation is represented by increasing 

text size of the Kendall’s coefficients. Red squares represent correlation values above/below the absolute 

cut-off threshold of 0.7. Refer to text for abbreviations. 

Model evaluation 

The AUC scores of the 500 null models ranged between 0.612 and 0.662 (mean = 

0.633), close to the theoretical expected value for a random model (0.5), while that of 

the SDMf was 0.932 (Figure 3-3). Based on the distribution of the AUC values of the 

null models, the 99% CI upper limit for a model that performs better than random was 

set at AUC = 0.651, showing that the SDMf performs significantly better than expected 

by chance (p<0.01). 
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Figure 3-3: A - Training AUC values of the SDMf model (star) and the 500 null models (circles; 

frequency histogram shown on the right side) using randomly drawn cells from the study area. B - The 

receiver operating characteristic (ROC) curves for the SDMf model (blue) and 500 null models (red). 

Habitat suitability 

Since the SDMf performance based on the ROC analysis was much better than expected 

by chance, it was considered a valuable model for characterization of the sei whale 

summer habitat in the study region. A new model was produced with the exact same 

settings as SDMf except regarding the output format that was changed from “raw” to 

“logistic”. The logistic output enables the calculation of habitat suitability probabilities, 

conditioned on the environmental variables [89]. These values were used to create two 

types of habitat suitability maps. 

In Figure 3-4 habitat suitability values are represented by a colour gradient, giving a 

representation of the relative suitability of the habitat throughout the study area. A 

highly suitable region is clearly seen inside the Gulf of Maine, in the area corresponding 

to the Wilkinson Basin region. The model also gives high suitability scores to the area 

along the shelf break. Areas of lower but still noticeable suitability are placed inside the 

Bay of Fundy, over the Emerald Basin (Scotian Shelf) and over the margin of the Gulf 

of St. Lawrence along the Laurentian channel. In contrast suitability clearly decreases 

over shallow banks, which can clearly be seen over Georges, Sable Island and Misaine 

Banks. 
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Figure 3-4: Summer habitat suitability for the sei whale in the study region. Warmer colours (red) 

represent areas that are more suitable, whereas cooler colours (blue) are less suitable. The isobath of 500 

m, corresponding to the approximate position of the shelf-break, is shown as a continuous yellow line. 

For some applications a state-structured model may be more appropriate. The 10% 

minimum probability of suitable habitat calculated by MAXENT was used to produce 

the map in Figure 3-5. Assuming that some errors may exist in the data, this threshold 

defines the suitable habitat by including the best scoring 90% of the data used in 

training the model and thus eliminating most minor errors in the data. The resulting 

threshold corresponds to a minimum suitability probability of 0.2783. Other thresholds 

could be used, depending on management goals and confidence in the data quality. 

In Figure 3-5 is clear that over the continental shelf, suitable habitat is found in some of 

the deepest areas. Nevertheless, not all deep areas are included in the suitable habitat 

defined by the model, which is clear in the case of the Jordan Basin in the Gulf of 

Maine and the Laurentian Channel northeast of the Gulf of St. Lawrence. 
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Figure 3-5: Habitat suitability for the sei whale using a threshold of 0.2783 suitability probability 

(transparent red shade). See text for further explanation of threshold calculation. Bathymetry is 

represented as shades of blue. The isobath of 500 m, corresponding 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 model of the sei whale summering 

habitat off New England and Nova Scotia that could be used to aid in conservation 

management. Since the available systematic survey data clearly did not cover the entire 

habitat used by the species, it was necessary to use a presence-only modelling approach. 

By carefully choosing ecologically relevant variables and tuning the model, the 

resulting SDM was significantly better than expected by chance and can be a valuable 

tool for the management of this and other whale species in that region. 

No model is perfect and there is always space for refinement. Inclusion of prey 

abundance as a predictor would be one of the ways of achieving that in the present case. 

The inclusion of prey abundance as a predictor improved model accuracy of habitat 

suitability maps for the right whale using the MaxEnt approach [64]. As mentioned 

above, a model of prey abundance was also developed for the present work but the 

available data was insufficient to cover the entire study region. Within a different or 

smaller study area, using prey abundance could be an option and would probably 
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improve model accuracy. But that improvement would come at the expense of 

transferability of the ENM since prey data is lacking for most areas. Thus, for the goals 

of the present work, the inclusion of prey abundance in the model was considered 

counter-productive and was abandoned. Instead, variables that probably have low 

ecological significance to the sei whale but are believed to influence prey distribution 

and abundance (such as Chl-a concentration and some topographic variables) were 

included in the model. As a result, the variables retained in the ENMf probably reflect 

not only those important to the whales but also those that effect prey distribution and as 

a result are influential in shaping the whales’ feeding habitat.  

Models are based in underlying assumptions that must be carefully considered for their 

plausibility. Probably the strongest assumption in the model presented here is that the 

10 year climatologies for SST and Chl-a concentration are representative of the entire 

period covered by the sei whale sightings data used to train the model. Since SST had 

the most contribution to the model among the retained variables, major changes in this 

variable over the study period may influence the results. Large Marine Ecosystems 

(LMEs) thermal characteristics are changing, but changes are not uniform and strong 

regional variations are noticeable [142]. The area for which the SDM was developed in 

this study encompasses two LMEs: the Scotian shelf and the NE US shelf. The NE US 

shelf is warming slowly but changes in the Scotian shelf are considered fast with a net 

increase of 0.89°C between 1982 and 2006 [142]. It is important to understand how this 

could have affected the resulting SDM. Of the 854 presence points used to train the 

model only 192 (22.5%) were positioned over the Scotian shelf. Thus any effects of the 

warming of the Scotian shelf over the predictions of the model are restricted. Moreover, 

the net increase of 0.89°C is much lower than the inter-annual variability that whales 

(and prey) have to experience in the region [142]. Consequently this increase is 

probably within the variation tolerated by the animals. The option to deal with this 

temporal mismatch between the climatologies and part of the sighting data would be to 

use only sightings from the same period as the climatologies. However, the resulting 

sightings dataset would comprise mostly observations from surveys that were shown to 

be spatially biased (Figure 3-1-A). Taken all into consideration, the spatial bias was 

regarded to be more adverse than the bias from ocean warming. 

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

by the observed species. Model predictions are no more than the geographic projection 
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of the environmental conditions most closely associated with the occurrence data, 

identified during model training [19]. Even if an area is deemed suitable there can be 

factors that preclude its use by the observed species such as physical barriers, 

competition with other species, inability of occupying all the available habitat (by small 

or depleted populations, for example), among other [1]. A clear example is evident in 

the present work by the stretch along the margin of the Gulf of St. Lawrence identified 

by the SDMf as suitable habitat for the sei whale. Evidence of sei whale presence in that 

area could not be found in the literature. 

In a way, this constitutes a Type I (commission) error since it can be interpreted as the 

model predicting the presence of the species where it in fact is not (but it should be 

stressed that the model is predicting potential and not realized habitat). A commission 

error is the converse of Type II (omission) error, when a model predicts the absence of 

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

The implications of Type I and Type II errors for conservation planning must be 

understood and weighted when deciding on management procedures. If only part of the 

suitable habitat identified by the SDM is to be selected for management purposes, 

commission errors may lead to the selection of areas that are irrelevant in protecting the 

observed species. Moreover, creating management measures in areas where the species 

is absent has direct and indirect costs and should be avoided. On the other hand, 

omission errors may lead to neglecting the selection of sites that may include essential 

habitat for the species. Ideally SDMs would be devoid of those errors but in reality 

perfect truth cannot be attained by a model [19,143]. Thus, critically interpreting model 

results and deciding on how to balance model credibility (based on a desired, subjective, 

confidence level) and applicability (regarding to which extent model results are useful) 

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

In the present case the fact that there are no known records of the sei whale in the Gulf 

of St. Lawrence is a strong indicator that we are in the presence of a commission error. 

In many cases, however, this type of error would not be as easily detectable. In fact, one 

of the goals in creating an SDM may be identifying new areas where a species has not 

been detected for lack of survey effort (e.g. [146]). In such cases, other measures can be 

undertaken. As mentioned before, the suitability values calculated by the model can be 

used in setting a threshold to down-weight marginal habitats [144]. Another approach is 

to survey areas identified as potential habitat to confirm the presence of the target 
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species. The latter option obviously has costs but since the potential habitat areas 

identified by a model are normally much smaller than the whole study area, creating an 

SDM can be an efficient way of allocating limited funds. 

The model developed here was designed to give a wide scale picture, both at spatial and 

temporal dimensions. The areas identified as suitable habitat are probably oversized at 

any given moment, as whale distribution in the feeding areas tends to be patchy as 

reflex of prey distribution. Depending on the management goals, models can be 

developed at much higher resolution and/or at smaller spatial and temporal scales. For 

instance, Pendleton et al. [64] developed a predictive model of habitat suitability for the 

right whale at 8 day resolution that can aid in creating near real-time adaptive 

management measures. In principle, that can also be achieved with the model created in 

the present work. After the model has been trained it can be used to forecast changes in 

habitat suitability (projecting in the MAXENT terminology) for new environmental 

configurations, as long as the predictors used to train the model are maintained [89]. 

Thus the model predictions could be updated at any desired time scale by projecting 

predictions into different environments resulting from changes of highly dynamic 

predictors such as SST and Chl-a concentration. 

Ecological interpretation and consequences of model results 

The resulting suitability scores from the SDMf clearly show distinct areas of high and 

low habitat suitability, demonstrating that whales do not use the whole study area in the 

same manner. Thus more efficient management can be attained by focusing efforts and 

resources in specific areas inside the study region. These results can in fact be used to 

create cost-effective survey designs that can improve data quality for future ecological 

and population studies of the sei whale in the region.  

The MaxEnt approach is more focused in creating accurate SDMs than in unveiling the 

form of the relationship of the dependent and predictor variables. For that goal other 

approaches are more appropriate [95]. Nevertheless, the ranking of the permutation 

importance scores of the variables calculated by MAXENT can be viewed as proxy for 

habitat preferences, giving some insight into what is relevant to the animals [64,89]. In 

the final model, SST had the highest permutation importance score, followed by 

bathymetry. These two variables are known to influence the sei whale distribution [57] 

and it is natural that they contributed the most to the model. Despite bathymetry not 
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being the most important predictor, it still seems to be important in defining the 

preferred habitat of sei whale. According to the SDM f the shallower areas do not 

comprise suitable habitat (Figure 3-5), which is in agreement with what is known about 

the habitat preferences of the species [57]. Nevertheless not all deep areas (see for 

example the Jordan Basin) seem to comprise suitable habitat, which is natural given the 

contribution of the other variables. 

The only other variable retained in the SDMf was lnChl-a. Chlorophill-a concentration 

is a proxy for primary production and it probably has low direct ecological relevance to 

the sei whale. However, as mentioned above, primary production drives the distribution 

and abundance of grazing zooplankton such as the C. finmarchicus, which in turn drives 

whale distribution. The retention of the variable in the model shows that it still has some 

explanatory power but its low permutation importance is probably due to the indirect 

influence in the habitat preferences of the sei whale. 

Some of the most important areas identified in the model were expected to be important 

for the sei whale either by the sheer number of sightings in a given area or by ecological 

relevance. The Wilkinson basin came up as a highly suitable habitat for the sei whale. 

Judging by the clustering and number of sightings in the area this was an expected 

outcome. The shelf break also seems to comprise important summering habitat for the 

sei whale. Strong shelf-slope fronts develop in the areas southeast of Georges bank and 

off the Scotian shelf [147] and may explain this apparent affinity of the whales for the 

shelf break. The association of marine predators with fronts is well documented 

throughout the literature, namely for pelagic fishes (e.g. [148,149]), sea turtles (e.g. 

[150,151]), seabirds (e.g. [152-154]) and marine mammals, including the sei whale (e.g. 

[127,150,152,155-157]). It is believed that these associations with oceanic fronts 

enhance foraging efficiency by concentration of prey through convergence or by 

increased prey biomass due to elevated primary production [152]. 

It comes as an interesting outcome that the variable slope, presumably a proxy for the 

presence of the shelf break, was not retained in the SDMf. The fact that the model was 

able to identify the shelf break as suitable habitat even after the discarding of that 

variable indicates that the oceanographic processes are more important to the animals 

than the topographic configuration of the bottom. 

Part of the habitat characterized as suitable for sei whales in this study overlaps with the 

feeding habitat of the highly endangered right whale. The southernmost part of the 
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Wilkinson basin and the entrance to the Great South Channel have been identified as 

important feeding habitat for the right whale due to the dense and predictable 

aggregations of the copepod C. finmarchicus [64,158]. This copepod is known to be the 

main prey of the sei whale in the Gulf of Maine [159-161] and the coincidence of 

feeding habitats unveiled by this study raises the question about how much competition 

for prey exist between the sei and right whales in the study region. 

The North Atlantic right whale is one of the most endangered cetacean species, with 

population effectives numbering on few hundred animals and with an exceedingly slow 

recovery rate from past whaling [67]. Calf production in the right whale is influenced by 

the abundance of C. finmarchicus and competition between this whale species with 

other predators such as zooplanktivorous fish and sei whales may be among several 

factors slowing down the recovery of the population [160-162]. 

Debate about the potential competition between sei and right whales for the same 

resources is not new, but Kenney et al. [162] suggested that in the shelf waters of the 

U.S. this should not be an issue due to little distributional overlap between the two 

species. That reasoning is in contrast with the findings from this work. The present 

work focuses on a much wider scale than that alluded by Kenney et al. [162] and may 

miss some detail at lower scale. On the other hand, compared to what was available to 

Kenney et al. [162], this work benefited from a longer sampling period and larger 

sightings dataset, as well as a state of the art habitat modelling tool. It is possible that at 

scales in the order of few kilometres some segregation between the two species do exist, 

which in practical terms would mean that the whales are not competing for the same 

prey patches. Nevertheless, the results reported here indicate that the feeding habitats of 

the two species partially overlap at a broader scale. Even if whales are not competing 

for the same patches of food, they are probably using the same prey population. 

Interspecific competition between the predators of C. finmarchicus in the region are 

complex and difficult to quantify, but should be more noticeable in years of lower 

copepod abundance [160]. In fact it seems that competition may be more detrimental for 

individual sei whales than for right whales since the latter can feed both at depth and at 

the surface, while sei whales seem to feed only near the surface [159,160,163]. 

Nevertheless, due to its endangered status, the right whale probably is the species of 

more concern regarding effects at a population level from competition with other 

predators. In face of the results from this study, further investigation should be carried 
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on the potential effects of competition between sei and right whales, as well as with 

other C. finmarchicus predators in the region. 

Conclusions 

Between climactic changes and human activities, the threats to whales are increasing 

and tools for their proper management are invaluable [164,165]. It is critical that we 

understand how these animals use their habitat, how we are impacting that habitat and 

how environmental changes may affect them. This is especially relevant for 

insufficiently studied species such as the sei whale [57]. In that sense the development 

of species distribution models such as the one presented here are of paramount 

importance for their contribution in the development of proper management measures. 

The utility of the SDM that resulted from the present work seems clear. By knowing 

which are the most relevant areas for the animals, direct and indirect threats can be 

investigated and acted upon if necessary. For example, with the results of the SDMf it 

will be easier to access if sei whales are facing habitat degradation or loss in the region 

or if (and where) they face direct threats such as ship strikes or becoming entangled in 

fishing gear [165].  

The SDM created in the present work improves our understanding not only about the sei 

whale but also the relationship of this whale with another important species in the study 

region, such as the right whale. This result shows how coupling SDMs for different 

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

comprehensive management of the ecosystem. 

Some of the limitations of the model and strategies for its improvement have been 

identified and depending on data availability more refined models can be created using 

the same procedures laid here. Even at its present state, the model could be easily used 

to predict habitat suitability at different spatial and temporal scales including for near 

real-time management approaches such as that proposed by Pendleton et al. [64]. The 

inclusion of prey as an explanatory variable would probably improve model accuracy 

and efforts should be made on that direction in the future. 
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FOURTH CHAPTER   

Assessing performance of Bayesian state-space models fit to Argos 

satellite telemetry locations processed with Kalman filtering 

ABSTRACT: Argos recently implemented a new algorithm to calculate locations of 
satellite-tracked animals that uses a Kalman filter (KF). The KF algorithm is reported to 
increase the number and accuracy of estimated positions over the traditional Least 
Squares (LS) algorithm, with potential advantages to the application of state-space 
methods to model animal movement data. The performance of two Bayesian state-space 
models (SSMs) fitted to satellite tracking data processed with KF algorithm were tested. 
Tracks from 7 harbour seals (Phoca vitulina) tagged with ARGOS satellite transmitters 
equipped with Fastloc GPS loggers were used to calculate the error of locations estimated 
from SSMs fitted to KF and LS data, by comparing those to “true” GPS locations. Data 
on 6 fin whales (Balaenoptera physalus) were used to investigate consistency in 
movement parameters, location and behavioural states estimated by switching state-space 
models (SSSM) fitted to data derived from KF and LS methods. The model fit to KF 
locations improved the accuracy of seal trips by 27% over the LS model. 82% of 
locations predicted from the KF model and 73% of locations from the LS model were <5 
km from the corresponding interpolated GPS position. Uncertainty in KF model estimates 
(5.6±5.6 km) was nearly half that of LS estimates (11.6±8.4 km). Accuracy of KF and LS 
modelled locations was sensitive to precision but not to observation frequency or 
temporal resolution of raw Argos data. On average, 88% of whale locations estimated by 
KF models fell within the 95% probability ellipse of paired locations from LS models. 
Precision of KF locations for whales was generally higher. Whales’ behavioural mode 
inferred by KF models matched the classification from LS models in 94% of the cases. 
State-space models fit to KF data can improve spatial accuracy of location estimates over 
LS models and produce equally reliable behavioural estimates.  

INTRODUCTION  

The collection of individual animal movement data has become widely utilized by 

ecologists in the last decade due to the improvement of the underlying technologies and 

reduction of operational costs involved in animal telemetry. Of the several technologies 

available, one of the most popular is that based on satellite tags (platform transmitter 

terminals, PTTs) using the Argos system [1]. However, most satellite tags record 

observations at irregular intervals and with considerable error, meaning that movements 

are observed neither continuously nor with complete accuracy. The Argos service 

provider assigns a quality index, or location class (LC), to each position based on its 

estimated precision. The radius of error (assumed to include 68% of positions) for each 

LC is: LC 3<250m, LC 2 250-500m, LC 1 500-1500m, LC 0 >1500m, and LC A, B and 

Z for which no estimate of error is provided [2]. However, attempts to measure spatial 

error of Argos locations using either stationary tests or double-tagging experiments with 

free-ranging animals consistently reported larger errors than those indicated by Argos. 
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Many of these studies also provided error estimates for location classes A and B, 

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

Varying accuracy and precision, and unevenness in space and time of telemetry data can 

affect the determination of distribution, habitat use and behavioural patterns of animals 

and severely bias the calculation of movement metrics [3-5]. Therefore, advanced 

statistical methods are necessary to account for spatial error and temporal irregularity in 

the data and to understand the movement behaviour of the tracked animals. 

Jonsen et al. [6] proposed a state-space framework for analysis of movement data that 

was further developed in Jonsen et al. [7-9], in order to deal with the biological and 

statistical complexities associated with animal tracking data. State-space models 

(SSMs) offer a powerful way to infer latent movement from imperfect estimates of 

animal locations by allowing uncertainty in both the observations and in the movement 

dynamics to be accounted for separately in the estimation process. Additionally, 

movement models can include behavioural or environmental effects, enabling a better 

understanding of the interaction between an animal’s behaviour and its environment [8-

11]. SSMs have been used widely among ecologists and are currently one of the tools of 

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

Geolocation of animals tracked with Argos systems is based on the Doppler shift of the 

tag’s fixed transmission frequency; i.e. the frequency shift of the tag’s signal received at 

the orbiting satellite as it approaches and moves away from the tag [18]. The system 

estimates two possible positions, which are symmetrical on each side of the satellite 

ground track. Until recently, Argos used a non-linear Least Squares (LS) algorithm to 

refine the tag’s position estimates and to select the one with the minimal residual error. 

However, the LS positioning algorithm presented a number of limitations and affected 

the quality of the tracks obtained. For instance, when the LS algorithm could not 

complete the refinement routine or check the validity of the most plausible location 

estimate, no position was provided. In addition, the process required at least two 

transmissions (also called messages) during a single satellite pass to compute a position 

and at least four messages to produce an error estimate.  

In May 2011, Argos implemented a new algorithm that accounts for movement 

dynamics and uses a Kalman filter (KF) to estimate positions [1,19]. The algorithm uses 

a correlated random walk model to predict the next position and its estimated error 

based on the previous positions and estimated error. It then uses the Doppler frequency-
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shift measurements acquired during a satellite pass to update the position predicted by 

the model and return a final position. Compared to the LS method, the Kalman filtering 

estimator is reported to improve the accuracy of estimated positions and to increase the 

number of positions up to 13% [19]. Such improvements may have a significant impact 

in studies where relatively few messages are received with each satellite pass, which is 

the case for many marine and dense forest species. 

Although the new processing algorithm may bring significant advantages, it may also 

introduce changes in the autocorrelation structure of the Argos satellite data. Given that 

many published SSM applications for animal tracking data do not currently account for 

the potential autocorrelation in location errors introduced by the new KF algorithm, 

models fit to datasets with differing degrees of autocorrelated errors could lead to biased 

estimates of movement parameters, behavioural states, and their uncertainties. Several 

studies have examined the validity of SSMs applied to data obtained with the LS 

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

none examined how changes introduced by the KF algorithm might affect the 

application of these models.  

The aim of the present work is to assess the performance of Bayesian SSMs fit to 

satellite tracking data processed with the new KF positioning algorithm introduced by 

Argos. This work used two real datasets from marine taxa that differ greatly in their 

movement ranges– harbour seals (Phoca vitulina) and fin whales (Balaenoptera 

physalus) – as SSMs are known to be sensitive to the scale of movement [20]. Using 

data from 7 harbour seals instrumented with ARGOS satellite transmitters equipped 

with Fastloc GPS loggers (hereafter GPS/Argos tags), estimated locations from a 

hierarchical SSM (hSSM) fit to data processed with KF and LS algorithms were 

compared to the GPS positions obtained from the same tag to (1) assess spatial accuracy 

of locations from models fit to data derived from each algorithm; and (2) determine how 

spatial accuracy varies with observation frequency, temporal resolution and reported 

precision of Argos locations. Models fit to fin whale tracks could not be evaluated 

through comparison with GPS data because whales were instrumented with Argos-only 

transmitters. Satellite tracks of 6 fin whales were used to compare location and 

behavioural states estimated from a switching state-space model (SSSM) fit to the KF 

data to those from models fit to the classical LS algorithm. Whale tracks were analysed 
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with different temporal resolutions to test whether and how the quality of tracking data 

affected the similarity of the output from SSSMs fit to LS and KF data. 

MATERIAL AND METHODS  

Ethics Statement 

All seal handling and tagging procedures were carried out under license number 

60/4009 issued by the UK Home Office under the Animals (Scientific Procedures) Act 

1986. Fieldwork and whale tagging in the Azores were developed under research 

permits by the administrative authorities of the Autonomous Region of the Azores. All 

procedures in whales followed the guidelines of the American Society of Mammalogists 

[23]. 

Data collection and processing 

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

LS locations/data and KF locations/data refer to the locations/data provided by Argos 

that were derived from the application of the LS and KF algorithms, respectively; and 

ii) LS or KF model refer to the state-space models fit to data derived from the 

application of either the LS or KF algorithm. As explained below, the same models 

were fit to LS and KF datasets. 

Harbour seal data 

GPS/Argos tags were deployed on harbour seals in the Eden Estuary, south-east 

Scotland and around Eday, Orkney between May and July 2012. Animals were caught 

on or close to haul-out sites using hand, seine or tangle nets and subsequently 

anesthetised with Zoletil® as detailed in Sharples et al. [24]. Tags were attached to the 

fur at the back of the neck using Loctite® 422 Instant Adhesive. Tag duration ranged 

from 25 to 65 days (median 41 days).  

The Fastloc GPS data used in this study were transmitted via the Argos system, 

providing high resolution at sea locations. The Argos transmissions also generated a 

concurrent series of standard Argos locations. In order to conduct this study, messages 

from the satellite transmitters were processed by the Argos service provider (CLS, 

Ramonville Saint-Agne, France) using both the LS and KF processing algorithms.  
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Fastloc GPS positions are more accurate and precise than Argos locations and in the 

present study were assumed to represent the seals’ “true” position. However, GPS 

accuracy is known to decrease when Fastloc calculations are based on fewer satellites 

[25,26] and when residual error is high [27]. GPS data were therefore cleaned according 

to the Sea Mammal Research Unit protocol where locations estimated with <5 satellites 

and with residual errors=0 or >25 were removed [27]. Tests on land showed that over 

95% of the cleaned locations had an error of <50 m [27].  

As central-place foragers harbour seals haul-out on land between foraging trips. Thus, it 

was necessary to remove haul-out locations from the data before fitting any models. 

Although the GPS/Argos tags have a wet/dry sensor which records haul-out events, only 

a subset of these records are received via the Argos system. These animals often range 

in near shore waters and the large measurement error in Argos observations means such 

observations could not be used to define whether a location fell on land. Thus, the 

Fastloc GPS positions were used to define the precise time seals departed and returned 

to land. Positions within 200 m from all shorelines were also considered as haul-out to 

buffer against errors in GPS positions and because harbour seals haul-out on intertidal 

sandbanks. This procedure may have excluded valid parts of a few foraging trips but 

this shouldn’t affect algorithm comparison in anyway. Consecutive at-sea locations 

between haul-out events thus formed an individual foraging trip. A series of trips were 

defined within each seal GPS track and, for each trip, all LS and KF locations obtained 

between 5 minutes prior to and 5 minutes after the trip were selected. Only trips with 

≥30 LS and KF locations were subsequently used for model fitting. The seal dataset 

analysed in the next sections consisted of 1174 GPS, 1339 Argos LS and 2083 Argos 

KF positions obtained during 31 foraging trips of 7 different seals (Table A-II.3; 

Appendix II).  

Fin whale data 

The data consisted of Argos-derived surface positions obtained from PTTs (model 

SPOT5-implantable, Wildlife Computers, Redmond, Washington, USA) attached to the 

flanks of 6 fin whales. Whales were tagged off Faial and Pico islands (38ºN 28ºW), 

Archipelago of the Azores (Portugal), in September 2009, April and May 2010. All tags 

were programmed to transmit on a daily basis, every hour of the day up to a maximum 

of 500 messages per day. Details about the tagging methodology, movements and 
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inferred behaviours of these whales are described in Silva et al.[28]; here the focus is on 

the analyses of model fitting and performance. Like in the case of the harbour seal data, 

location data was requested to be processed with both the LS and KF algorithms.  

The KF algorithm consistently yielded more positions per individual whale than the LS 

algorithm (Table A-II.4; Appendix II). To compare the regular, estimated locations from 

the LS model with those from the KF model for each whale dataset, only the positions 

from the KF data that were within 2 minutes of a LS position were selected (hereafter 

called the KF reduced dataset). A second model was fitted to all KF locations to 

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

from a LS model.  

State-space models 

State-space models couple two stochastic models: a process model (transition equation) 

that estimates the current state (e.g. location and behavioural state) of an animal given 

its previous state, and an observation model that relates the unobserved location states 

estimated by the process model to the observed data (locations obtained from Argos). 

The SSM described in Jonsen et al. [8] uses a first-difference correlated random walk 

(DCRW) as the process model to describe movement dynamics. The SSSM also uses a 

DCRW as the process model but allows movement parameters to change between two 

discrete behavioural states – for example, transiting versus area-restricted search (ARS; 

[29]) – by including a different DCRW model for each [9].  

Model fit to harbour seal data 

Initially an attempt to fit a SSSM to the harbour seal data was made but the same 

problems noted by Breed et al. [20] using simulated tracks were encountered. These 

authors showed that when the scale of movement is small relative to observation error 

and frequency, the models are unable to accurately estimate location and behavioural 

states. Even though the temporal resolution of the seal data was reasonably high (Table 

A-II.3; Appendix II), the SSSM provided a poor fit, resulting in unreliable location and 

behavioural estimates, irrespective of the algorithm used (although models fitted to KF 

data behaved slightly better). It is possible that movements of harbour seals are best 

analysed with different models (e.g. [30]) but this evaluation is beyond the scope of this 

paper. 



 

117 

Thus a SSM [8] was fit to the harbour seals’ satellite locations derived from the LS and 

KF algorithms. The SSM was fit as a single hierarchical model (hSSM) [5] to all trips of 

all seals simultaneously, as this significantly improved parameter estimation, especially 

for data-sparse trips. 

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

formulated within a hierarchical framework becomes: 

 

dL,M~OEPγL,MΤPθL,MTdLU ,V , ∑T 

where dt-1 is the displacement between unobserved locations xt-1 and xt-2, and dt is the 

displacement between unobserved locations xt and xt-1. T(θ) is a transition matrix that 

provides the rotation required to move from dt-1 to dt, where θ is the mean turning angle. 

γ is the move persistence coefficient (i.e. combined autocorrelation in direction and 

speed). N2 is a bivariate Gaussian distribution with covariance matrix ∑ and represents 

the randomness in animal movement. 

The observation equation accounts for the irregularity and variable errors in the 

observed Argos locations. Errors in latitude and longitude are modelled with a t-

distribution using independent parameter estimates derived for each Argos location 

class [8,31]. The same observation equation was fitted to data processed with LS and 

KF algorithms. Further details about the SSM are provided in Jonsen et al. [5,8]. 

Model fit to fin whale data 

The Bayesian switching state-space model (SSSM) described in Jonsen et al. [9] was 

fitted to the Argos satellite-based location estimates of fin whales derived from the LS 

and KF algorithms. The transition equation for the SSSM is similar to that of a SSM: 

 

dL~OEPγXYΤPθXYTdLU , ∑T 

but in this case the movement parameters θ and γ are indexed by behavioural state b. At 

each displacement t, the estimated behavioural state b corresponds to the set of 

parameters θ and γ that provide the best model fit. 
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The observation equation used to model the irregularly observed LS and KF fin whale 

locations was that same used for the SSM.  

Model implementation 

Models were fit using R (R Development Core Team 2012) code provided in the 

supplement to Jonsen et al. [5]. The code implements hSSM and SSSM using Markov 

Chain Monte Carlo (MCMC) methods using the program Just Another Gibbs Sampler 

(JAGS). 

The hSSM was fitted separately to the harbour seals’ location data (excluding Z class 

locations) obtained from each algorithm using a time step of 2 hours, corresponding to 

the average temporal resolution of the LS data. For the hSSM fit to the KF and LS 

satellite datasets, two MCMC chains for 60.000 iterations were run, dropping the first 

50.000 samples as a burn-in and retaining every 10th sample from the remaining 10.000 

assumed post-converge samples from each chain to reduced sample autocorrelation. 

Thus, model parameters and estimates of seals’ locations were calculated using a total 

of 2.000 MCMC samples. 

The SSSM was fitted separately to the fin whales’ data obtained from each algorithm 

(after removing Z class positions from both datasets) using a time step of 3 hours, 

corresponding to the average temporal resolution of the LS data. For each SSSM two 

MCMC chains for 45.000 iterations were run, discarding the first 40.000 samples and 

retaining every 5th from the remaining 5.000 samples from each chain. A total of 2.000 

MCMC samples were used to calculate model parameters and estimates of whales’ 

locations and behaviours. 

hSSM and SSSM convergence and sample autocorrelation were assessed by visually 

inspecting trace and autocorrelation plots and using the Gelman and Rubin scale 

reduction factor (R-hat) diagnostic available in R package boa. 

Data analysis 

The Argos locations per seal trip greatly exceeded those of Fastloc GPS, and the latter 

were also more irregular in time (Table A-II.3; Appendix II). Therefore, in order to 

estimate the accuracy of locations predicted by LS and KF models, only those locations 

within 30 min of a GPS position were selected at first. Then the “true” position of the 

seal at the time of those modelled locations was estimated by linear interpolation 



 

119 

between two consecutive GPS positions [32]. Finally, the linear error and absolute 

latitudinal and longitudinal errors between each modelled location and the 

corresponding interpolated GPS position were calculated.  

To investigate if and how the quality of Argos telemetry data affects spatial accuracy of 

LS and KF models, location errors from seal trips with different temporal resolutions, 

spatial precisions and frequency of observations were compared. Linear mixed-effects 

models were used, with seal and individual trip as random effects to account for 

behavioural differences among seals and unequal sample sizes across trips. Errors were 

log transformed to ensure linearity with continuous predictors. Algorithm (LS vs. KF) 

was included in the model as a categorical predictor and continuous predictors were 

number of Argos locations used to fit the model, average length of time between 

locations (hereafter time step), and proportion of positions of LC 0, A and B (hereafter 

LC 0-B). Values of these continuous predictors for each seal trip are given in Table A-

II.3 of Appendix II. A model with interactions between algorithm and all continuous 

predictors was fitted to allow investigating if the effect of data quality was consistent 

among the LS and KF models. 

In the case of the SSSM fit to the whale data, it was only possible to determine how 

well the KF models performed in relation to models fit to the LS algorithm. For each 

whale, the medians, inter-quartiles and 95% credible limits (95%CL) of parameter 

estimates of LS and KF models were compared. The longitudinal and latitudinal 

differences between pairs of location estimates from the LS and KF models for each 

whale were also calculated. For each location predicted by the LS model a probability 

ellipse was estimated, determined by the 95%CL obtained from the model. The 

proportion of location estimates from the reduced KF model that fell within the 95% 

probability ellipse of the corresponding LS position was then estimated. 

To understand if the KF algorithm introduced significant changes in the ability of the 

SSSM to resolve behavioural state, the percentage of agreement in behavioural 

classification between the LS and KF models was calculated. Whale behaviour at each 

3-h location was inferred from the output of the SSSM. Because behaviour is treated as 

a binary variable, MCMC samples can only assume the values 1 (inferred as transiting) 

or 2 (inferred as ARS), b at each location was estimated as the mean value of the 

MCMC samples. The same cut off points as Jonsen et al. [9] were used: locations with 
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mean estimates of b<1.25 were assumed to represent transiting, b>1.75 ARS, and 

between these values were considered “uncertain”.  

Finally, the whale tracks from a model fitted to the full KF dataset were compared to 

those from the models applied to LS data. The SSSM was fitted to the full KF data 

using the same time step as above. For each whale the distance (in km) from locations 

estimated by the full KF model to the track estimated by the LS model were calculated. 

Only data from days when both methods delivered satellite locations were used in that 

comparison. 

Means are presented ± standard deviation (SD) throughout. All distances were 

calculated using a great-circle route. Statistical analyses were performed in R software 

using packages nlme and MASS. 

RESULTS 

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

The KF algorithm provided 2083 locations, 1.5 times more than the LS algorithm and 

1.8 times more than the GPS transmitted via Argos (Table A-II.3; Appendix II). The 

increase in the number of locations per trip in relation to the LS data ranged from 12 to 

137% with an average of 56%. A total of 368 LS and 375 KF model locations were 

within 30 min of a GPS position and were used to compare spatial accuracy of locations 

derived from each hSSM (Table 4-1).  

Errors in locations estimated from LS and KF models showed the same elliptical 

distribution in relation to interpolated GPS positions, with a clear directional bias in the 

longitudinal error component (Figure 4-1). Average longitudinal errors ranged between 

-0.20º‒0.20º (mean=-0.003) for LS models and between -0.36º‒0.17º (mean=0.001) for 

KF models. Latitudinal errors ranged between -0.10º‒0.08º (mean=-0.002) for LS 

models and between -0.10º‒ 0.09º (mean=0.001) for KF models. Overall, the mean 

distance of KF model locations to interpolated GPS positions was lower (2.9±2.9km) 

than that of LS model locations (3.5±3.0 km) (Table 4-1). About 31% of all locations 

predicted from the KF model were within 1km from the interpolated GPS position and 

82% were less than 5 km. For locations predicted from the LS model, 24% and 73% 

were respectively within 1 km and 5 km from the corresponding interpolated GPS 

position. The KF model produced smaller mean errors for 27out of 31 trips (Table 4-1). 
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Predicted trips from the KF model were 27% (range: 1‒57%) more accurate than trips 

derived from the LS model. However, standard deviations of KF errors were sometimes 

higher suggesting that location accuracy varied considerably within the same trip (Table 

4-1). Average errors of trips increased as the average distance between locations (step 

length) increased. For trips with an average step length ≥6 km, the average error of KF 

modelled locations was 4.6±0.4 km, and of LS modelled locations was 5.9±1.2 km. 

 

 

Figure 4-1 Errors in locations estimated from LS and KF models. Errors in harbour seal locations 

estimated from state-space models fit to Least Squares (LS) (black) and Kalman filtered (KF) (red) data 

are plotted as offsets from “true” GPS positions. Standard ellipses were fitted to 95% of LS (black line) 

and KF (red line) error points. 

Two representative tracks of foraging trips reconstructed using GPS positions, and LS 

and KF modelled locations are shown in Figure 4-2. In general, modelled tracks closely 

matched the GPS tracks, especially during periods of directed movement. Yet, tracks 

predicted by the LS model occasionally diverged greatly from the GPS track and tended 

to extend over a wider area in periods of torturous movements.  
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Table 4-1: Errors in locations estimated from models fit to Least Squares (LS) and Kalman filtered (KF) data for all harbour seal trips. 

Seal Trip LS model KF model Variation in mean errors 
(%)** N* Mean error (km) Error range (km) N* Mean error (km) Error range (km) 

1545 11 8 2.6±1.7 0.4‒5.1 8 1.7±1.4 0.1‒3.9 -34 
 21 9 1.9±2.0 0.1‒5.6 8 0.8±0.4 0.4‒1.5 -57 
 23 5 2.2±1.3 1.2‒4.3 6 0.9±0.3 0.6‒1.4 -56 
 27 14 1.9±2.3 0.1‒8.6 15 2.2±2.4 0.1‒7.9 16 
 28 13 1.5±2.1 0.1‒7.6 13 1.5±1.5 0.1‒5.1 -2 

28503 11 12 2.2±1.9 0.2‒6.9 14 2.0±2.3 0.2‒8.5 -10 
 18 12 3.9±2.4 1.7‒9.4 11 3.1±2.7 0.3‒9.3 -23 
 19 14 4.5±3.1 0.2‒10.5 14 4.4±3.4 0.8‒13.9 -3 
 23 8 4.8±1.8 1.6‒6.8 8 4.2±2.9 0.9‒8.9 -13 
 42 5 2.9±1.7 1.0‒5.5 6 2.4±1.1 1.1‒3.8 -19 

43844 4 15 2.5±2.6 0.1‒10.0 14 1.6±1.6 0.1‒5.7 -36 
 8 8 1.7±1.5 0.2‒4.6 8 1.2±0.6 0.2‒1.9 -29 
 14 10 1.7±2.4 0.1‒8.0 12 1.4±1.7 0.1‒6.4 -23 
 16 13 1.5±1.5 0.2‒6.3 11 1.0±0.7 0.2‒2.3 -32 
 22 14 4.9±3.7 0.9‒13.6 14 2.5±2.7 0.2‒9.0 -48 

43871 7 24 3.6±3.5 0.3‒12.7 23 3.4±3.4 0.3‒11.7 -5 
 8 17 5.9±3.6 0.8‒11.8 17 4.3±3.2 0.7‒10.1 -27 
 13 21 4.9±3.7 0.3‒10.8 20 3.0±2.5 0.1‒9.4 -39 
 19 20 5.9±2.9 0.6‒11.5 20 4.5±2.8 0.2‒10.6 -24 

120346 24 13 1.9±1.4 0.5‒5.6 13 1.2±0.7 0.3‒2.6 -37 
 25 15 2.2±1.7 0.4‒5.4 15 1.6±1.3 0.2‒4.1 -31 
 26 5 4.3±2.9 1.3‒8.4 5 3.0±3.2 0.9‒8.7 -30 
 30 13 2.1±1.4 0.4‒4.9 13 1.1±1.0 0.1‒3.2 -48 
 32 7 1.7±1.4 0.6‒4.1 7 1.7±1.9 0.2‒5.9 -1 

120349 3 8 4.2±2.3 1.2‒7.1 8 4.5±3.5 0.6‒10.8 6 
 4 8 3.5±2.8 0.4‒7.9 8 4.2±3.9 0.9‒12.2 20 
 5 5 3.7±1.7 2.0‒6.1 5 1.9±1.7 0.8‒5.0 -48 
 6 10 7.7±3.5 1.1‒11.1 10 5.0±3.0 0.5‒8.8 -35 

120350 3 13 3.7±3.1 0.5‒9.4 13 3.1±2.3 0.1‒3.9 -16 
 4 14 3.2±3.1 0.3‒12.5 13 5.0±4.5 0.4‒1.5 56 
 5 15 4.2±2.4 0.7‒7.5 23 4.9±4.3 0.6‒1.4 17 

Total  368 3.5±3.0  375 2.9±2.9   

*N: Number of locations used to calculate errors in locations estimated from LS and KF models.**Variation in mean errors was calculated for each trip as the difference in the mean error estimated for KF and LS models divided by 
the mean error of the LS model. 
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Uncertainty in KF model estimates, as indicated by the width of the 95%CL (measured 

in km), was significantly lower than that of LS model estimates (KF model: 5.6±5.6 km; 

LS model: 11.6±8.4 km; t-test=-11.41, df=741, P<0.001). 

 

Figure 4-2 Harbour seal tracks obtained from GPS (yellow), LS (black) and KF modelled (red) locations. 

Estimated locations (circles) and tracks (lines) of harbour seals obtained from fitting state-space models 

to Least Squares (LS) (black) and Kalman filtered (KF) (red) data, in relation to the “true” GPS positions 

and track (yellow). A. Example of a trip with higher quality of Argos data: trip 7 of harbour seal #43871. 

B. Example of a trip with lower quality of Argos data: trip 22 of harbour seal #43844. 
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Figure 4-3. Trip-averaged error in locations estimated from LS and KF models relative to Argos data 

quality. Relationship between mean errors (±SD shown as vertical bars) in locations estimated from state-

space models fit to Least Squares (LS) (black) and Kalman filtered (KF) (red) data per harbour seal trip 

and quality of Argos telemetry data used to fit the models: A-B. Number of locations. C-D. Time step (h) 

between locations. E-F. Proportion of locations of LC 0-B. Different trips from the same seal have the 

same symbol. 

Effect of data quality on accuracy of LS and KF models fit to harbour seal data 

Observation frequency, temporal resolution and spatial precision of Argos data used to 

fit the SSMs varied among seals and trips and between the LS and KF models (Figure 

4-3, Table 4-1). Expectedly, the increase in number of locations that resulted from the 

application of the KF algorithm improved the temporal resolution of the KF data for all 

trips. However, it also increased the proportion of locations of lower spatial precision 

(Argos LC 0, A and B) in each trip. With few exceptions, trips from the same seal 

tended to have similar number of locations, time steps, and proportion of LC 0-B, 

suggesting an individual effect in the quality of Argos data. This could be due to tag 
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(e.g. battery power), instrumentation (e.g. tag placement) or behavioural-specific (e.g. 

surface behaviour and diving time) differences among seals or to a combination of all 

these factors.  

Mean errors (±SD) of LS and KF modelled trips were plotted in relation to the Argos 

quality parameters described above (Figure 4-3). Accuracy of modelled trips did not 

seem to improve with the observation frequency or temporal resolution of Argos data, 

but mean errors (and respective SD) in LS and KF estimated locations appeared to 

increase with increasing proportions of locations LC 0-B.  

A linear mixed-effects model was fitted to examine the effects of type of algorithm and 

of Argos quality parameters (spatial precision, observation frequency and time step) on 

estimated errors of modelled locations. The interactions between algorithm and the 

continuous predictors were the first to be dropped from the linear mixed-effects model 

based on AIC results, suggesting that quality of Argos data influenced the accuracy of 

LS and KF models in a similar way. The best fitting model indicated that observation 

frequency and time step of Argos data had no effect on the errors of locations estimated 

from the models, and only algorithm and proportion of locations of LC 0-B were 

significant (Table A-II.5; Appendix II). Contrary to what was expected, there was little 

variability among different seals in addition to the trip-to-trip variability and both the 

AIC and the likelihood ratio test indicated that individual seal could be dropped from 

the model (L=3.95×10-7, P=0.499), leaving trip as the only random effect. The best 

fitting model predicted larger errors for locations estimated from LS models compared 

to locations from KF models (Figure 4-4, Table A-II.5; Appendix II). On average, LS 

models will estimate locations that are 1.6 km farther from the true seal position relative 

to KF locations. Also, errors (on a logarithmic scale) are expected to increase as 

proportion of Argos locations with lower precision increases, and this relationship was 

similar for LS and KF models (Figure 4-4, Table A-II.5; Appendix II). 
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Figure 4-4. Predicted error in locations estimated from LS and KF models. Predicted error in harbour seal 

locations according to the best fitting linear mixed-effects model for A. State-space models fit to Kalman 

filtered (KF) data. B. State-space models fit to Least Squares (LS) data. 

Comparison of LS and KF models fit to fin whale data 

Medians and 95%CL of estimated model parameters of the reduced dataset were similar 

across whales and between the LS and KF algorithms. Both the LS and KF models 

distinguished well between the two behavioural modes (transiting and ARS), as 

indicated by the parameter estimates that aggregated into two non-overlapping groups. 

The estimated locations inferred from the KF model applied to the reduced dataset 

differed little from the locations output by the LS model. Differences in latitude and 

longitude between paired KF-LS locations were centred around zero but the latter 

showed a wider range of values (range for latitude: -1.1‒0.7º; range for longitude: -1.2‒

2.0º) (Figure 4-5). Differences in paired KF-LS locations were considerably higher for 

whale #80716. Removing data from this whale resulted in a considerable reduction in 

the range of latitudinal (-0.1‒0.2º) and longitudinal (-0.5‒0.4º) distances between KF 

and LS locations. Differences in latitude and longitude between paired locations showed 

no obvious trend with latitude, longitude, date, number of positions per track, or 

behavioural mode (not shown). 
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Figure 4-5. Differences in locations estimated from KF and LS models for all fin whales. Differences in locations estimated from switching state-space models fit to 

Kalman filtered (KF) (red dots) data are plotted as offsets from locations calculated from the same models fit to Least Squares (LS) data. Standard ellipses were fitted 

to 95% of KF data points. A. Fin whales #80702 (red), #80704 (blue) and #80707 (green). B. Fin whales #80713 (black), #89969 (orange). C. Fin whale #80716 (pink). 
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The proportion of estimated locations from the SSSM applied to the reduced KF data 

that fell within the 95% probability ellipse of locations inferred by the LS model varied 

between whales but was very high, ranging from 69 to 100% (mean=88%). Differences 

in the width (measured in km) of the 95%CL between pairs of locations estimated from 

the model fit to the reduced KF data and the LS data were also compared. For five 

whales, the reduced KF model resulted in lower average widths of 95%CL (paired t-

test: P<0.05 for all whales), although differences were generally small (mean 

difference: -2.2±3.9 km). For whale #80716, however, the 95%CL of the reduced KF 

model were significantly wider than that of LS data (paired t-test: t=-11.15, P<0.001; 

mean difference: 76.2±80.3 km). 

In 94% of the cases, the behavioural mode inferred by the KF model matched the 

classification from the model fit to the LS data (Table 4-2). Agreement was highest for 

locations inferred as transiting (98%), followed by ARS (93%). Changes in behavioural 

classification between the two models were from transiting or ARS to “uncertain” and 

vice-versa, but never from transiting to ARS or vice-versa. 

Table 4-2 Agreement between fin whale behavioural modes inferred by the models fit to Least Squares 

(LS) and Kalman filtered (KF) data. 

  KF model 

  Transit ARS* uncertain 

LS
 m

od
el

 Transit 353 0 6 

ARS 0 524 40 

uncertain 5 6 83 

The matrix shows the number of fin whale locations classified in each behavioural mode by the LS model that were 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 yielded more positions and improved the 

temporal resolution of the 6 whale tracks. The increase in number of locations per track 

ranged from 18 to 272% with an average of 75%. The average number of daily locations 

per whale track varied between 6.0‒38.6 for the full KF data, compared to 1.6‒30.8 for 

the LS data (Table A-II.4; Appendix II). There was also an increase in track duration (3 

and 11 days) for two whales but this came at the expense of a few gaps (maximum of 3 

days) in those tracks (Table A-II.4; Appendix II). In contrast, the KF algorithm 

provided several positions within a 5-day gap in the LS tracking data of whale #80716.  

The width of the 95%CL of locations estimated by the full KF model (47.3±76.9 km) 

was significantly lower than the width of 95%CL of locations estimated from the LS 

model (57.2±113.0 km) (t=2.38, P=0.017). Still, locations from the full KF model fitted 

well the paths inferred from the LS data, except when gaps in the LS data exceeded 1 

day (Figure 4-6, Figure 4-7). Combining data from all whales, over 49% of locations 

estimated by the full KF model were <1 km away from the tracks derived from the LS 

model and 77% were <5 km. 
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Figure 4-6. Fin whale #89969 tracks obtained from LS (black) and KF modelled (red) locations. Estimated locations (circles) and tracks (lines) of fin whale #89969 

obtained from fitting a switching state-space model to Least Squares (LS) (black) and the full Kalman filtered (KF) (red) data. The 95% probability ellipses of 

locations derived from the LS-based model are shown in green. A. Complete tracks showing the increase in track length resulting from the application of the KF 

algorithm (red). B, C, D. Detail of the tracks showing the majority of KF locations within the 95% probability ellipses of LS locations. 
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Figure 4-7. Fin whale #80704 tracks obtained from LS (black) and KF modelled (red) locations. 

Estimated locations (circles) and tracks (lines) of fin whale #89969 obtained from fitting a switching 

state-space model to Least Squares (LS) (black) and full Kalman filtered (KF) (red) data. The 95% 

probability ellipses of locations derived from the LS-based model are shown in green. A. Complete tracks 

showing the increase in track length resulting from the application of the KF algorithm (red). B, C. Detail 

of the tracks showing the majority of KF locations within the 95% probability ellipses of LS locations. 

DISCUSSION AND CONCLUSIONS 

Since the recent introduction of the Kalman filtering (KF) algorithm for the processing 

of satellite tracking data by the Argos system, the service providers have made this the 

default processing method for new transmitters (PTTs), giving the user the option to 

choose the Least Squares (LS) algorithm in alternative. The data processing of old PTTs 

that were already being processed with the LS algorithm remains unchanged, unless KF 

processing is requested, and stored data from 2008 onwards can be reprocessed using 
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either method (albeit with additional processing costs). Processing of data with the new 

KF algorithm is bound to become more common as old PTTs end their life, and data 

processed with this algorithm will soon become the standard for Argos-based tracking. 

State-space modelling approaches provide the statistical rigor needed in analysing 

animal movement data, but SSMs are not simple and require considerable care in their 

use [5]. Understanding the implications of using data processed with the new KF 

algorithm is essential when interpreting modelling results. This is the first time that 

performance of SSMs applied to KF tracking data has been directly validated with 

known locations of free-ranging animals. This was achieved by fitting the same model 

to Argos satellite locations obtained on 7 harbour seals processed with LS and KF 

algorithms and by comparing locations derived from each model against the “true” 

interpolated positions of the seals obtained by Fastloc GPS technology. In addition, the 

results of fitting the Bayesian switching state-space model (SSSM) to KF data were 

compared to those of LS models, using tracking data from 6 fin whales. Although in the 

latter case it not being possible to assess the accuracy of model-derived locations, it 

enabled evaluating how SSSMs fit to KF data performed in relation to SSSMs fit to data 

processed with the LS algorithm, which until recently was the standard processing 

algorithm used to deliver satellite locations. 

This study shows that Kalman filtering consistently provided more estimated locations 

per animal track than the LS algorithm, supporting previous claims by the Argos service 

[19]. The increment in estimated locations was substantial for both species (fin whales: 

75%; harbour seals: 56%). Compared to the findings of the present work, Boyd and 

Brightsmith [33] reported only a modest 28% increase in locations computed with the 

KF algorithm. However, their estimate is based on data obtained from static platforms, 

while the estimates in the present work and those from Argos come from free-ranging 

tagged animals. Stationary land tests are closer to the “ideal” conditions for satellite 

communications and are unlikely to adequately represent most of the problems known 

to affect the transmission of signals from satellite tags and/or the reception of messages 

at Argos satellites, especially for marine taxa. Understandably, the potential benefit of 

the KF method should be higher under circumstances (e.g. areas with limited satellite 

coverage) and for species more prone to transmission difficulties, and for which the 

frequency of uplinks is usually low. Not surprisingly, the major increase in estimated 

locations was for fin whales that typically have shorter surface intervals than harbour 
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seals, and can be more adversely affected by wave wash due to improper antenna 

orientation and poor environmental conditions.  

Like Boyd and Brightsmith [33], this study also found that the majority of additional 

locations in KF data came from fixes with only 1 message (Argos LC B) (fin whales: 

29%; harbour seals: 33%) with a very slight increase in the proportion of locations with 

4 or more messages (LC 2 and 3) observed only for fin whales. If, as a result of KF 

processing, tracks acquire a disproportionate number of locations with low spatial 

precision, this may impact the analysis and interpretation of animal movement data, 

particularly when this analysis is based on the raw satellite positions and doesn’t take 

into account variability in measurement errors. Implications could be even more severe 

if the gain in 1-message LC B locations is not homogeneously distributed along the 

track and depends, for instance, on the geographic location or behaviour of the animals, 

therefore being more prevalent in certain areas or during specific activities occurring in 

preferred habitats. 

The results of this work demonstrate that the Jonsen et al. [8] SSM provided a good fit 

to the data processed with the KF dataset, despite the potentially increased 

autocorrelation in the location errors imposed by the KF algorithm. The greater spatial 

accuracy and precision of locations estimated from the KF model compared to those 

from the LS model was likely due to a combination of increased accuracy in KF-

estimated locations and the higher temporal resolution of the KF data. 

Although the overall difference in mean errors between the two algorithms appeared 

small (mean error in LS models was 3.5±3.0 compared to 2.9±2.9 in KF model) the 

model fit to KF data improved the accuracy of seal trips by 27% over the LS model. 

The linear mixed-effects model indicated that, despite significant variations in trip 

accuracy, errors in locations predicted for LS trips were significantly larger than those 

predicted for KF trips. For both models the largest deviances from true locations 

occurred along the east/west axis. This is not unexpected since Argos location errors are 

strongly biased towards the longitudinal component, regardless of the processing 

algorithm [1,3,31-33], and the SSM does not explicitly account for this directional bias. 

However, there was no evidence of the non-uniform distribution of extreme errors 

documented in other studies [3] suggesting that the model was able to handle this 

problem.  
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Tracks reconstructed from the models applied to KF and LS data provided faithful 

representations of the true seal trajectories measured with Fastloc GPS. However, the 

LS track tended to deviate more from the true track when seals were making short 

displacements and frequently changing direction. This is likely due to the correlated 

random walk model employed in the KF algorithm which would tend to smooth out 

uncommonly large changes in direction and/or displacement. As a result, LS locations 

tended to spread over a wider area compared to the KF. This was a common feature to 

several LS modelled tracks that can have major implications if these data are used to 

calculate sizes of home ranges or ARS patches.  

The SSMs were fit as hierarchical models to the LS and KF data, meaning that data 

from all seal trips were combined to estimate model parameters, leading to improved 

location estimates. Probably larger errors would be obtained if models were fitted 

separately to each trip. Yet, there is no reason to expect that the hierarchical formulation 

behaved differently when applied to LS and KF data, so there is no reason to think that 

the comparison between algorithms is not valid. 

The same observation equation was fitted to data processed with LS and KF methods, 

thus assuming that the new algorithm did not change substantially the distribution or 

magnitude of the errors. A recent study demonstrated that both LS and KF location 

errors are better described by a long-tailed lognormal distribution [33]. In the present 

work, errors were modelled with generalized t-distributions which are known to be 

robust to extreme values [8]. Boyd and Brightsmith [33] also compared mean errors in 

KF and LS processed locations showing these did not differ significantly for most 

location classes, except for LC 2, for which LS errors were about half the KF errors, and 

LC B, for which LS errors were nearly 4 times greater than KF errors. In contrast, 

Argos reported better accuracies with the KF method for locations computed with ≥4 

(LC 2 and 3) and 2-3 messages (LC A and B) [19]. In any case, given the predominance 

of LC classes A and B in both datasets, it is likely that fitting the same observation 

equation to LS and KF data might have resulted in an overestimation of KF errors 

relative to LS errors, and not the other way around.  

Regardless of which processing method is used, this study showed that accuracy of 

modelled tracks was sensitive to precision of the raw input data. As the proportion of 

locations with poor precision increased, the ability of the SSMs to recover accurate 

locations was significantly worse. This is consistent with findings from other 
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researchers that showed that high measurement error not only impacts accuracy and 

precision of locations estimated from state-space methods [20,34] but can also affect 

our ability to discern behavioural patterns and quantify habitat use patterns 

[4,26,32,35,36]. 

On the other hand, there was no evidence that observation frequency and temporal 

resolution of Argos data influenced the magnitude of SSM errors, in contrast to a recent 

study that suggested that frequency and regularity of raw data may be as important as 

spatial precision for obtaining accurate estimates of locations from state-space methods 

[20]. There are two main reasons for the different results between the analysis 

performed here and that of Breed et al. [20]. First, Breed’s analysis of model accuracy 

was based on a reduced number of simulated tracks to which were imposed different 

observation frequencies and temporal gaps spanning a much larger range than the 

number of Argos locations and time steps observed in the seal data (see Table A-II.3; 

Appendix II). Second, in Breed’s study a separate SSM was fit to each simulated track 

while here a hierarchical approach was adopted. By combining information from all 

trips to estimate model parameters, potential effects of between-trip data quality likely 

were lessened and more accurate location estimates were obtained for all trips. 

The results presented here strongly suggest that application of SSSM to the whale 

tracking data processed with the KF algorithm was appropriate and that models fitted 

well. Estimated parameters from KF models were very similar across all tracks and to 

parameters from the LS model despite the fact that models were fit separately to each 

whale LS/KF-processed dataset.  

Paths inferred from both models were also similar, with most of the locations from the 

reduced KF model falling within the 95% probability ellipses of locations estimated 

from the LS model, and the majority of locations from the full KF model being close to 

the whale tracks inferred by the LS model. Similar to what was observed for the seal 

data, the longitudinal bias in Argos errors caused the reduced KF locations to differ 

more from their paired LS positions in the east/west than in the north/south axis. 

The estimated precision of locations inferred from the SSSM fit to the reduced KF data 

was higher for 5 out of 6 whale tracks, as indicated by the lower average width of the 

credible limits. However, the KF model behaved significantly worse than the LS model 

in the case of the whale track (#80716) for which less than 2 satellite positions were 

received per day. This cannot be accounted for by variations in Argos location classes 



 

136 

because 28 of 29 positions were assigned the same class in both datasets. A close 

inspection of the raw KF and LS data indicates that the poorer performance of the 

reduced KF model was likely associated with the highly tortuous whale path evident in 

the KF data (and not in the LS data) and caused by the way the data regularization 

approach used in the SSSM’s observation model dealt with this tortuosity. Because the 

interval between raw satellite positions was considerably longer than the 3-hourly 

interval at which the SSSM positions were being estimated, raw positions have more 

weight on model estimates as the model “forces” derived locations to exactly match raw 

satellite positions. Such an effect tends to be more pronounced with decreasing linearity 

of the tracks [37], explaining why uncertainty in the model estimates was greater for the 

more sinuous KF path and the higher discrepancy in relation to the LS path. 

It should be stressed that the application of the KF algorithm increased the total number 

of locations in this whale track from 29 to 108 (see Table A-II.4; Appendix II), resulting 

in a remarkable decrease in the uncertainty of SSSM location estimates (average 

95%CL width: 86.0±69.5 km) when compared to the LS model. Differences in the 

remaining tracks were less pronounced but the KF processing algorithm produced an 

overall increase in number of locations obtained and a decrease in the uncertainty of 

SSSM estimates. 

Estimates of behavioural mode from the KF model agreed well with inferences from the 

LS model – with 94% of whale locations being assigned the same behavioural category 

in both models – indicating that the KF algorithm did not introduce appreciable changes 

in the ability of the SSSM to recover latent behaviours from satellite positions.  

These results lead us to conclude that application of widely-used Bayesian state-space 

models [5] to Argos satellite locations processed with a KF method is appropriate and, 

as was the case of the SSM fit to harbour seal data, can produce more reliable location 

estimates than when LS data are used to fit the same models. Also, behavioural modes 

could be equally well detected from SSSM fit to whale tracking data processed with KF 

and LS methods. Since the KF algorithm generally yields more positions and longer 

tracks, there may be clear advantages in using the KF model over the LS model. This is 

especially true in telemetry studies of species that spend prolonged periods underwater 

or under dense vegetation cover, for which the number of daily fixes is generally low, 

precluding examination of movement and behaviour of animals in more detail. 

However, as seen here, the KF algorithm can increase the number of positions of lower 
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precision (LC B) by nearly 30%, which in turn can degrade accuracy of modelled 

tracks. Even with LC B positions estimated by the KF method being several times more 

accurate than LS locations of equal class [19,33], when accuracy and precision are 

critical for the analysis, researchers may consider removing 1-message positions before 

fitting state-space models. 
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FIFTH CHAPTER   

 

Sei whale movements and behaviour in the North Atlantic inferred from satellite 

telemetry  

ABSTRACT: The stock structure of the sei whale, Balaenoptera borealis, in the North 
Atlantic (NA) is presently unknown, despite continued whaling from the mid-ninetieth 
century until the moratorium on commercial whaling implemented by the International 
Whaling Commission in 1986. The proper management of the species in this ocean basin is 
dependent on the creation of plausible hypothesis about the stock structure and movements 
of animals, but available data is both outdated and insufficient to achieve that goal. 
Between 2008 and 2009 the tracks of eight sei whales were obtained with the aid of satellite 
telemetry, seven during the spring migration and one in late September. Using a 
hierarchical switching state space model the behaviour of the whales and the role of distinct 
areas in the life history of those animals were investigated. Two distinct phases 
corresponding to migratory and foraging movements were identified. A migratory corridor 
between the Azores and the Labrador Sea (LS) is clearly identifiable from the data. Inside 
the LS behaviour consistent with foraging was observed frequently, lasting from eight to 
132 hours. The data challenge the notion that migration of this species in the NA follows a 
north-south axis at either side of the basin and show that whales seen in the Azores make 
transverse migrations, possibly linking the feeding grounds in the LS to breeding grounds 
off northwest Africa. Those findings raise new hypotheses about the stock structure of the 
NA sei whale and contribute to filling the data gaps on the natural history of the species. 

INTRODUCTION  

The sei whale (Balaenoptera borealis) can be found in all oceans, predominantly in 

deep waters or near the continental slopes of temperate to subpolar waters. Commercial 

harvesting in the North Atlantic (NA) began sometime in the second half of the 

nineteenth century with the debut of modern whaling. Similar to most other baleen 

whales, sei whales were heavily hunted worldwide until the implementation of the 

International Whaling Commission (IWC) moratorium on commercial whaling, in 

effect from the beginning of the 1986 whaling season [1,2]. In the NA, nearly 17.000 

animals were taken during commercial whaling and despite pre-exploitation population 

levels being unknown, catches are assumed to have led to a substantial population 

decline with subsequent effects on distribution and significant changes in the size and 

age composition of the population [3]. There are no recent population estimates for the 

entire population. Estimates from restricted areas indicate that current population may 

be over 10.000 animals [4]. 

After the introduction of the moratorium on commercial whaling, the Scientific 

Committee of the IWC started a process to revise its harvest control rules in order to 
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overcome the problems with earlier approaches and improve the management of whale 

resources. This new approach, the Revised Management Procedure (RMP), aims to be a 

robust management tool even under the uncertainties about historical and present 

population dynamics of whale stocks. The conceptual basis and form of application of 

this management-procedure are fully described by Punt & Donovan [5]. 

Under the RMP, uncertainties regarding stock structure are examined through 

population simulation under various scenarios [5]. Prior to the adoption of the RMP a 

set of simulation trials must be run, focusing particularly on the uncertainties about how 

stocks mix spatially and temporally. These simulations need accurate and up to date 

information to create plausible alternative hypotheses about stock structure, mixing and 

other uncertainties such as non-natural mortality [5]. 

Currently, stock boundaries are already defined by the IWC for several whale 

populations worldwide. Unfortunately, data used to establish stock identity in the past 

(catch distribution, length distributions, mark-recapture, and biological parameters) is 

not always appropriate to define biological stocks [6]. Thus the plausibility of existing 

stock boundaries has to be reassessed prior to implementing the RMP. 

Based largely on catch data, the IWC identified eight concentrations of sei whales in the 

NA: southwest Norway, north Norway, Faeroe, Denmark Strait, Labrador Sea, Nova 

Scotia, Gulf of Mexico–Caribbean Sea and southeast NA [6,7]. 

The limited evidence of stock identity for sei whales in the NA was reviewed by 

Horwood [7] and Mitchell and Chapman [8]. Based on seasonality and mark-recapture 

data, Mitchell and Chapman [8] suggested that two stocks occurred simultaneously in 

summertime off the Canadian Atlantic, termed the “Labrador stock” and the “Nova 

Scotia stock”. They further suggested that whales from the Nova Scotia stock had their 

distributional range along the North-American continental slope from Nova Scotia to 

somewhere off or south of Florida (Fig. 1 in Mitchell and Chapman [8]). A possible link 

between sei whales in the Labrador Sea and the Denmark Strait was held “less likely but 

entirely possible” [8]. Horwood [7] reviewed the calculations of length at sexual 

maturity reported for whales taken in Norway, Canada (off Nova Scotia; Mitchell & 

Kozicki 1974) and Iceland. He noted that although the values were similar for females, 

those reported for males from Canada were lower than for Norway and Iceland (12.0, 

12.8 and 12.7 m, respectively). However, he also remarked that better agreement would 

have been achieved if the methodologies used in the Canadian study were similar to 
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those used in the other two studies. Despite acknowledging that the reproductive data 

was limited, he suggested a segregation between whales caught off Iceland from whales 

caught off Canada and the United States. 

Regardless of the meagre evidence for stock structure and the admission that the 

identification of stocks for this species in the NA was very difficult, three stocks were 

adopted by the IWC in 1977 (Figure 5-1 A). These were apparently designed to 

accommodate existing whaling operations and to match boundaries of ICES fishing 

areas instead of trying to reflect actual population structure [6]. 

Migration behaviour of the species in the NA is also poorly understood and existing 

theories, discussed by Prieto et al. [4], are highly speculative and based in what can be 

called the “rook paradigm”: migratory movements of whales are believed to be 

developed at either side of the ocean basin in a north-south axis, resembling the strict 

movements of rooks on a chess board. 

In the western NA Mitchell and Chapman [8] suggested that whales belonging to the 

purported Nova Scotia stock migrate along the North American shelf-break from and to 

unidentified wintering grounds at lower latitudes. For the eastern NA, the most widely 

cited theory is based on Ingebrigtsen [9], who suggested an offshore movement between 

wintering grounds placed somewhere off northwest Africa and feeding grounds around 

Iceland, Scotland, western and Norwegian Sea. No migration theory for the purported 

Labrador stock exists. 

The existing data on the NA sei whale are outdated and probably biased for being based 

chiefly on whaling records [4]. Moreover, in the decades that followed the moratorium 

on commercial whaling the stock structure of the species may have been affected by 

population fluctuations, competition with other whale species, distribution shifts of prey 

and environmental changes. To appropriately manage this species in the NA it is 

imperative to obtain up-to-date information on all aspects of its biology and ecology, 

particularly regarding the stock structure.  

In the present work the movements and behaviour of sei whales were studied using 

satellite telemetry technology, in order to characterize their migratory movements and 

identify foraging areas. The results presented here are valuable for the creation of 

plausible hypothesis about the population dynamics of this species in the NA as 

required by the RMP and other population management strategies. 
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MATERIAL AND METHODS  

Ethics Statement 

Fieldwork and whale tagging were developed under research permits by the 

administrative authorities of the Autonomous Region of the Azores. All procedures 

followed the guidelines of the American Society of Mammalogists [20]. 

Data collection 

Satellite-monitored platform transmitter terminals (PTT) housed in surgical grade 

stainless steel (model SPOT5-implantable, Wildlife Computers, Redmond, Washington, 

USA) were implanted in 14 sei whales off Faial and Pico islands, in the Azores 

archipelago, Portugal (38ºN 28ºW; Figure 5-1 A). Whales were tagged from May to 

June in 2008 and 2009, except for one whale that was tagged in late September 2009 

(Table 5-1). Tagging procedures were similar to those described in Olsen et al. [15] and 

Silva et al. [18]. Tags were deployed from a 12-m fiberglass boat using a compressed 

air gun (model ARTS/RN, Restech, Norway), similar to that described in Heide-

Jørgensen et al. [19], and set at 10-13 bar pressure. All tags were cleaned with 70% 

ethanol to remove contaminants from manufacture and handling and then sterilized 

under UV light and stored in sterilized sealed bags until use. Prior to implantation the 

tip was covered with gentamicin sulphate cream to act both as antibiotic and lubricant. 

Tags were attached to the back of the individuals, anterior to the dorsal fin, with a four-

bladed tip and held in place with 4 sets of barbs and 6 backward-facing petals. 

In 2008 the tags were programmed to transmit every hour of the day, every other day, in 

an effort to prolong battery life. In 2009 no duty cycle was applied to the tags, since the 

experience gained in the previous year demonstrated that battery duration was not 

critical for deployment longevity. All tags were programmed to transmit a maximum of 

500 messages per day. 

All procedures followed the guidelines of the American Society of Mammalogists [20]. 

Fieldwork and tagging were developed under research permits by the administrative 

authorities of the Autonomous Region of the Azores. 
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Figure 5-1: A – Sei whale, Balaenoptera borealis, tracks derived from raw ARGOS locations. Tagging 

locations are shown in the inset. International Whaling Commission stock boundaries for the species in 

the North Atlantic are shown as narrow lines. B – Hierarchical switching state-space model derived 

locations of sei whales, Balaenoptera borealis, showing inferred behavioural modes. The red dashed line 

is a schematic representation of the main branch of the North Atlantic Current, showing the quasi-

stationary large meander called Northwest Corner and referred in the text 
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Table 5-1: Sei whale, Balaenoptera borealis, satellite tag deployment results. 

ARGOS 
# 

Tagging date 

Tagging position 
 

Lat Long 
 

First 
transmission 

First Position received 
 

Lat Long 
 

Last 
transmission 
 

Last position received 

Lat Long 
 

Nº of valid 
positions 

Delay from 
tagging to first 
transmission 

Tag lifetime 
(days) 

80696 26/05/2008 38.2203 -28.4538 
 

06/06/2008 49.0692 -36.7285 
 

24/07/2008 59.9880 -49.7940 
 

226 11 62 

80690* 02/06/2008 38.3482 -28.4837 
 

21/08/2008 38.3482 -28.4837 
 

28/09/2008 54.8888 -51.5532 
 

25 80 119 

80692 06/06/2008 38.4250 -28.5358 
 

14/06/2008 49.2300 -37.1016 
 

22/06/2008 51.3497 -45.2351 
 

43 8 17 

80695 07/06/ 2008 38.4343 -28.6001 
 

07/06/2008 38.0697 -30.3996 
 

28/06/2008 57.3839 -42.0129 
 

172 0 22 

80711 02/05/2009 38.3689 -28.5578 
 

02/05/2009 38.3886 -28.6070 
 

29/06/2009 62.9760 -53.0349 
 

935 0 59 

80701* 15/06/2009 38.2544 -28.5218 
 

15/07/2009 38.2544 -28.5219 
 

17/07/009 57.3219 -49.3946 
 

8 30 33 

80717 17/06/2009 38.4407 -28.7285 
 

17/06/2009 37.6330 -24.6526 
 

19/08/2009 58.9193 -42.2075 
 

753 0 64 

80712 21/09/2009 38.6359 -28.9803 
 

09/10/2009 37.3972 -23.9318 
 

25/10/2009 31.9122 -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 behaviour of tagged whales a model-based 

stochastic approach was adopted, by fitting a Bayesian switching state-space model 

(SSSM; [17,21]) to Argos-derived locations processed with the Kalman filter [22]. 

Locations processed with the Kalman filter were preferred over those processed with the 

classical nonlinear Least Square algorithm [22] since Silva et al. [23] showed that state-

space models fit to locations processed with the Kalman filter perform better. 

The SSSM allows for simultaneous correction of location errors and estimation of a 

behavioural state. In order to accomplish that, the SSSM couples two models. The first 

is a process model (a first difference correlated random walk) that predicts the future 

state of an individual given its current state, based on the previous state of the data. The 

process model is complemented by an observation model of the time series data that 

relates the unobserved location states predicted by the process model to the observed 

positional data. 

In heterogeneous landscapes it is assumed that predators will change their movement 

path in response to prey density, increasing their turning rates to stay within the prey 

patch, a behaviour that is often referred as area-restricted search (ARS; [24,25]). The 

SSSM allows indexing the movement parameters by behavioural states through the 

inclusion of a process model for each behavioural state [21]. By assuming that the 

correlated random walk describing two distinct behavioural states (transiting or ARS) 

differ only in values of mean turning angle and move persistence (autocorrelation in 

speed and direction), the SSSM can model switches between those states by calculating 

the probability for these changes through a Markov chain model (see Jonsen et al. [17] 

for further background details). 

In this study the SSSM was fitted as a single hierarchical model to the combined data of 

several individuals [17]. By using a hierarchical switching state-space model (hSSSM) 

information from all individuals can be pooled to more efficiently estimate parameters 

at both the individual and population levels [26]. In this hierarchical framework, the 

movement process for each individual whale k is modelled by 

dt,k ~N2(γbt,kT(θbt,k)dt-1,k,Σ) 
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where dt-1 and dt are the differences between the unobserved locations at xt-1, xt-2 and xt, 

xt-1, respectively, T(θ) is a behaviour specific transition matrix describing the mean 

turning angle (θ) necessary to move from dt-1 to dt, γ the move persistence parameter, 

N2 is a bivariate Gaussian random variable describing the stochasticity of the 

movement process with covariance matrix Σ; the subscript bt denotes the behavioural 

state. At each displacement t, the behavioural state b takes a value corresponding to the 

set of parameters θ and γ providing the best model fit. 

The same priors on movement parameters as in Jonsen et al. [17] were used, under the 

assumption that transit behaviour is characterized by turning angles close to 0º and a 

higher autocorrelation in speed and direction than during ARS behaviour. This 

assumption is rooted in behavioural studies (e.g.: [27,28]) and have been broadly 

utilized in similar studies (e.g.: [18,29,30]). 

The hSSSM was fitted using a time step of 4 hours, a value that comprises 90% of the 

transmission intervals recorded in the raw data (Figure 5-2). Models were fit using R (R 

Development Core Team 2008) code provided in Jonsen et al. [17]. The code 

implements the hSSSM using Markov Chain Monte Carlo (MCMC) methods via the 

software Just Another Gibbs Sampler (JAGS). For each hSSSM two MCMC chains 

were run for 50.000 iterations, dropping the first 45.000 samples as a burn-in and 

retaining every 5th sample from the remaining 5.000 assumed post-convergence samples 

to reduce sample autocorrelation. Thus, model parameters and estimates of whales’ 

locations and behaviours were calculated using a total of 2.000 MCMC samples. Model 

convergence and sample autocorrelation were assessed by visually inspecting trace and 

autocorrelation plots and using the Gelman and Rubin diagnostic available in R package 

‘boa’. 



 

149 

 

Figure 5-2: Transmission intervals of Argos derived surface locations from the sei whales, Balaenoptera 

borealis, used in fitting the hierarchical switching state-space model. 

Whale track analysis 

Whale behaviour at each modelled location was inferred from the output of the hSSSM. 

Although only two modes are modelled by the hSSSM, the means of the MCMC are 

presented as continuous values between 1 and 2. The same cut-off values as Jonsen et 

al. [31] were used and it was assumed that a mean behavioural mode b<1.25 represented 

transiting behaviour, and a value b>1.75 represented ARS. Any locations with mean 

behavioural mode 1.25≤b≤1.75 were considered uncertain. These cut-off values are 

considered conservative and were used to ensure good distinction between the two 

behaviours [31]. 

In the lack of real time confirmation, it is impossible to be sure that all ARS 

classifications translate into active foraging. Nevertheless, it is well established that 

ARS generally corresponds to foraging in marine predators [28,32-34]. Another 

possibility is that ARS indicates resting or breeding behaviours [29]. However, since all 

but one animal were tagged during the known feeding season, it is unlikely that 

breeding behaviour was captured in the data. Thus in the present work ARS was 

considered to be predominantly indicative of foraging for all animals tagged during 

their northbound migration. Thus for the sake of readability, ARS will be hereafter 

referred to as ‘foraging’ for all northbound whales. 



 

150 

Based on data about travel direction and speed collected during fieldwork all 

individuals were assumed to be on migration when they were tagged. The migratory 

phase was assumed to have ceased when three or more consecutive locations within a 

track with a behavioural mode b≥1.25 were encountered. Foraging bouts were defined 

as three or more consecutive locations with behavioural mode b>1.75 [29]. 

Movement parameters and statistics were calculated in R software using packages 

‘geosphere’ and ‘circular’. Means are presented with ±1 standard deviation (SD). 

RESULTS 

Satellite tags were deployed on eight sei whales in 2008 and on six in 2009 but data 

were received from only four whales in each year. Deployment data for working tags 

are summarized in Table 5-1. 

Argos position estimates are assigned a level of accuracy within seven classes: 3, 2, 1, 

0, A, B, and Z. Locations are tagged as class Z when the algorithm fails to converge 

[22] and thus were considered invalid. Locations in all other classes were considered 

valid and used in the analysis. A mean of 273±364 locations were received from each 

tag. Mean tag lifetime (from implantation to last transmission received) was 51.4±32.9 

days and valid locations were received for a mean period of 31.0±23.2 days. Reception 

of the first transmission from the working tags had a mean delay of 18.4±27.0 days in 

five of the tagged whales, rendering incomplete tracks for those individuals. All 

individuals but one (80712) were tagged between May and June, during the migration to 

higher latitudes. Hereafter we will refer to those as northbound individuals. Individual 

80712 was tagged in late September, presumably during the migration to wintering 

grounds. All northbound individuals moved to the Labrador Sea and the signal of the 

whale tagged in September was lost in the region between Madeira and Canary 

archipelagos (Figure 5-1 A). 

The data from two individuals were not included when fitting the hSSSM: individual 

80701 due to the small number of valid locations (n=8) and individual 80690 because 

the data included several large temporal gaps, resulting in a mean transmission interval 

of 37.2±48.6 hours with a maximum interval of 182 hours. 

In general there was a good distinction between two behavioural modes, as indicated by 

the parameter estimates that aggregated in two non-overlapping groups (Figure 5-3). 
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Transiting comprised most of the 1292 locations inferred by the hSSSM (43% of 

locations), with foraging accounting for 29% of those locations and 28% of locations 

remaining as uncertain. No ARS behaviour was detected for individual 80712, although 

some behavioural estimates were classified as uncertain (Figure 5-1 B). For the 

northbound individuals, foraging was only detected north of 48º N and west of 34º W. 

In total, 27 foraging bouts were identified, lasting from eight to 132 hours (mean: 

48.3±39 hours). Eventually all individuals crossed the North Atlantic Current into the 

Labrador Sea basin where 63% of the foraging bouts were detected (Figure 5-1 B). At 

least five of the individuals crossed the North Atlantic Current between 51°N and 53°N 

in the vicinity of a quasi-stationary large meander of that current known as Northwest 

Corner, positioned at ~51ºN, 44ºW just outside the 4000 m isobath (Figure 5-1 B; [35-

37]). 
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Figure 5-3: Distribution of movement parameters of sei whales, Balaenoptera borealis, in transiting 

(black) and area-restricted search (ARS; red) for (a) combined autocorrelation in speed and direction (γ), 

and (b) mean turning angle (θ), based on the means from the Markov Chain Monte Carlo (MCMC) 

samples. 

Comparison of movement parameters on- and off-migration was conducted for only the 

individuals with complete tracks (80695, 80711, 80712, and 80717). Movement 

directionality was calculated separately for whales tagged in late spring and early 

summer (northbound) and the whale tagged in late summer (southbound). Transit 

speeds were similar between the migration and off-migration phases (Figure 5-4). In 

contrast and as expected, the movement directionality was considerably higher during 

migration (Table 5-2; Figure 5-5). 

Table 5-2: Sei whale, Balaenoptera borealis, movement parameters during migration and off-migration. 

Please refer to text about the northbound and southbound annotations. Means are presented with 

±1 standard deviation. 

 Migratory phase Off-migration phase 
Mean transiting speed (km/h) 7.4±0.4 6.2±0.8 
Direction of travel during transiting (northbound) 328.8±21.3º 345.5±80.0º 
Direction of travel during transiting (southbound) 134.1±14.8º 145.4±102.2º 
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Figure 5-4: Notched boxplots of transit speeds of sei whales, Balaenoptera borealis, during migration and 
off-migration. The notch defines the 95% confidence interval on the median. 
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Figure 5-5: Distribution of direction of travel of sei whales, Balaenoptera borealis, during migration and 

off-migration. Crosses and hatched bins correspond, respectively, to data values and frequencies of travel 

direction during migration. Squares and hollow bins refer to off-migration travel direction. Area of bins is 

proportional to the group frequency. Refer to text for explanation of Northbound and Southbound 

annotations. 
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DISCUSSION AND CONCLUSIONS 

Behavioural phases 

The results clearly show two distinct phases in the tracking data of northbound 

individuals with uninterrupted tracks. Before the occurrence of state estimates with 

values b≥1.25 in northbound individuals, whales kept a nearly constant travel 

orientation, consistent within and among individuals. This type of persistent, 

straightened-out movement is characteristic of migration [38]. Once state estimates with 

values b≥1.25 occurred, overall movement directionality decreased and travel direction 

among individuals ceased to be similar. Even when on transit, whales showed frequent 

changes of travel direction and transiting behaviour was often interrupted by foraging 

bouts (Figure 5-1 B), indicating that animals were no longer migrating [38]. 

These results indicate a well-defined migratory corridor between the Azores and the 

Labrador Sea. Whales tagged in completely different occasions followed very similar 

tracks ending their migration in a relatively restricted area. Those results are further 

backed by Olsen et al. [15], who report on a sei whale tagged in the Azores in April 

2005 that also moved to the Labrador Sea. 

Interpretation of the data from individual 80712 is more problematic. The directional 

movement between the Azores and Madeira is also consistent with migratory behaviour. 

Between Madeira and the Canaries the animal changed the travel direction several times 

and although no ARS was detected some modelled locations were classified as 

uncertain. Given that these data are from a single individual, trying to interpret this 

apparent change in behaviour would be highly speculative and we will refrain from it. 

Locations with behavioural state values b>1.75, interpreted as foraging, were only 

detected north of 48ºN in the vicinity of the well-known oceanographic feature called 

Northwest Corner. The Northwest Corner is characterized by the interaction of the 

warm waters from the North Atlantic Current with colder waters from the Labrador Sea 

[35-37]. It has been hypothesized that whales can use ocean current patterns and water 

mass characteristics as directional cues or “guideposts” [39]. The sudden change in the 

flow characteristics of the current at the vicinity of the Northwest Corner in 

combination with the drastic temperature and salinity variations may serve as cues that 

trigger the initiation of foraging behaviour. 
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The role of the Labrador Sea as feeding ground and relation to other known 

feeding grounds 

It is believed that the reason for the large migratory movements of baleen whales from 

calving/breeding to feeding grounds is related to their requirement of large quantities of 

high-energy prey found only in highly productive cold waters [40]. In the North 

Atlantic sei whales feed primarily on the copepod Calanus finmarchicus and it is 

expected that they will favour areas with high concentrations of that prey as preferred 

feeding grounds [3]. 

In the past the Labrador Sea was among the known feeding grounds used by sei whales 

in the North Atlantic [41]. However, since the early 1970’s information on sei whale 

presence and ecology in that region is virtually non-existent. Sei whales disappeared 

from or became rare in other known feeding grounds in the northeastern North Atlantic 

where they were once common [3] but little information was available for the Labrador 

Sea in that respect. 

The data from this study data not only position sei whales inside the Labrador Sea but 

also show that they spend considerable time foraging while there. Most of the 27 ARS 

bouts detected occurred when whales were well within the Labrador Sea and lasted 

from two up to five and half days. At least four individuals eventually moved to the 

waters just south of the Greenland shelf, where C. finmarchicus, dominates the 

mesozooplankton biomass in spring and early summer [42,43]. In light of that evidence 

it is reasonable to assume that the tagged whales moved to the Labrador Sea because 

that region still plays an important role in their feeding ecology. 

As summer progresses, or in response to changing conditions, it is conceivable that 

some individuals move to other feeding grounds, leaving the Labrador Sea. High 

densities of sei whales have been reported in areas southeast of Cape Farewell, 

Greenland [44,45]. Based on data from summer sighting surveys undertaken southeast 

and east of Greenland, Sigurjónsson et al. [44] suggested a movement of whales from 

areas located southwest of Greenland to the Denmark Strait. 

Few of the satellite tags transmitted into late summer, resulting in an incomplete 

representation of the whales’ movements during the feeding season. Nevertheless, two 

whales (80695, 80717) were apparently heading east of Cape Farewell when their 

signals were lost respectively on June 28 and August 19, 2008. A link between sei 
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whales in the Labrador Sea and in the Iceland-Denmark Strait cannot be indisputably 

established based solely on the data of the present study. However, that hypothesis is 

compelling based on the available data. 

One of the arguments used to suggest the existence of two sei whale stocks off the 

United States and Canadian east coasts was the simultaneous occurrence of this species 

in the Labrador Sea and off New England and Nova Scotia during spring and early 

summer [12]. A similar pattern emerged from our data. Tagged sei whales arrived to the 

Labrador Sea as early as mid-May and some animals stayed in that area at least until 

mid-September. Sei whales are known to use the waters of the Gulf of Maine as a 

feeding ground between spring and early summer [46]. Thus the Gulf of Maine and the 

Labrador Sea seem to comprise two discrete feeding grounds, utilized simultaneously 

by sei whales. Nevertheless, it is not possible to speculate if whales frequenting those 

feeding grounds belong to distinct biological stocks or sub-stocks (sensu Jackson and 

Pampoulie [10]) based on existing data. 

Relation to purported wintering grounds 

It is not possible to know where the whales that were tagged in the Azores originated. 

However, it seems unlikely that whales originating from hypothesized wintering 

grounds located somewhere off the American coast would head to the Azores and then 

veer to the Labrador Sea, which would add thousands of kilometres to the journey. 

Unless the Azores constituted an important feeding station during migration, this detour 

would result in important additional energy expenditure to migrating individuals for no 

evident advantage. In the present study no foraging behaviour was detected for sei 

whales in the vicinity of the Azores. Additionally, photo-identification and behavioural 

data suggest that sei whales have short residency times near the islands and seldom 

engage in foraging activities (author’s unpublished data). In view of that, the most 

plausible hypothesis is that sei whales migrating through the Azores in spring/summer 

originate somewhere south or southeast of the archipelago. 

The whale that was tagged in late September (80712) moved southeast and signal was 

lost between Madeira and Canaries archipelagos. Ingebrigtsen [14] was the first to 

allude to a sei whale wintering ground off northwestern Africa. Between 1976 and 1978 

the unregulated catcher boat Sierra captured more than 100 sei whales in a small area 

just north of Cape Verde archipelago during winter and spring months [47], supporting 



 

158 

the notion of a northwestern Africa wintering ground. More recently, the presence of sei 

whales in the same area during early spring was confirmed, offering further evidence for 

a wintering ground in the region [3]. It is likely that the whale tagged in late September 

was on its southbound migration towards wintering grounds placed somewhere in that 

region. However, further work is needed to confirm that result. 

It is tempting to draw a line and conclude a link between the presumed wintering area 

off northwestern Africa and the Labrador Sea feeding ground. Although this seems to 

be a likely possibility, such assumption may be flawed. In a scenario of multiple 

biological stocks, due to its position in the central North Atlantic it is conceivable that 

the Azores is frequented by whales from one stock during the spring migration and from 

another during late summer and autumn. 

Concluding remarks 

There are still great gaps in our understanding of the distribution, movements and 

population structure of the sei whale in the North Atlantic [3,11]. The results herein 

shed some light on the movements and behaviour of sei whales that migrate through the 

Azores. From these results, it is possible to dismiss at least one theory about stock 

structure; the data indisputably shows that sei whales in the Labrador Sea are not 

isolated as proposed by Schmidly [13]. 

Understanding the implications of overlap and mixing of biological stocks in feeding 

grounds is a major consideration for the management of whaling activities [5,48]. The 

data from this study indicate, although not indisputably, that sei whales using the 

Labrador Sea feeding ground may also use other known feeding grounds to the east. 

Additionally, prior to going to the Labrador Sea the whale that was tracked in the study 

by Olsen et al. [15] visited the Charlie Gibbs Fracture Zone, at a longitude of ~30ºW, 

where large aggregations of feeding sei whales have been reported [45]. The combined 

results reported by Olsen et al. [15] and in this study give some support for the idea of a 

continuum of the feeding grounds located in the Labrador Sea with other feeding 

grounds located southeast and east of Greenland, up to the Denmark Strait, as suggested 

by Sigurjónsson et al. [44]. Whether this results in mixing of different stocks remains to 

be investigated. 

The data also support the idea of a discrete feeding ground located off the Gulf of Maine 

and Nova Scotia. Investigating if there is any degree of genetic differentiation between 
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animals utilizing that feeding ground and other known feeding grounds such as the 

Labrador Sea and the Irminger Sea (southwest of Iceland) should be a priority.    

The telemetry data show a clear migratory corridor for sei whales between the Azores 

and the Labrador Sea. This result is relevant not only for management within the IWC. 

Injury and mortality resulting from ship strikes represent a major conservation problem 

for many cetacean species [49]. Information on the geographical and temporal 

distribution of migration corridors is essential to reduce ship strikes [50]. 

This work shows that satellite telemetry can be a powerful tool to study data-poor 

species such as the sei whale and contribute for the creation of plausible hypotheses 

about population structuring. In that aspect, it is important to continue and expand 

studies on the movement and migration of the sei whale in the North Atlantic to better 

understand the distribution and isolation of breeding and feeding grounds as well as to 

clearly identify migratory routes and aggregation areas. But despite the great 

potentialities of satellite telemetry, this technique is limited if not combined with other. 

In the case of the North Atlantic sei whales investigating 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 research chapters, summarizing the 

significant findings and ideas that were presented throughout this dissertation. It is often 

the case with long and complex documents, such as academic theses, that a conducting 

line is veiled by seemingly disparate sections and it is the author’s responsibility to 

restore some sense of order to the reader. This dissertation focuses on the North Atlantic 

(NA) sei whale, and obviously that is the coincident element in all chapters. But if there 

is another word that stands out in this dissertation, it probably is management appearing 

59 times in the text of the preceding chapters. That is hardly a coincidence. For long, the 

main driver of research on the great whales (the sei whale included) has been the need 

to recover and manage depleted whale populations, a need rooted in decades, in some 

cases centuries, of bad resource management [1]. 

The Second Chapter clearly shows how management questions have driven the research 

on the sei whale. The results of the bibliometry for the publications on the NA sei whale 

show that most of the literature produced during the analysis period is related to 

whaling issues. It is also paradigmatic that the peak in publications about the species 

occurred in 1977, as a result of a special meeting of the International Whaling 

Commission (IWC) on sei and Bryde’s (Balaenoptera edeni) whales to discuss the 

management of whaling for those two species [2]. As shown by the bibliometric 

analysis, once the moratorium on whaling was put in place and management of the 

species was no longer considered as pressing as before, the scientific investment on the 

sei whale became stagnant. 

However, in the following decades to the whaling moratorium the conditions in the 

marine environment degraded, human activities in the oceans intensified and the climate 

changed considerably, posing new threats to cetaceans [3-5]. It has been argued that 

these new threats comprise a new type of whaling [5]. Still in the Second Chapter 

another potential threat is advanced: limited or non-existent research. The title of that 
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chapter encloses that concept by suggesting that the lack of research can bring a poorly 

studied species, such as the sei whale, into oblivion. 

The sei whale is probably as likely to be affected by the threats mentioned above as any 

other whale species. Nevertheless, since significantly fewer resources were devoted to 

studying the sei whale in comparison to other whale species, there is no way of knowing 

how the species is coping with those threats. Even if there are clear signs that the 

species is being negatively affected by some, or all, of those threats, we are unable to 

notice since we are not looking for these signs. 

With the progressive and increasing degradation of the marine ecosystems research 

priorities and fund allocation for marine (and cetacean) research became chiefly 

conservation-oriented [6,7]. In today’s world, the terms ecology and management come 

hand in hand, more so in the case of cetaceans, and it is tacitly expected that ecological 

studies can in some way contribute to the management of the subject species or 

ecosystems. 

However, restricting resource allocation only to the most endangered species is 

counterproductive and does not minimise the total number of extinctions in the long 

term [8]. Wilson et al. [8] advocate that we should instead focus on preventive 

conservation, allocating resources to protect the greatest number of non-endangered 

species. This is why exercises such as that done in the Second Chapter are essential. The 

first step in preventive conservation is to understand if we have enough information to 

properly manage the resource. If not, we must understand the reasons that are impairing 

us of gaining that information and act to solve them.  

Unfortunately, despite the shift of ecological studies focus to conservation issues, much 

of the policy and management decisions are still taken without the support of scientific 

literature [9,10]. Much of the time, relevant information exist in the scientific literature 

but policy/decision makers find it difficult to locate or simply intractable [10].  

Bridging the gap between conservation policy and science is one of the greatest 

challenges in natural resource management. That goal can only be achieved if a good 

communication between policy/decision makers and scientist is established, 

guaranteeing that management policies are supported by rigorous, relevant science 

[11,12]. To that goal it is essential that information is presented in a simple but accurate 

way, and that problems are accompanied by realistic suggestions on lines of action to 



 

167 

solve them. Following that spirit, in the end of the Second Chapter the main research 

needs necessary for a proper management of the sei whale are listed and solutions for 

obtaining the data are offered. Some of these solutions point to the use of recent 

techniques to derive and analyse those data in a cost-effective manner. Consequently, 

the Second Chapter becomes not only an in-depth review of the current knowledge on 

the NA sei whale, but it also offers clear guidance for future actions in the study and 

management of the species, becoming a valuable document for decision and policy 

makers. 

One of the most cost-effective ways of gaining new knowledge about a resource is to 

mine for existing data and use innovative techniques to extract new, valuable 

information from that data. That is what was attempted and accomplished in the Third 

Chapter. 

Species distribution modelling (SDM) can be a powerful management tool [13]. In fact, 

recently the focus of cetacean habitat modelling has changed from model development 

and refinement to using models as a heuristic tool to support ecological insight and 

marine spatial planning [14]. However, obtaining presence-absence (PA) cetacean data 

for modelling is difficult and extremely expensive. Additionally, obtaining those data 

can be unrealistically time-consuming for some management issues [12].  In a recent 

study [15], it has been shown that the accumulated area covered by dedicated line-

transect surveys for cetaceans undertaken over a period of 30 years (1975-2005) 

covered less than 25% of the world’s ocean surface. In the Atlantic, coverage is 

concentrated in the coastal waters, clearly misrepresenting the potential habitat of 

pelagic species, such as the sei whale [15]. 

Nevertheless other sources of data for modelling exist. With the growing usage of the 

marine habitat by scientific and non-scientific users, the number of reliable cetacean 

sightings is increasing and those become available through diverse sources (e.g. 

http://seamap.env.duke.edu; http://mms.data.npolar.no; http://www.marine-life.org.uk/; 

http://data.marinemammals.gov.au). Much of those data are presence-only (PO) and 

although not being as desirable as PA data for density and habitat modelling, still carry 

valuable ecological information [16]. The advantages and drawbacks of using PO 

approaches to SDM have been discussed in the Third Chapter. Here it suffices to say 

that as long as the data and the PO-SDM limitations are understood, these can offer 

cost-effective, ready to use approaches for management decision and policy making. 
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In the Third Chapter that concept is exemplified by the fitting of a credible SDM to sei 

whale records in the waters off New England and Nova Scotia. When discussing the 

results of that model, great emphasis is put on its limitations and possible 

improvements. 

This brings us back to the importance of communication between policy/decision 

makers and scientists. For some management applications simple approaches may be 

desirable, since they are cost-effective and often faster to implement [12]. Nevertheless, 

it is of great importance that the limitations of those approaches are clearly understood 

and judged against the goals that are being sought. For instance, in setting the 

boundaries of a management area, managers would probably be only interested in the 

state model (suitable versus unsuitable habitat) developed in the Third Chapter. 

Nevertheless, it has been shown that the threshold used to define suitability may have 

created some amount of commission errors. Managers must be aware of that issue and 

the options that exist to tackle the problem. Thus the options to deal with the problem 

are also clearly stated in that chapter: 1) refining the model, both spatially and 

temporally, preferably with the inclusion of another ecologically meaningful variable 

(prey); 2) collecting more data to improve model evaluation; 3) changing the suitability 

threshold to down-weight marginal habitats and 4) (not mentioned but implicit) to 

combine any or all of the prior. All options have advantages and drawbacks. For 

example, the first option would come at the expense of time and transferability and the 

second would come at the expense of time and added financial costs. Without further 

knowledge, the third option could create the opposite problem (omission errors). We 

can think of scenarios in which the time or funds involved in improving model 

construction and checking are not available, or in which commission errors would be 

preferable to omission errors and vice-versa. 

In essence, the point being made in the Third Chapter and reinforced here was 

brilliantly summarized in only nine words by the late and influential statistician George 

Box: “Essentially all models are wrong, but some are useful” [17]. That is a 

fundamental concept in evidence-based conservation policy. Still in Box’s words, “the 

practical question is how wrong do they [the models] have to be to not be useful”. Here 

is where the importance of understanding the full implications of model limitation 

becomes essential. As long as there is a good communication between scientists and 

managers and model limitations are understood by everyone, decisions will be made in 
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an informed way and will represent a great improvement over otherwise subjective 

resolutions [9,10,12]. 

Understanding the limitations and improving models is accomplished by continuously 

challenging our assumptions. In the Fourth Chapter the applicability of well-established 

Bayesian state-space models (SSMs) to fit satellite telemetry data derived from a new 

positioning algorithm is challenged. At the root of that work was a very simple 

question: can we have the same confidence in the results of fitting SSMs to the data of 

the new positioning algorithm (Kalman filter; KF) as we had with the old algorithm 

(Least squares; LSq)? Or, using Box’s terminology, will our models become more 

wrong? This question was fundamental if we are to take full advantage of the 

improvements reported for the new algorithm: more position fixes and improved 

position accuracy. 

Satellite telemetry is a powerful way of investigating the ecology of whales (e.g. [18]) 

but due to the time they spend submerged, satellite uplinks are restricted which reflects 

in the number of positions calculated by the positioning algorithms. Sei whales present 

further challenges for this technique. The study presented in the Fifth Chapter was the 

first at a worldwide level to systematically use satellite telemetry to study sei whales. 

On average, sei whales produce less daily transmissions than blue and fin whales 

(author’s unpublished data). That is attributable to the smaller size of the sei whale in 

comparison with the blue and fin whales and to species specific swimming behaviours. 

Sei whales are shallow swimmers that show only a small part of their backs when 

surfacing and dive without a pronounced arching, tending to sink instead of wheel-over 

as other rorqual whale species usually do [19]. That behaviour combined with a less 

than optimal positioning of the tag at the top of the back probably decrease the 

opportunities for transmissions from the tags, an effect that will be more pronounced 

while the whales are on migration. 

Using a positioning algorithm that produces more fixes is highly desirable when fitting 

the SSMs to sei whale data. Nevertheless, since the changes in the autocorrelation 

structure of the data produced by the new algorithm were unknown it would be 

inappropriate to fit those models without first testing their performance in relation to 

that of models fit using the LSq algorithm. The results show that it not only is 

appropriate, as in some instances there are improvements in doing so. Nevertheless, it is 

also shown that the increased number of positions granted by the KF algorithm comes at 
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the cost of a great number of positions with low spatial precision (1-message positions). 

Again, the limitations of the data and the model are an important issue that must be 

understood for proper use of the results. If the desired application of the model is at a 

reasonably large scale in relation to the low spatial precision of the 1-message positions, 

the model is still a useful one. But when a higher level of accuracy and precision are 

desirable, the number of fixes available for modelling may have to be sacrificed in 

favour of a better model. 

The results of the investigation in the Fourth Chapter paved the way for the work 

presented in the Fifth Chapter. By knowing that SSMs could be safely fitted to data 

derived from the KF processing algorithm, it was possible to take the most of the sei 

whale satellite telemetry. 

The Second Chapter shows that we are ignorant of the stock structure of the North 

Atlantic sei whale, the location and extension of their current breeding or feeding areas 

(apart from some known feeding grounds) as well as their migratory behaviour. Satellite 

telemetry is one of the new research techniques that can provide a cost-effective mean 

for obtaining data to partially or entirely answer some of those questions. Knowing 

where and when are fundamental questions in ecological and population dynamics 

studies and since cetaceans often move to remote regions, telemetry studies are 

invaluable in obtaining data on those aspects [20,21]. Furthermore, movement metrics 

can often be used to infer behaviour even if only positional data is being collected [22]. 

The value of satellite telemetry in answering fundamental ecological and management 

questions with a relatively low level of investment is well illustrated in the Fifth 

Chapter.  

Two seasons of work using satellite telemetry to gain insight into the movements and 

behaviour of sei whales were enough to answer some questions that remained 

unanswered for decades. More importantly, these data served to disproof prior beliefs 

about the migratory habits of the species in the NA, showing that their migrations are 

not restricted to latitudinal displacements. The implication of that discovery for 

management of the population is tremendous. It is shown that even with the partial 

information obtained, plausible scenarios of stock structure can be drawn from the 

telemetry data. Those scenarios can be improved by further investment on this 

technique in combination with molecular population techniques.  
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Another way in which satellite telemetry can be useful is in characterizing habitat 

preferences and even in creating SDMs. That was not attempted in the present 

dissertation because the available data is clearly insufficient for that. Nevertheless, with 

sufficient data, modelling spatial patterns and producing reliable SDMs from satellite 

telemetry is entirely possible (e.g. [23]). As discussed above, obtaining accessory or 

alternative data to high cost PA data is sometimes crucial for management purposes and 

satellite telemetry can be one of these data sources. 

However, satellite telemetry can also be invaluable in making dedicated sighting 

surveys viable. For instance, it was previously mentioned that sighting survey effort 

covering the pelagic waters of the NA is nearly non-existent [15]. As a result detections 

of sei whales by many sighting surveys probably represent only a fraction of the 

population and of their habitat [24]. Realistically, even if investment in surveying was 

increased it would be unfeasible to cover all the potential habitat of the sei whale which, 

in practical terms, corresponds virtually to the entire NA. But there is no need to cover 

that vast area to obtain a representative sample of the population. That is where 

distribution models based on satellite telemetry may become instrumental, by yielding 

data that can be used to plan and conscribe survey effort only to representative areas. 

CONCLUSION  

Perhaps the most advisable and the expected in this section would be that I argue for the 

relevance of this dissertation in advancing of the knowledge on the sei whale ecology 

and its contribution for the proper management of that species. I believe, however, that 

it is much more significant that others do so. Instead, in lieu of a conclusion, I prefer to 

express how the work conducting to this dissertation contributed to the realization of the 

dimension of my ignorance by transcribing Thoreau’s lumberjack song [25]: 

 

“Men say they know many things; But lo! they have taken wings – The arts and 

sciences, And a thousand appliances; The wind that blows Is all that anybody knows.”  
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Figure A-I.1: Set of custom tools (expanded tree view) developed for the software ARcGIS 10.1 (ESRI©) to aid in 

data preparation for habitat modelling. 
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Table A-II.1: AICc scores of 76 competing models for choice of best regularization 

multiplier in MAXENT starting model. The models are ranked in 

ascending order by AICc score. The best model, carried over to the next 

step in the modelling process, is that with lowest AICc value. 

Regularization multiplier AICc score 

0.6 19057.82561 

0.4 19072.68445 

1 19111.10388 

0.8 19130.85241 

1.2 19191.05751 

1.4 19192.0377 

1.8 19196.54977 

1.6 19218.29417 

2 19230.17725 

2.2 19233.15815 

2.6 19255.9552 

2.4 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 AICc score 

7.8 19410.38031 

8 19426.81892 

8.2 19428.83932 

8.4 19442.05887 

8.6 19445.99686 

8.8 19448.67653 

9 19455.78026 

9.2 19465.5606 

9.4 19470.29946 

9.6 19485.56611 

9.8 19488.49868 

10 19501.83676 

10.2 19508.03215 

10.4 19518.64471 

10.6 19537.64248 

11 19540.97192 

11.6 19544.4545 

10.8 19545.29964 

11.4 19545.44073 

11.2 19550.31205 

11.8 19554.61577 

12 19556.91287 

12.2 19558.81706 

12.4 19558.97128 

12.8 19569.88212 

13.2 19571.92427 

12.6 19574.00095 

13.6 19578.94203 

13.8 19579.18359 

13 19583.82746 

13.4 19585.79368 

14.2 19592.81109 

14.4 19594.46094 

14 19594.46547 

14.6 19605.74507 

14.8 19607.56282 

15 19612.28759 

0.2 19935.96905 

0 24102.46104 
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Table A-II.2: AICc scores of 76 competing models for choice of best regularization 

multiplier in MAXENT final model. The models are ranked in ascending 

order by AICc score. The best model, used in the final model, is that with 

lowest AICc value. 

Regularization multiplier AICc 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 AICc score 

8.0 19754.3049 

7.8 19755.43017 

7.4 19761.65418 

8.6 19772.96468 

8.2 19774.99206 

8.4 19780.1381 

8.8 19782.86121 

9.0 19796.7877 

9.2 19806.57427 

9.4 19807.80474 

9.6 19819.57087 

9.8 19826.05603 

10.0 19844.76206 

10.2 19854.54989 

10.4 19862.47139 

10.6 19874.49989 

10.8 19875.45438 

11.0 19887.48228 

11.2 19890.33507 

111.6 19893.8308 

11.4 19900.34296 

11.8 19904.00416 

12.0 19905.0456 

12.4 19907.51876 

12.2 19907.80067 

13.2 19912.84707 

13.0 19915.29113 

12.6 19916.63655 

13.6 19920.53827 

13.8 19922.26088 

12.8 19923.00844 

14.4 19927.24273 

14.0 19927.80189 

14.2 19928.50148 

14.6 19941.66856 

13.4 19948.80196 

14.8 19973.55955 

15.0 19974.48818 

0.0 19995.9475 
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Table A-II.3: GPS, Least-Squares (LS) and Kalman filtered (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 step (h)** 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 1.5 65.2 66 1.1 74.2 
 23 69 21 3.5 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 1.5 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 1.5 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 1.5 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 82.4 
 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 1.5 95.2 
 4 100 20 5.2 35 2.9 88.6 69 1.5 95.7 
 5 83 20 4.4 41 1.9 90.2 97 0.8 95.9 
 6 49 20 2.6 34 1.5 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 per trip. ***Proportion of locations of LC 0, A and B. 
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Table A-II.4: Argos Least-Squares (LS) and Kalman filtered (KF) data obtained for each fin whale used to fit the switching state-space 

models.  

 LS-Argos data KF-Argos data 
Whale Track duration (days) N* 

Mean nº 
positions/day 

Track duration (days) N* Mean nº 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 13.4 
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 39.4 
       
Total 133 2336 12.1 147 3103 16 

*Number of locations 
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Table A-II.5: Parameter estimates from the best fitting 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   

 


